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Abstract
Mesenchymal stem cells (MSCs) from Wharton’s jelly present high plasticity and low
immunogenicity, turning them into a desirable form of cell therapy for the injured ner-
vous system. Their isolation, expansion, and characterization have been performed from
cryopreserved umbilical cord tissue. Great concern has been dedicated to the collection,
preservation, and transport protocols of the umbilical cord after the parturition to the
laboratory in order to obtain samples with higher number of viable MSCs without
microbiological contamination. Different biomaterials like chitosan-silicate hybrid,
79
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collagen, PLGA90:10, poly(DL-lactide-e-caprolactone), and poly(vinyl alcohol) loaded
with electrical conductive materials, associated to MSCs have also been tested in the
rat sciatic nerve in axonotmesis and neurotmesis lesions. The in vitro studies of the scaf-
folds included citocompatibility evaluation of the biomaterials used and cell character-
ization by imunocytochemistry, karyotype analysis, differentiation capacity into
neuroglial-like cells, and flow cytometry. The regeneration process follow-up has been
performed by functional analysis and the repaired nerves processed for stereological
studies permitted the morphologic regeneration evaluation. The MSCs from Wharton’s
jelly delivered through tested biomaterials should be regarded a potentially valuable
tool to improve clinical outcome especially after trauma to sensory nerves. In addition,
these cells represent a noncontroversial source of primitive mesenchymal progenitor
cells, which can be harvested after birth, cryogenically stored, thawed, and expanded
for therapeutic uses. The importance of a longitudinal study concerning tissue engineer-
ing of the peripheral nerve, which includes a multidisciplinary team able to develop bio-
materials associated to cell therapies, to perform preclinical trials concerning animal
welfare and the appropriate animal model is here enhanced.
1. INTRODUCTION

Tissue engineering focusing on the in vitro fabrication of autologous,
living tissues with the potential of regeneration is a promising scientific and

clinical field. Peripheral nerve regeneration should include a multi-

disciplinary team able to develop biomaterials, to develop cell therapies,

and to elaborate in vitro analysis and preclinical trials concerning animal wel-

fare and the most appropriate animal model before the clinical trials and clin-

ical application approval (Hermann et al., 2004). A full understanding of

nerve regeneration, especially complete functional achievement and organ

reinnervation after nerve injury, still remains the principal goal of regener-

ative medicine. The reliability of animal models is crucial for peripheral

nerve research. Because of its peripheral nerve size, the rat sciatic nerve

has been themost commonly used experimental model in studies concerning

the peripheral nerve regeneration and possible therapeutic approaches

(Kerns, Braverman, Mathew, Lucchinetti, & Ivankovich, 1991). Although

sciatic nerve injuries themselves are rare in humans, this experimental model

provides a very realistic testing bench for lesions involving plurifascicular

mixed nerves with axons of different size and type competing to reach

and reinnervate distal targets (Amado et al., 2008; Sporel-Ozakat,

Edwards, Hepgul, Savas, & Gispen, 1991). Focal crush causes axonal inter-

ruption but preserves the connective sheaths (axonotmesis). After this injury,
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regeneration is usually successful since axons regenerate at a steady rate along

the distal nerve supported by the reactive Schwann cells (SCs) and by the

preserved endoneural tubules, which enhance axonal elongation and facil-

itate adequate reinnervation (Nichols et al., 2005). Crush injuries are appro-

priate to investigate the cellular and molecular mechanisms of peripheral

nerve regeneration and to assess the role of different factors in the regener-

ation process (Mackinnon, Hudson, & Hunter, 1985). Nerve crush injury is

also a well-established model in experimental regeneration studies to inves-

tigate the impact of various pharmacological treatments (Amado et al., 2008;

Chang, Auyang, Scholz, & Nichols, 2009; Pereira et al., 2006). This injury

does not imply surgical reconstruction but due to the regeneration period

needed, the neurogenic atrophy of the innervated muscles may occur, so,

therapeutic approaches to successfully decrease this recovery time are also

important. Among various types of peripheral nerve injuries, transection

injuries where the nerve trunk is completely interrupted, especially those

resulting in large neural gaps, may have a devastating impact on patients’

quality of life, and in these cases reconstructive surgery is required as a ther-

apeutic management to achieve nerve regeneration and function restoration

(Gu, Ding, Yang, & Liu, 2011). Unlike the adult central nervous system that

fails to spontaneously regenerate after injury, the peripheral nervous system

(PNS) has an intrinsic regenerative ability to a certain extent. In response to

small injuries, peripheral nerves can regenerate on their own over relatively

short distances under appropriate conditions. After peripheral nerves are

transected, a series of molecular and cellular events, collectively called

Wallerian degeneration, are triggered throughout the distal stump of trans-

ected nerves and within a small zone distal to the proximal stump, resulting

in the disintegration of axoplasmic microtubules and neurofilaments

(Sabatier, To, Nicolini, & English, 2011). Within 24 h most axons along

the distal stump of transected nerves are reduced to granular and amorphous

debris; by 48 h the myelin sheath begins to get transformed toward the short

segment ( Joao, Amado, Veloso, Armada-da-Silva, & Mauricio, 2010).

Then macrophages and monocytes migrate into the degenerating nerve

stumps to removemyelin and axon debris, while SCs proliferate to form lon-

gitudinal cell columns, known as Bands of Bϋngner (Luı́s, 2008). Under the

influences of neurotrophic factors and extracellular matrix (ECM)molecules

produced by SCs, the proximal portion of transected nerves sprouts new

daughter axons to generate a “regenerating unit” that is surrounded by a

common basal lamina (Dahlin, Johansson, Lindwall, & Kanje, 2009;

Evans, 2001). New axonal sprouts usually emanate from the nodes of
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Ranvier, and undergo remyelination by SCs. Functional reinnervation

requires that the regenerating axons elongate under the mediation of growth

cones until they reach their synaptic target, and in humans, axon regener-

ation occurs at a rate of about 2–5 mm/day; thus significant injuries may take

many months to heal, so this delay is the cause of neurogenic muscular atro-

phy conducting to a poor functional recovery ( Jiang, Lim, Mao, &

Chew, 2010).

Tissue engineering of peripheral nerves associates biomaterials, like

chitosan, poly(DL-lactide-e-caprolactone) (PLC) copolyester, collagen, and
other biomaterials, some of them, previously studied by our group (Amado

et al., 2008; Luis, Rodrigues, Geuna, Amado, Shirosaki, et al., 2008; Luis,

Rodrigues, Geuna, Amado, Simoes, et al., 2008; Luria, Panasyuk, &

Friedenstein, 1971) to cellular systems, able to differentiate into neuroglial-

like cells or even by modulating the inflammatory process, which might

improve nerve regeneration, in terms of motor and sensory recovery, and

also, by shortening the healing period avoiding regional muscular atrophy.

Cell transplantation has been proposed as a method of improving peripheral

nerve regeneration (Chen et al., 2007). SCs, mesenchymal stem cells

(MSCs), embryonic stem cells, and bone marrow stromal cells are the most

studied support cell candidates. To implant cultured cells into defective

nerves (with axonotmesis and neurotmesis injuries), there are two main

techniques. The cellular systemmay be directly injected into the neural scaf-

fold, which has been interposed between the proximal and distal nerve

stumps or around the crush injury (in neurotmesis and axonotmesis injuries,

respectively). It can also be performed by preadding the cells to the neural

scaffold via injection or co-culture (in most of the cellular systems, it is

allowed to form a monolayer) and then the biomaterial with the cellular

system is implanted in the injured nerve (Luria et al., 1971).

2. REGENERATIVE MEDICINE AND PERIPHERAL NERVE
INJURIES
2.1. Nerve reconstruction

Despite continuous refinement of microsurgery techniques, peripheral

nerve repair still stands as one of the most challenging tasks in neurosurgery.

Direct repair with end-to-end suture, should be the procedure of choice

whenever tension-free suturing is possible; however, patients with loss of

nerve tissue, resulting in a nerve gap, are considered for a nerve graft pro-

cedure (Luis et al., 2007). In these cases, the donor nerves used for grafting
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are commonly expendable sensory nerves (Matsuyama, Mackay, & Midha,

2000). This technique, however, has some disadvantages, with the most

prominent being donor site morbidity, which may lead to a secondary sen-

sory deficit and occasionally neuroma and intensive pain. In addition, the

donor and the recipient nerve diameters often do not match, which might

be the basis for poor functional recovery (Matsuyama et al., 2000). Alterna-

tives to peripheral nerve grafts include cadaver nerve segments allografts,

end-to-side neurorrhaphy, and entubulation by means of autologous

non-nervous tissues, such as vein and muscles (Walsh & Midha, 2009a,

2009b; Zheng & Cui, 2012) or natural and synthetic biomaterials recently

revised by Gu et al. (2011). Just like most of tissue-engineered products,

tissue-engineered nerve grafts are typically composed of a physical scaffold

with the introduction of support cells and/or growth factors or other bio-

molecular components, which might improve the functional recovery after

axonotmesis and neurotmesis injuries (Cheng et al., 2011; Luria et al., 1971;

Shen et al., 2010; Zheng &Cui, 2010). So, entubulation for peripheral nerve

repair is used for nerve defects that cannot be bridged without tension

(Battiston, Geuna, Ferrero, & Tos, 2005). Nerves will regenerate from

the proximal nerve stump toward the distal one, whereas neuroma forma-

tion and ingrowth of fibrous tissue into the nerve gap are prevented. Con-

sequently, guidance of regenerating axons is not only achieved by a

mechanical effect but also by a chemical effect (such as accumulation of neu-

rotrophic factors) (Maurı́cio et al., 2011). Nerve guides can be made of bio-

logical or synthetic materials and, among the latter, both nonabsorbable and

biodegradable tubes have been developed and preclinically tested. Some of

them are nowadays used in patients and are available in the national and inter-

national market (Schmidt & Leach, 2003). The aim of our research group for

the past 10 years has been exploring the therapeutic value of human umbilical

cord (UC)Wharton’s jelly derived fromMSCs both in vitro and in vivo, asso-

ciated to several tube-guides of natural or absorbable synthetic biomaterials

on a rat sciatic nerve axonotmesis experimental model.

2.1.1 Biomaterials
Biomaterials used in biomedical sciences are developing continuously,

bringing indisputable benefits to the clinical and research field of knowledge.

The use of three-dimensional materials in tissue regeneration is now an

increasingly used approach that takes the name of guided tissue regeneration,

in which the regeneration of peripheral nerve is a strong candidate. The bio-

materials can be biological and synthetic and, among the latter, both
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nonabsorbable and biodegradable have been used (Schmidt & Leach, 2003).

The concept behind the use of biodegradable biomaterials is that no foreign

body material will be left in the host after the device has accomplished its

task. For nerve lesion applications, these biomaterials may be used in the

form of membranes or tubes, which function not only as a vehicle for the

cellular system and/or therapeutic molecules, but also promotes a mechan-

ical protection at the site of the injury. These scaffolds can be mounted in the

nerve injury site as tube-guides by the surgeon, facilitating the microsurgical

technique in case of neurotmesis injuries (Maurı́cio et al., 2011). An ideal

scaffold for peripheral nerve reconstruction has to satisfy many biological

and physicochemical requirements, among which biocompatibility, biode-

gradability, permeability, biochemical properties, and surface properties are

the most important concerns during the development of these scaffolds

(Gu et al., 2011). On the other hand, the perfect biomaterial used for the

construction of these membranes and tube-guides should follow the produc-

tion requirements in terms of length and wall width concerning the nerve

defect, be capable of supporting the suture, and if possible, be transparent.

These properties are not mandatory, but can substantially improve the mate-

rial handling during the surgical procedure and the microsurgery technique

(Seckel, 1990). Sufficient mechanical strength must be considered when

designing the tube-guides, in order to avoid the collapse during implantation

and the healing period. The tube-guide at the same time should also be flex-

ible to allow bending without breaking, so, the balance between flexibility

and hardness is an important issue to be considered during its fabrication

(Harley, Hastings, Yannas, & Sannino, 2006). Another important factor is

the biomaterial resorption process and its degradation rate. The resorption of

a biomaterial should be adjusted to the regeneration process, which depends

on its molecular weight, composition, crystal structure, and thermal history.

When associating a biomaterial to a cellular system it is also important to

determine properties such as hydrophobicity, surface charge, and surface

rugosity to establish its ability to support adhesion and cell growth (Harley

et al., 2006). Among several biomaterials, our research group focused its atten-

tion on some biodegradable ones like those made of poly(lactic-co-glycolic)

acid (PLGA), made of a novel proportion (90:10) of the two polymers,

poly(L-lactide): poly(glycolide) (PLGA90:10), of PLC copolyester (Vivosorb®

and Neurolac®), hybrid chitosan, collagen type III (Amado et al., 2010, 2008;

Luis, Rodrigues, Geuna, Amado, Shirosaki, et al., 2008; Luis, Rodrigues,

Geuna, Amado, Simoes, et al., 2008; Maurı́cio et al., 2011; Simoes et al.,

2010; Zheng & Cui, 2010) and more recently, the poly(vinyl alcohol)
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(PVA) loaded with electrical conductive materials, such as carbon nanotubes

(CNTs) and polypyrrole (PPy) to produce a conductive biomaterial with

higher electrical conductivity than the polymer matrix (data unpublished,

under analysis).

2.1.1.1 Natural biomaterials
The natural biomaterials are characterized by their biocompatibility, biode-

gradability, low toxicity, and low cost. In peripheral nerve lesions, our

research group has been testing mainly two natural biomaterials for the past

5 years—the collagen and the chitosan (Amado et al., 2010, 2008; Maurı́cio

et al., 2011; Simoes et al., 2010; Zheng & Cui, 2010). Collagen is an integral

component of the ECMof the nerve and several studies have used the collagen

in peripheral nerve reconstruction (Gartner et al., 2012). In our studies, the

equine collagen type III (GentaFleece®, Baxter, Nuremberg, Germany) was

used with positive results, in axonotmesis and in directly sutured neurotmesis

lesions (Amado et al., 2010; Luis, Rodrigues, Geuna, Amado, Shirosaki, et al.,

2008; Luis, Rodrigues, Geuna, Amado, Simoes, et al., 2008). The equine type

III collagen membranes wrapped around the nerve lesion (crush injury) were

used in order to support an experimental cellular system (N1E-115 cells in vitro

differentiated for 48 h in the presence of dimethyl sulfoxide (DMSO). These

cells were able to secrete neurotrophic factors in the injury site without being

in direct contact with regenerating axons (Amado et al., 2010, 2008; Luis,

Rodrigues, Geuna, Amado, Shirosaki, et al., 2008; Luis, Rodrigues, Geuna,

Amado, Simoes, et al., 2008). There are many studies published where

collagen has been used for manufacturing tube-guides for nerve regeneration.

Some of them, such as Neuragen®, are commercially available for clinical

application in patients (Tyner et al., 2007).

Chitin is a biopolymer ofN-acetyl-D-glucosamine monomeric units and

it has been used in a wide range of biomedical devices. It is the second most

abundant polysaccharide found in nature, right after cellulose. Chitosan is a

copolymer of D-glucosamine andN-acetyl-D-glucosamine and its molecular

structure is very similar to laminin, fibronectin, and collagen. Therefore, like

collagen, chitosan has favorable biological properties for the nerve regener-

ation and it is easier to process than chitin. Chitosan is quite fragile in its dry

form, so it has to undergo chemical cross-linking or has to be used with other

biomaterials before scaffold fabrication. The chitosan (high molecular

weight, Aldrich®, USA) tested by our research group was dissolved in

0.25 M acetic acid aqueous solution to a concentration of 2% (w/v). To

obtain chitosan-silicate hybrid type III membranes, GPTMS (Aldrich®,
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USA) was added to the chitosan solution and stirred at room temperature

(RT) for 1 h. The drying process for type III chitosan membrane was as fol-

lows: (i) the solutions were frozen for 24 h at�20 �C and then transferred to

the freeze-dryer, where they were left for 12 h to become complete dry;

(ii) the chitosan type III membranes were soaked in 0.25 N sodium hydrox-

ide aqueous solution to neutralize the remaining acetic acid, washed well

with distilled water, and freeze dried (Amado et al., 2008; Simoes et al.,

2010). All membranes used for in vivo testing were sterilized with ethylene

oxide gas, considered by some authors the most suitable method of sterili-

zation for chitosan membranes (Gärtner et al., 2012). Prior to their use

in vivo, membranes were kept for 1 week at RT to clear any ethylene oxide

gas remnants (Amado et al., 2008; Simoes et al., 2010). Results of the in vivo

study showed that type III chitosan improved both nerve fiber regeneration

and functional recovery in axonotmesis and neurotmesis injuries. In fact, the

main morphological predictors of nerve fiber regeneration (number of

fibers, axon and fiber size, andmyelin thickness) were significantly improved

in the experimental group of rats where the sciatic nerve was reconstructed

with chitosan III in both types of lesions (Amado et al., 2008; Simoes et al.,

2010). The same positive results with chitosan III were also obtained with

respect to the main predictors of functional recovery, namely withdrawal

reflex latency (WRL), extensor postural thrust (EPT), sciatic functional

index (SFI) and static evaluation (SSI) tests, and motion analysis of ankle

joint (Amado et al., 2008; Simoes et al., 2010). Chitosan III was developed

as a hybrid of chitosan by the addition of GPTMS. The addition of GPTMS

improves the wettability of chitosan surfaces (Amado et al., 2008; Shirosaki

et al., 2005), and therefore chitosan type III is expected to be more hydro-

philic than the original chitosan (Amado et al., 2008; Shirosaki et al., 2005).

Chitosan type III was developed to be more porous, with a larger surface-

to-volume ratio but preserving mechanical strength and the ability to adapt

to different shapes. Significant differences in water uptake between com-

monly used chitosan and our hybrid chitosan type III were previously

reported as a consequence of the difference in the ability of the matrix to

hold water (Amado et al., 2008). In fact, hybrid chitosan-based membranes

may retain about two times as much biological fluid as chitosan (Amado

et al., 2008). A synergistic effect of a more favorable porous microstructure

and physicochemical properties (more wettable and higher water uptake

level) of chitosan type III and the presence of silicon ions may be responsible

for the good results in promoting posttraumatic nerve regeneration (Amado

et al., 2008). The significant improvement of axonal regeneration obtained
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in crushed sciatic nerves surrounded by chitosan type III membranes sug-

gests that this material may not just work as a simple mechanical scaffold

but may work instead as an inducer of nerve regeneration. The neu-

roregenerative property of chitosan type III might be explained by the action

on SC proliferation, axon elongation, and myelination (Shirosaki et al.,

2005; Yuan, Zhang, Yang, Wang, & Gu, 2004). We have also tested both

in vitro and in vivo, two types of hybrid chitosanmembranes with the addition

of an experimental cellular system of N1E-115 cells in vitro differentiated

(Amado et al., 2008; Simoes et al., 2010). The N1E-115 cells derived from

mouse neuroblastomas (Amado et al., 2008; Simoes et al., 2010) can in vitro

differentiate into neuroglial-like cells (Amano, Richelson, & Nirenberg,

1972; Meek & Coert, 2002) and were used as a cellular model for MSCs.

Previous results obtained by our research group using these N1E-115 cells

in vitro differentiated showed that there was no significant effect in promot-

ing axon regeneration, and they can even exert negative effects on nerve

fiber regeneration specially in the case of neurotmesis injuries (Maurı́cio

et al., 2011; Simoes et al., 2010). The presence of transplantedN1E-115 cells

in nerve scaffolds competing for the local blood supply of nutrients and oxy-

gen and by their space-occupying effect could have hindered the positive

effect of local neurotrophic factor release leading to a negative outcome

on nerve regeneration, even in the presence of hybrid chitosan membranes,

with previously proved positive effect in promoting the nerve regeneration

(Amado et al., 2008; Maurı́cio et al., 2011; Simoes et al., 2010).

2.1.1.2 Synthetic biomaterials
They are already available in the market tube-guides (Neurolac®) consti-

tuted by poly(DL-lactide-e-caprolactone) for clinical application. They are

16 mm long, with an internal diameter of 2 mm and a 1.5-mm thick wall

(purchased from Polyganics BV, Groningen, The Netherlands) (Luis

et al., 2007; Luis, Rodrigues, Geuna, Amado, Shirosaki, et al., 2008;

Luis, Rodrigues, Geuna, Amado, Simoes, et al., 2008). Neurolac® is stiffer

than other biomaterials like PLGA, PVA, and hybrid chitosan (type II and

type III) (Amado et al., 2008; Simoes et al., 2010) due to the structural rein-

forcement of the ester bonds. Neurolac® is the only transparent device

approved by FDA, which is an important characteristic for the surgeon as

it facilitates the insertion of the nerve stumps across the nerve gap. However,

on the other hand, it is not flexible, which might make the microsurgery

technique difficult during its implantation (Luis, Rodrigues, Geuna,

Amado, Shirosaki, et al., 2008; Luis, Rodrigues, Geuna, Amado, Simoes,
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et al., 2008). The biodegradation rate of PLGA, which is controlled by the

monomer ratio, molecular weight, and crystallinity, can range fromweeks to

months (Battiston et al., 2005; Luis et al., 2007). PLGA 90:10 was developed

by our research group and intensively studied; it was obtained from their

cyclic dimers, DL-lactide, and glycolide. Nonwoven constructs were used

to prepare 16 mm long tube-guides, with an internal diameter of 2.0 and

1.5 mm thick wall, in order to be applied in a 10-mm sciatic nerve gap.

These fully synthetic nonwoven materials are extremely flexible and biolog-

ically safe, and after implantation, they are able to sustain the compressive

forces related to body movement. They have also some degree of porosity

to allow the influx of low molecular nutrients required for nerve regener-

ation. The nonwoven structure allowed the tube-guide to hold the suture

without difficulties; however, greater care had to be taken in order to ensure

its integrity. These tube-guides of PLGA are expected to degrade to lactic

and glycolic acids through hydrolysis of the ester bonds (Luis et al., 2007;

Luis, Rodrigues, Geuna, Amado, Shirosaki, et al., 2008; Luis, Rodrigues,

Geuna, Amado, Simoes, et al., 2008).

It was tested in vivo in the PLC polymer (Vivosorb®) membranes (pur-

chased from Polyganics BV, Groningen, Netherlands), in rat sciatic nerve

axonotmesis and neurotmesis injuries (Gartner et al., 2012; Rodrigues

et al., 2005) PLC membranes are hydrophilic, thereby allowing the water

uptake; this is essential for the nutrient control and other metabolite trans-

portation to the surrounding healing tissue. A few weeks after implantation,

the mechanical strength gradually decreases and there is a loss of molecular

weight as a result of the hydrolysis process. Approximately in 24 months,

PLC degrades into lactic acid and hydroxyl-caproic acid, both safely metab-

olized into water and carbon dioxide and/or excreted through the urinary

tract. In contrast to other biodegradable polymers, PLC has the advantage

over PLGA of not creating an acidic and potentially disturbing micro-

environment, which is favorable to the surrounding tissue (Luis et al.,

2007). Our PLC studies (Gartner et al., 2012) demonstrated that this bioma-

terial does not interfere negatively with the nerve regeneration process. In

fact, the information on the effectiveness of PLC membranes and tube-

guides for allowing nerve regeneration was already attested in previous pub-

lished clinical trials (Jones & McGonagle, 2008).

The functional unit of the nervous system, the neuron, is an electrically

excitable cell that processes and transmits information by electrical and

chemical signaling, so electrical conductivity is one of the crucial character-

istics for an ideal nerve guidance channel (Guillot, Gotherstrom, Chan,
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Kurata, & Fisk, 2007). One of the biomaterials that has been recently tested

by our research team is a polymer named poly(vinyl alcohol) (PVA), loaded

with electrical conductive materials, such as CNTs and PPy to produce a

conductive biomaterial with higher electrical conductivity than the polymer

matrix. The PVA is a water-soluble synthetic polymer and is prepared via the

hydrolysis (alcoholysis) of poly(vinyl acetate) (PVAc), in which the acetate

groups are replaced by hydroxyls (Gotherstrom, Ringden, Westgren,

Tammik, & Le Blanc, 2003). The catalyst is sodium hydroxide, the nature

of the distribution of the residual acetyl groups in the partially hydrolysed

PVA is determined by the choice of catalyst and, where solvents are used,

by the nature of those solvents (Gotherstrom et al., 2003). PVA has many

applications due to its resistance against organic solvents and aqueous solu-

bility. It is used in textile industries, in the food packaging industry, and in

medical devices. US Food and Drug Administration (FDA) approved PVA

to be in close contact with food products. Inmedical devices, PVA is used as a

biomaterial due to its biocompatibility, swellingproperties, bioadhesive char-

acteristics, and for being nontoxic and noncarcinogenic (Secco et al., 2008;

Soland et al., 2012). It is used in contact lenses, in the coating of artificial hearts

and drug administration devices. For instance, it is used in drug delivery vehi-

cles due to the permeability and hydrophilic interface fostering (Soland et al.,

2012). This material is also suitable for the production of catheters,

haemodialysis, membranes, artificial skin, vascular prostheses, and wound

dressing (Porada & Almeida-Porada, 2012). PVA may mimic the regulatory

characteristics of naturalECMsandECM-boundgrowth factors, both in clin-

ical applications and in basic biology studies. For nerve guides, the polymers

with electrical conductivity have attracted interest because they simulta-

neously display the physical and chemical properties of organic polymers

and the electrical characteristics of metals. Conductive polymers show great

promise in biomedicine, namely for regenerative medicine of peripheral

nerve. The importance of those polymers is based on the hypothesis that such

biomaterials can be used to host the growth of cells, and electrical stimulation

can be applied directly to the cells, which proved to be beneficial in many

regenerative strategies (Wood et al., 2012). PPy and CNTs are two of the

most used agents to produce electrical conductive polymers for tissue engi-

neering. Besides, the introduction of metal ions into a polymer, particularly

when the metal is linked chemically into a polymer chain, often imparts new

or improved properties to the polymer (Porada et al., 2011).

Our research group has been testing the application of PVA in producing

a tube-guide for peripheral nerve reconstruction associated to PPy and



Figure 4.1 Tube-guides used to reconstruct the rat sciatic nerve after axonotmesis and
neurotmesis injuries. From the left to the right panel: PVA tube-guide loaded with CNTs,
PVA tube-guide loaded with PPy and PVA tube-guide.
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CNTs (Fig. 4.1). These tube-guides were already fabricated and implanted

in the rat sciatic nerve after axonotmesis and neurotmesis injuries, and the

nerve regeneration has been evaluated through functional tests described

further ahead.

Synthetic biodegradable tubes of PVA (Aldrich, Mowiol 10-98) and

PVA loaded with COOH�-functionalized CNTs (Nanothinx, NTX5,

MWCNTs 97% –COOH), and with PPy (Aldrich, 10�40 S/cm of conduc-

tivity), were prepared using a casting technique to a silicone mold. A 15%

(%w/v) aqueous solution of PVA was prepared. Then the solution of PVA

was mixed with 0.05% (%w/v) of COOH- functionalized and 0.05%

(%w/v) of PPy. The tube-guides were produced with the following dimen-

sions: length¼16 mm, diameterin¼2 mm, diameterout¼5 mm. The tube-

guides were produced by a freezing/thawing process consisting in three

cycles of freezer (�30 �C)/incubator (25 �C), and an annealing treatment

started with a stage of 14 h on an incubator (25 �C) followed by a ramp rate

of 0.1 �C/min until 80 �C, and then a stage of 20 h at 80 �C. Afterwards, the
tube-guides were hydrated during 2 h before use. The electrical conductiv-

ity analysis of these prepared tube-guides showed a value of 1.5�10�6 S/m

for simple PVA tubes, which is according to bibliography (Park et al., 2001).

The tubes with 0.05% (%w/v) of COOH�-functionalized CNTs showed a

value of 5.79�10�4 S/m, whereas for PVA loaded with PPy they presented

a value of 1.8375�10�3 S/m. It is important to have in mind that PPy by

itself has some conductivity (Fig. 4.1).

After obtaining these promising electrical conductivity values, the above

two PVA nerve tube-guide compositions were chosen for further
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characterizations andwere applied in six groups of adult male Sasco Sprague–

Dawley rats (Charles River Laboratories, Barcelona, Spain) with a standard-

ized crush injury (axonotmesis) or a neurotmesis injury with a 10-mm gap.

During the healing period, the regenerative process was evaluated by func-

tional tests includingkinematic analysis described further in this chapter.After

the sacrifice of the experimental animals, 12 or 20 weeks postsurgery, with

axonotmesis andneurotmesis injuries, respectively, theharvested regenerated

nerves will be analyzed by histomorphometry (unpublished data).

Simultaneously, the biocompatibility of the PVA membranes was tested

in subcutaneous implants in ovine (18 adult female white Merino sheep

weighing approximately 60 kg) that were randomly divided in three groups

of six animals each (one with PVA discs, one with PVA discs with a surface

adsorbed with human MSCs derived fromWharton’s jelly, and one control

group). These PVAdiscs with 15.5 mmdiameterwere implanted subcutane-

ously. At 1, 2, 4, 8, 16, and 32 weeks postsurgery, the implants and the sur-

rounding tissue were collected after a peripheral infiltration of 2% lidocaine

and fixed with 10% formalin. Paraffin-embedded cuts of 2 mm were stained

with hematoxylin and eosin (HE) for histological evaluation. The biological

response parameters were assessed in the implant/tissue interface with three

high power fields (�400) by at least two different pathologists for each sample

and recorded in an appropriated formulary. Among the biological response

parameters, all were evaluated according to the ISO standard 10993-6 (annex

E) and included: the extent of fibrosis/fibrous capsule (layer in mm) and

inflammation; the degeneration as determined by changes in tissue mor-

phology; the number and distribution from the material/tissue interface of

the inflammatory cell types, namely polymorphonuclear neutrophilic

leucocytes (PMN), lymphocytes, plasma cells, eosinophils, macrophages,

and multinucleated cells; the presence, extent, and type of necrosis; other

tissuealterations suchasvascularization, fatty infiltration, andgranuloma forma-

tion; the material parameters such as fragmentation and/or debris presence,

form, and locationof remnantsof degradedmaterial andclassifiedasnonirritant,

slight irritant, moderate irritant, and severe irritant. According to this analysis,

the PVAmembranes alone or associated to the cellular systemwere considered

slightly irritant (N¼24 samples analyzed) (unpublished data).

2.1.2 Fetal-derived cells for tissue engineering
Perinatal-derived cells are an ideal setting for tissue-engineering constructs as

they can be harvested without harming intact donor structures and causing

high risks for the child. The advantages for using these cellular systems are
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the following: autologous cells source, processing with high quality stan-

dards and cryopreservation are possible, easy obtainable at various stages

(pre and perinatal), present low immunogenic properties, these cell source

often provides different types of cells including progenitor cells, the isolated

cells have excellent cell growth capacities and they present a tumorogenic

potential much lower when compared to omnipotent cells (Almeida-

Porada, 2010; Cheng et al., 2011; Gartner et al., 2012; Hatlapatka et al.,

2011; Maurı́cio et al., 2011). In contrast to the highly standardized and

industrially fabricated scaffolds, the quality of cells varies from patient to

patient, depending on the individual tissue characteristics, on the transport

conditions and time of the samples from the hospital/clinic to the laboratory,

on the processing and cryopreservation techniques. These aspects are

focused more ahead of this chapter concerning the collection of umbilical

cord tissue (UCT) in order for isolation of MSCs from Wharton´s jelly

(Cheng et al., 2011).

The MSCs isolated from extra-fetal tissues like the Wharton’s jelly, the

adipose tissue, and the bone marrow have a common morphologic descrip-

tion that includes a spindle shape, resembling fibroblasts, which are plastic

adherent (Porada et al., 2010). The International Society of Cellular Ther-

apy (ISCT) recognized the need to define theMSCs. This effort was made in

order to distinguish between mesenchymal stromal cells and MSCs. The

ISCT provides a clear and resumed definition: MSCs are progenitor cells

for the mesenchymal lineages. These MSCs are adherent to tissue culture

plastic (adherent cells), have a particular surface marker phenotype (express

SH2, SH3, SH4, CD44, and HLA-class I, and do not express markers of the

hematopoietic lineages CD34 and CD45 or HLA-class II), and have the

capacity to differentiate into three mesenchymal lineages in vitro (bone, car-

tilage, adipocytes) (Dominici et al., 2006). TheMSCs derived from the bone

marrow and from the adipose tissue are able of self-renew and differentiate

into specialized cells in vitro, there are reports of differentiation into neural

cells (neurons, glial cells) (Cheng et al., 2011; da Silva et al., 2009; Gartner

et al., 2012; Maurı́cio et al., 2011).

UC-derived stem cells can be used for differentiation into all three layers,

such as ekto-, endo-, andmesoderm (Cheng et al., 2011; Guillot et al., 2007;

Hatlapatka et al., 2011). Concerning the nervous system, the UC-derived

stem cells have been used for induction of neurons and glial cells (Cheng

et al., 2011; da Silva et al., 2009; Gartner et al., 2012; Maurı́cio et al.,

2011). There are clear advantages of UC MSCs over the bone marrow

MSCs. Obtaining bone marrow MSCs involves a painful bone marrow
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aspirate, whereas the UC constitutes a waste product and a relatively high

number of cells can be obtained by simple preparation of the cord. Extra-

embryonic tissues are a good alternative to adult donor. These tissues, such

as, amnion, microvillus, Wharton’s jelly, and UC perivascular cells, are

routinely discarded at childbirth, so slight ethical controversy attends the

harvesting of the resident stem cell populations. The UC MSCs also repre-

sent “early” MSCs, which are considered superior cells obtained from more

mature tissue like bone marrow, as they can undergo a significantly higher

number of cell division before senescence (Cheng et al., 2011; Maurı́cio

et al., 2011). The reason for this higher proliferative capacity of fetal MSCs

is because these cells have longer telomeres than adult MSCs (Galotto et al.,

1999; Guillot et al., 2007). The fetal MSCs appear to lack some of the

immune suppression properties observed in adult MSCs (Almeida-Porada,

Zanjani, & Porada, 2010) and lack the human leukocyte antigen (HLA) class

II, in contrast to adult MSCs and synthesize HLA-G, which is not present in

the adult ones (Gotherstrom et al., 2003). Also, the cytokine profile of the

fetal MSCs is different from that of the adult MSCs. So, the fetal MSCs like

the ones isolated from theWharton’s jelly and from the UC blood, are prim-

itive MSCs with greater ability to expand in culture due to their youth and

naive status. MSCs have been isolated from several compartments of the

UC, but our research group has been focused in the MSCs isolated from

the Wharton’s jelly and in preclinical studies regarding animal models of

the application of this cellular system to the regeneration of the PNS after

axonotmesis and neurotmesis injuries. Other important experimental work

has been performed concerning the regeneration of bone, muscle, and vas-

cular system concerning these MSCs but not referred since it is not included

in the scope of this chapter (Shen et al., 2010).

2.2. MSCs from the Wharton jelly of the UC
2.2.1 Validation of transport of the UC from the hospital

to the laboratory
The comparatively large volume of extra-embryonic tissues increases the

chance of isolating suitable amounts of MSCs, despite the complex and

expensive procedures needed for their isolation. Some protocols use enzy-

matic digestion while others use enzyme-free tissue explant methods that

require longer culture time (Gartner et al., 2013).Wharton’s jelly is a mature

mucous tissue and themain component of the UC, connecting the umbilical

vessels to the amniotic epithelium. UC derives from extra-embryonic or

embryonic mesoderm; at birth it weighs about 40 g and measures
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approximately 30–65 cm in length and 1.5 cm in width (Gartner et al.,

2013). Cord blood (CB) and more recently, UCT have been stored

cryopreserved in private and public CB and tissue banks worldwide in order

to obtain hematopoietic and MSCs and, although guidelines exist

(Netcord—Foundation for the Accreditation of Cellular Therapy), stan-

dardized procedures for CB and UCT transport from the hospital/clinic

to the laboratory, storage, processing, cryopreservation, and thawing are still

awaited. These may be critical in order to obtain higher viable stem cells

number after thawing and limit microbiological contamination (Cheng

et al., 2011).

Our research group focused on determining whether UCT storage and

transport from the hospital/clinic to the laboratory at RT or refrigerated

(0.5–20 �C) and immersed in several sterile saline solutions affects the

UCT integrity in order to be cryopreserved. TwelveUCs (N¼12)were col-

lected from healthy donors after written informed consent and following val-

idated procedures according to the clinical and technical guidelines of the

Portuguese Private Bank, Biosckin, Molecular and Cell Therapies, SA

(authorized for processing and cryopreservation CB and UCT units by

the Portuguese Authority Instituto Português de Sangue e Trans-

plantação—IPST, IP). After collection in the hospital/clinic, theseUCswere

transported to the laboratory during 96 h at refrigerated temperature con-

trolled by a datalloger. From each donor UC (N¼12), eight fragments of

1 cm were cut, and each fragment from each different donor was immersed

for 168 h in four different sterile saline solutions at RT (22–24 �C) and
refrigerated (0.5–20 �C): NaCl 0.9% (Labesfal, Portugal), AOSEPT®-PLUS

(Ciba Vision, Portugal), Dulbecco’s phosphate-buffered saline without cal-

cium, magnesium, and phenol red (DPBS, Gibco, Invitrogen, Portugal) and

Hank’s balanced salt solution (HBSS, Gibco, Invitrogen, Portugal). Two

UCs (N¼2) were immersed in 4% of paraformaldehyde and processed for

light microscopy, one immediately after birth and other after 96 h at trans-

port refrigerated temperature without being immersed in any of the tested

sterile saline solutions. These two UCs served as control. After 168 h, the

immersed fragments were collected in 4% of paraformaldehyde and

processed for light microscopy. The samples were fixed in 4% paraformalde-

hyde for 4 h and thenwashed and conserved in phosphate buffer saline (PBS)

until embedding. The specimens were dehydrated and embedded in paraffin

and cut at 10 mm perpendicular to the main UC axis. For light microscope

analysis, sections were stained with HE and observed with a Leica DM400

microscope equipped with a Leica DFC320 digital camera. The UCT
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integrity was evaluated through the following parameters: (i) detachment of

vessels and retraction of vascular structures; (ii) loss of detail and integrity of

the endothelium; (iii) connective tissue degradation; and (iv) loss of detail and

integrity of the mesothelium. It was concluded that the best transport solu-

tions were HBSS or DPBS at refrigerated temperature, since those solutions

maintained the histological structure of UC evaluated through those five

parameters previously referred (Fig. 4.2). As a matter of fact, the UC

immersed for 168 h in DPBS and HBSS at refrigerated temperature pres-

ented integrity of the histological structure comparable to UCs collected

and processed for histological analysis immediately after birth and transported

for 96 h after collection at refrigerated temperatures of transport. With

DPBS, a slight retraction of the vessels was noted, which is advantageous

since the vessels are stripped and discarded before cryopreservation of the

UCT. It was concluded that the transport of the UC from the hospital/clinic

to the cryopreservation laboratory when performed with the UC immersed

in DPBS or HBSS at refrigerated temperatures, permits to extend the time of

transport more than 96 h, which is the maximal time allowed according to

the technical protocols of the Private Cord Blood Bank.
2.2.2 Validation of the isolation protocol of MSCs from the
Wharton’s jelly

Various methods of isolation have been described to obtain and isolate

MSCs from the UC (Can & Karahuseyinoglu, 2007). Frequently, the
Figure 4.2 Cross section of an umbilical cord transported immersed in DPBS at the
refrigerated temperature 2 of 4–6 �C. Samples were stained with hematoxylin and eosin
(HE). Magnification: 10�.
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isolatedMSCs although showing the properties and characteristics of MSCs,

are probably different cell types. Most of the recently described methods

share a common step, which is the manual separation of the tissue of interest

within the UC, followed or not by enzymatic digestion of the ECM to

release viable individual cells that are able to expand in culture.

Whether obtained through cesarean section or vaginal delivery, it is

important to remove contaminating blood from the UC. As it was previ-

ously reported; CB itself can be a source of MSCs, but the rate of recovery

is generally too low (Almeida-Porada et al., 2007). The blood vessels of the

UC are another important source of MSCs (Romanov, Svintsitskaya, &

Smirnov, 2003). It has been described in the isolation of MSCs from UC

stripped vessels (Sarugaser, Lickorish, Baksh, Hosseini, & Davies, 2005) that

these perivascular cells are isolated with collagenase incubation and present

the MSCs characteristics like plastic adherence, surface markers expression,

and ability to trans-differentiate in the presence of appropriate culture

medium components. On the other hand, these perivascular cells express

3G5 (Sarugaser et al., 2005) and CD146 (Baksh, Yao, & Tuan, 2007), these

two markers are not present in the MSCs from the Wharton’s jelly. Wang

and collaborators described the isolation of MSCs from the Wharton’s jelly,

after removing the UC vessels, by an enzymatic sequence of collagenase and

trypsin (Wang et al., 2004). Weiss and collaborators also described an enzy-

matic method for the isolation of MSCs from the Wharton’s jelly. After

removing the UC vessels, the cord is cut in segments that are incubated with

a cocktail of hyaluronidase, collagenase, and trypsin (Weiss et al., 2006).

Other laboratories have been trying with success the isolation of MSCs from

theWharton´s jelly without enzymatic treatment like the published work by

Mitchell et al. (2003). In this protocol, the cord tissue, after removal of the

cord vessels, is cut in small segments that are placed directly in the culture

dish (Mitchell et al., 2003).

The isolation and culture of MSCs from the Wharton’s jelly was per-

formed by our research group in order to obtain undifferentiated MSCs

and in vitro differentiated neuroglial-like cells. Both cellular systems were

tested in vivo, in axonotmesis and neurotmesis injuries of the rat sciatic nerve.

The isolation was performed by enzyme-free tissue explant and by enzy-

matic isolation procedure. Despite our standard approaches, we are aware

that there are still significant variations that exist between laboratories’ pro-

tocols, which must be taken into account when comparing results using

other methodologies. There is a wide range of individual differences among

donor tissues also and our protocols usually use 15–20 cm of UC. While
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most UC samples will provide a reasonable number of MSCs using the pro-

vided protocols, some samples may result in suboptimal cell isolation and

expansion. The reasons behind this phenomenon still remain to be clarified,

but as we have previously mentioned, the temperature and the time of trans-

port from the hospital/clinic to the cryopreservation laboratory is crucial.

Anyway, there is an important difference, described by Weiss et al., in

2006, between UC blood MSCs and Wharton’s jelly MSCs: the latter

can be isolated from close to 100% of the samples, even UCs that are delayed

in their processing up to 48 hours (Weiss et al., 2006). These results were

confirmed by our research group as it is described and discussed above.

Irrespective of the specific protocol, the washing procedure of the UC

fragments is crucial in order to avoid microbiological contamination of

the cultures. After obtaining the written informed consent from the parents,

fresh human UCs are obtained after birth and transported from the hospital/

clinic to the laboratory at refrigerated temperatures, as it was previously

described. After washing the UC unit four times in rising sterile DPBS solu-

tion, disinfection is performed in 70% ethanol for 30 s. Finally, and before the

dissection step, the UC unit is washed once again in sterile DPBS solution.

The vessels are usually stripped with UC unit still immersed in DPBS. Once

the washing step of the UC was considered essential to achieve good UCT

units for cryopreservation and for MSCs isolation and culture, the washing

protocol was validated. DPBS from the first washing step (used immediately

after the transport of the unit to the laboratory—washing solution 1) and

DPBS used in washing step after disinfection in 70% ethanol (washing solu-

tion 2) from 14 UC units (N¼14) collected from healthy donors and trans-

ported from the hospital/clinical at refrigerated temperatures in<96 h, were

tested for microbiological contamination using BacT/ALERT® (bio-

Mérieux). Each unit was tested for aerobic and anaerobic microorganisms

and fungi using 10 ml of the solution 1 and 10 ml of the solution 2, which

were aseptically introduced into the BacT/ALERT® testing flasks. All pro-

cedures were performed in a laminar flow tissue culture hood under sterile

conditions. All the units that presented microbial contamination in DPBS

obtained from the first washing step (solution 1) presented no contamination

in the analysis performed to DPBS from the last washing step immediately

performed before MSCs isolation or UCT cryopreservation (solution 2).

The following microorganisms were identified in the DPBS solution from

solution 1: Staphylococcus lugdunensis (N¼2); Staphylococcus epidermidis

(N¼1); Staphylococcus coagulase (N¼2); Escherichia coli (N¼4); Enterococcus

faecalis (N¼1); and Streptococcus sanguinis (N¼1). The DPBS solution from
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the first washing step (solution 1) from three UC units was negative for

microbial contamination (N¼3). These results permitted us to conclude that

the washing protocol was 100% efficient in what concerns microbiological

elimination (including aerobic and anaerobic bacteria, yeast and fungi) and

appropriate for cryopreservation of UCT or for isolation and culture of

MSCs obtained from the collected UCs (Cheng et al., 2011).

Once the transport and washing protocols were validated, it was impor-

tant to isolate and expand in vitro the MSCs from the UCT units for future

preclinical trials.

In the “enzymatic protocol,” collagenase type I (Sigma-Aldrich) and

trypsin-EDTA solution (Sigma-Aldrich) were used. With the written

informed consent from the mother, fresh human UCs were obtained after

birth and transported to the laboratory at refrigerated temperatures (Gibco,

Invitrogen, Portugal) for 1–96 h before tissue processing to obtain MSCs.

After removal of blood vessels, the Wharton’s jelly is scraped off with a scal-

pel and centrifuged at 250 g for 5 min at RT and the pellet is washed with

serum-free Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Invi-

trogen, Portugal). Next, the cells are centrifuged at 250� g for 5 min at

RT and then treated with collagenase (2 mg/ml) for 16 h at 37 �C, washed
and treated with 2.5% trypsin-EDTA solution (Sigma-Aldrich) for 30 min at

37 �C with gentle agitation. Finally, the cells are washed and cultured in

DMEM (Gibco, Invitrogen, Portugal) supplemented with 10% fetal bovine

serum (FBS), glucose (4.5 g/l), 1% (w/v) penicillin and streptomycin

(Sigma-Aldrich), and 2.5 mg/ml amphotericin B (Sigma-Aldrich) in 5%

CO2 in a 37
�C incubator (Nuaire). Around 2�105 cells are plated into each

T75 flask in 10 ml culture medium. Cells are allowed to attach and grow for

3 days. To remove the nonadherent cells or fragments, the flasks are gently

washed using prewarmed DPBS after which 10 ml of prewarmed culture

medium is added. The culture medium is changed every third day (or twice

per week). Confluence (80–90%) is normally reached at day 12–16, and the

cells are removed with prewarmed trypsin-EDTA solution (4 ml per flask),

for 10 min at 37 �C. The cells are plated onto poly-L-lysine-coated glass

coverslips (in 6- or 24-well tissue culture plates) (Sigma-Aldrich) or on

biomaterials membranes used in the nerve reconstruction. Normally,

5000 cells/cm2 are plated on the coverslips or on the membranes (Cheng

et al., 2011) (Fig. 4.3).

In our “enzyme-free tissue explant protocol” for isolation of MSCs from

the Wharton’s jelly, enzymatic digestion is not employed. The mesenchy-

mal tissue (Wharton’s jelly) is diced into cubes of about 0.5 cm3 and the



Figure 4.3 MSCs isolated from Wharton’s jelly using the “enzymatic protocol”
exhibiting a mesenchymal-like shape with a flat polygonal morphology. Magnification:
100�.
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remaining vessels are removed by dissection. Using a sterile scalp, the cubes

are diced in 1–2 mm fragments and transferred to a Petri dish precoated with

poly-L-lysine (Sigma-Aldrich) with mesenchymal stem cell medium

(PromoCell, C-28010) supplemented with 1% (w/v) penicillin and strepto-

mycin (Sigma-Aldrich), and 2.5 mg/ml amphotericinB (Sigma-Aldrich) and

cultured in 5%CO2 in a 37
�Cincubator (Nuaire). Some tissue fragmentswill

allow cell migration from the explants in 3–4 days incubation. Confluence is

normally obtained 15–21 days after (Cheng et al., 2011) (Fig. 4.4).

The laboratory’s processing and cryopreservation protocols of the UCT

units following the technical procedures of Biosckin, Molecular and Cell

Therapies S.A. (BSK.LCV.PT.7) were validated for the ability of isolating

and expanding in vitro MSCs after cryopreserved UCT thawing. The pro-

tocols of processing and cryopreservation of the UCT are protected by a

Confidentiality Agreement between Biosckin, Molecular and Cell Thera-

pies S.A. and all the involved researchers. Briefly, the UCT collected from

healthy donors (N¼60), and according to Netcord guidelines and following

the Portuguese law 12/2009 (Diário da República, lei 12/2009 de 26 de

Março de 2009), was diced into cubes of about 0.5 cm3 and the remaining

vessels were removed by dissection. In order to ensure the viability of the

UCT after parturition and limit the microbiological contamination of the

samples, the UCs were transported from the hospital/clinic to the laboratory

at refrigerated temperatures monitored by a datalloger in less than 96 hours.

The UCT units from 15 to 20 cm long UCs and after the blood vessels



Figure 4.4 MSCs isolated from Wharton’s jelly using the “enzyme-free tissue explant
protocol” exhibiting a mesenchymal-like shape with a flat polygonal morphology.
The mesenchymal tissue (Wharton’s jelly) 1–2 mm fragments transferred to a Petri dish
precoated with poly-L-lysine allowed cell migration from the explants in 3–4 days
incubation.
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dissection were treated and processed for cryopreservation using a cryopro-

tective solution (freezing medium). The UCT units were transferred to a

computer-controlled slow rate freezer (Sylab, Consensus, Portugal) and a

nine-step freezing programwas used to set up the time, temperature, and rates

specifically optimized for the human UC-MSCs cooling. To thaw frozen

cells, the cryovials were transferred directly to a 37 �C water bath. Upon

thawing in less than a minute, the cell suspension was centrifuged at

250� g for 10 min, and the supernatantwas gently removed and the cell pellet

was resuspended in culture medium (Cheng et al., 2011). It was possible to

obtain MSCs in culture from 52 out of 60 thawed UCT units. In some

UCT cryopreserved units (N¼8), it was not possible to isolate MSCs due

to increased number of erythrocytes’ lysis and/or microbiological contami-

nation during the initial cell culture period. The MSCs morphology was

observed in an inverted microscope (Zeiss, Germany) at different points of

expansion. The MSCs exhibited a mesenchymal-like shape with a flat and

polygonal morphology. The MSCs obtained (N¼52) were characterized

by flow cytometry (FACSCalibur®, BD Biosciences) analysis for a compre-

hensive panel of markers, such as PECAM (CD31), HCAM (CD44), CD45,

and Endoglin (CD105). The karyotype of undifferentiatedMSCs was deter-

mined and no structural alterations were found demonstrating absence of

neoplasic characteristics in these cells, as well as chromosomal stability to
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the cell culture procedures. In the presenceof neurogenicmedium, theMSCs

were able to become exceedingly long and there was a formation of typical

neuroglial-like cells with multibranches and secondary branches. These

results permitted to conclude that the processing and cooling protocols used

forUCTunits’ cryopreservationwere adequate topreserve theUCTviability

since it was possible to isolate and expandMSCs after appropriate thaw and in

presence of adequate cell culture conditions (Cheng et al., 2011).

2.2.3 MSCs cells from a cell line and differentiation into
neuroglial-like cells

An established and ready-to-use human MSC cell line from the UC matrix

(Wharton’s jelly) was employed for promoting axonotmesis and neurotmesis

lesions regeneration in the rat sciatic nerve model. Human MSCs from

Wharton’s jelly UC were purchased from PromoCell GmbH (C-12971,

lot-number: 8082606.7). Cryopreserved cells were cultured and maintained

in a humidified atmosphere with 5%CO2 at 37
�C.Mesenchymal StemCell

Medium (PromoCell, C-28010) was replaced every 48 h. At 80–90% con-

fluence, cells were harvested with 0.25% trypsin with EDTA (Gibco) and

passed into a new flask for further expansion. MSCs at a concentration of

2500 cells/ml were cultured on poly-D-lysine coverslips (Sigma-Aldrich)

or on biomaterials membranes and after 24 h cells exhibited 30–40% con-

fluence. Differentiation into neuroglial-like cells was induced with MSC

neurogenic medium (PromoCell, C-28015). Medium was normally rep-

laced every 24 h during 3 days. The formation of neuroglial-like cells was

observed after 24 h in an inverted microscope (Zeiss, Germany) (Cheng

et al., 2011; Gartner et al., 2012; Gärtner et al., 2012; Shen et al., 2010).

This established human MSC cell line was preferred for in vivo testing in

rats, since the number of MSCs obtained was higher in a shorter culture

time, it was not dependent on donors’ availability and ethic committee

authorization, and the protocol was much less time-consuming, which

was advantageous for preclinical trials with a large number of experimental

animals. As a matter of fact, there was no need of administrating immuno-

suppressive treatment to the experimental animals during the entire healing

period after the surgical procedure. The phenotype of MSCs was assessed by

PromoCell. Rigid quality control tests are normally performed for each lot

of PromoCell MSCs isolated from Wharton’s jelly of UC. MSCs are tested

for cell morphology, adherence rate, and viability. Furthermore, each cell lot

is characterized by flow cytometry analysis for a comprehensive panel of

markers (Gartner et al., 2012).
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The MSCs established PromoCell cell line exhibited a mesenchymal-

like shape with a flat and polygonal morphology. During expansion, the cells

became long spindle shaped and colonized the whole culturing surface. After

96 h of culture in neurogenic medium, cells changed in morphology. The

cells became exceedingly long and there was a formation of typical

neuroglial-like cells with multibranches and secondary branches (Cheng

et al., 2011; Gartner et al., 2012; Gärtner et al., 2012). Giemsa-stained cells

of in vitro differentiated MSC cell line at passage 5 were analyzed for cyto-

genetic characterization. The karyotype of undifferentiated MSCs obtained

from theUCT cryopreserved and isolated by the enzyme-free tissue explants

(N¼52) (described in Section 2.2) and from PromoCell was determined

and no structural alterations were found demonstrating absence of neoplasic

characteristics in the MSCs cells, as well as chromosomal stability to the cell

culture procedures (Gartner et al., 2013). The in vitro differentiated MSCs

karyotype could not be established, since no dividing cells were obtained

at passage 5, which can be in agreement with the degree of differentiation.

The karyotype analysis of undifferentiated MSCs previously determined,

supported the suitability of our cell culture and differentiation protocols.

This concern resulted from previous negative in vivo results obtained with

in vitro differentiated N1E-115 cells in axonotmesis and neurotmesis injuries

of the rat sciatic nerve (Gartner et al., 2013). The differentiation into

neuroglial-like cells of the MSCs from Wharton’s jelly was tested based

on the expression of typical neuronal markers such as growth-associated

protein-43 (GAP-43), glial fibrillary acidic protein (GFAP), and neuronal

nuclei (NeuN). Undifferentiated MSCs were negatively labeled GFAP,

GAP-43, and NeuN. After 96 hours of differentiation, the attained cells

were positively stained for glial protein GFAP and for the growth-associated

protein GAP-43. All nuclei of neuroglial-like cells were also labeled with the

neuron-specific nuclear protein called NeuN showing that differentiation of

MSCs into neuroglial-like cells was successfully achieved forMSCs obtained

from UCT cryopreserved (N¼52) and for the PromoCell MSC cell line

(Gartner et al., 2013).

3. IN VIVO TESTING IN THE RAT SCIATIC NERVE MODEL

3.1. Surgery technique and the importance

of a standardized injury
The most frequently used animal model for studying the peripheral nerve

regeneration is the rat because of the widespread availability of these animals
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as well as the distribution of their nerve trunks, which is similar to humans

(Mackinnon et al., 1985). The rat sciatic nerve is still by far the most

employed experimental model as it also provides a nerve trunkwith adequate

length and space at the mid-thigh for surgical manipulation and/or intro-

duction of grafts or tube-guides (van Neerven et al., 2012) (Fig. 4.5).

And at same time, this experimental model provides a very realistic testing

bench for lesions involving plurifascicular mixed nerves with axons of dif-

ferent size and type competing to reach and reinnervate distal targets

(Mackinnon et al., 1985). Peripheral nerve injuries are classified in two

major groups, which are the crushing injuries (axonotmesis) and the com-

plete nerve section (neurotmesis) with or without loss of nerve tissue

(Almeida-Porada et al., 2005; Chaudhry, Glass, & Griffin, 1992; Stoll,

Griffin, Li, & Trapp, 1989). The axonotmesis injury is less severe and is often

used for studies concerning the physiology mechanisms of regeneration,

while the neurotmesis injury is mostly used in surgical strategy and imple-

mentation of biomaterials associated with cellular systems studies (Luı́s,

2008). The choice of an appropriate animal model is fundamental for

preclinical experiments and should be performed before the clinical trials

and compassive treatments in humans (Maurı́cio et al., 2011). Nowadays,

animal welfare is crucial and not negotiable in terms of in vivo experiments.

Some alternatives to animal experimentation exist, but what concerns cell

therapies and regenerative medicine using stem cells and different biomate-

rials is always the last step of the research line before the clinical application in

humans. Our research group has been using the rat sciatic nerve for in vivo

experiments of peripheral nerve regeneration (Amado et al., 2010, 2008;
Figure 4.5 Rat sciatic nerve.
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Cheng et al., 2011; Gartner et al., 2012; Gärtner et al., 2012; Luis,

Rodrigues, Geuna, Amado, Shirosaki, et al., 2008; Luis, Rodrigues,

Geuna, Amado, Simoes, et al., 2008; Maurı́cio et al., 2011; Simoes et al.,

2010), concerning different therapeutic strategies in axonotmesis (Brohlin

et al., 2009) and neurotmesis (Luis et al., 2007) injuries. So, for these

in vivo testing, Sasco Sprague adult male rats (Charles River Laboratories,

Barcelona, Spain) have been used and divided in groups of 6–7 animals each.

All procedures had been performed with the approval of the Veterinary

Authorities of Portugal, and in accordance with the European Communities

Council Directive of 24 November 1986 (86/609/EEC).

The animals placed prone under sterile conditions and the skin from

the clipped lateral right thigh scrubbed in a routine fashion with anti-

septic solution. Under deep anesthesia (ketamine 9 mg/100 g; xylazine

1.25 mg/100 g, atropine 0.025 mg/100 g body weight, intramuscular),

the sciatic nerve is exposed unilaterally through a skin incision extending

from the greater trochanter to the mid-thigh followed by a muscle-splitting

incision. The standard crush injury (axonotmesis lesion) is performed by a

nonserrated clamp (Institute of Industrial Electronic and Material Sciences,

University of Technology, Vienna, Austria), exerting a constant force of

54 N for a period of 30 s, 10 mm above the bifurcation into tibial and

common peroneal nerves inducing a 3-mm axonotmesis lesion, since the

published experimental work from Luis and collaborators in 2007 (Luı́s

et al., 2007) (Fig 4.6A). To test the scaffold (biomaterial associated or not

to the cellular system) therapeutic effect in the nerve regeneration after

crush, the axonotmesis lesion of 3 mm performed was enwrapped.

Figure 4.6B shows the crush injury enwrapped with a PVA tube-guide

loaded with CNTs. For the neurotmesis lesion, a transaction injury is usually

performed using straight microsurgical scissors and the surgical procedure is

performed with the aid of an M-650 operating microscope (Leica Micro-

systems, Wetzlar, Germany). In both models, the nerve injury is performed

at a level as low as possible, in general, immediately above the terminal nerve

ramification, considering always individual anatomical differences. The

reconstruction of the injured nerve after neurotmesis by an end-to-end

suture, implies cooptation with 7/0 monofilament nylon sutures of the

two injured nerve endings performed under magnification. In the rats in

which tube-guides were used for the neurotmesis injured sciatic nerve,

the proximal and distal nerve stumpswere inserted 3 mm into the tube-guide

and held in place, maintaining a nerve gap of 10 mm, with two epineurial

sutures using 7/0 monofilament nylon, respectively (Fig. 4.7A–C). For the



Figure 4.6 The standard crush injury (axonotmesis lesion) is performed by a
nonserrated clamp exerting a constant force of 54 N for a period of 30 s, inducing a
3-mm axonotmesis lesion (panel A). Crush injury enwrapped with a PVA tube-guide
loaded with CNTs (panel B).

Figure 4.7 In the rats in which a PVA tube-guide was used for the neurotmesis injured
sciatic nerve, the proximal (panel A) and distal nerve stumps (panel B) were inserted
3 mm into the tube-guide and held in place, maintaining a nerve gap of 10 mm, with
two epineurial sutures using 7/0 monofilament nylon (panel C).
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group of animals inwhich an autologous graft procedure was tested, the sciatic

nervewas transected immediately above the terminal nerve ramification and at

a 10 mm distal point. The nerve graft obtained, with a length of 10 mm, was

inverted at 180� and suturedwith7/0monofilamentnylon.Normally themus-

cle and skin are closedwith 4/0 resorbable sutures. An antibiotic (enrofloxacin,

Alsir® 2.5%, 5 mg/kg b.w., subcutaneously) is always administered to prevent

any infections. To prevent autotomy, a deterrent substance must be applied to

the rats’ right foot (Sanadaet al., 2012;Woodet al., 2012).Therewasnoneedof

administrating immunosuppressive treatment to the experimental animals dur-

ing the entire healing period after the surgical procedure.
3.2. Functional assessment
Experiments on peripheral nerve regeneration are often performed on the

rat sciatic nerve model (Dellon & Mackinnon, 1989). Research on
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peripheral nerve injury needs to combine both functional and morpholog-

ical assessment. It is not generally agreed which type of evaluation tool is the

most useful descriptor of functional recovery; for this reason, the use of dif-

ferent methods for an overall assessment of nerve function has been rec-

ommended by several investigators (Morris, Hudson, & Weddell, 1972).

In our lab, we perform a variety of independent evaluation tools in order

to understand and estimate the potential therapeutic benefit of a nerve repair

strategy.

After injury and treatment of animals, follow-up results are very impor-

tant for analysis of functional recovery. Animals have been tested preoper-

atively (week 0), and every week during 12 and 20 weeks, for axonotmesis

and neurotmesis of the rat sciatic nerve, respectively.

For SFI, animals are usually tested in a confined walkway that they cross,

measuring 42 cm long and 8.2 cm wide, with a dark shelter at the end. Sev-

eral measurements must be taken from the footprints: (i) distance from the

heel to the third toe, the print length (PL); (ii) distance from the first to the

fifth toe, the toe spread (TS); and (iii) distance from the second to the fourth

toe, the intermediary toe spread (ITS). In the SSI, only the parameters TS

and ITS, are measured. For SFI and SSI, all measurements are taken from the

experimental (E) and normal (N) sides. Prints for measurements are chosen

at the time of walking based on preciseness, clarity, and completeness of

footprints. The mean distances of three measurements are used to calculate

the following factors (dynamic and static):

Toe spread factor TSFð Þ¼ ETS�NTSð Þ
NTS

ð4:1Þ

Intermediate toe spread factor ITSFð Þ¼ EITS�NITSð Þ
NITS

ð4:2Þ

Print length factor PLFð Þ¼ EPL�NPLð Þ
NPL

ð4:3Þ

SFI is calculated as described by Bain et al. (1989) according to the fol-

lowing equation:

SFI¼�38:3

NPL
þ109:5 ETS�NTSð Þ

NTS
þ13:3 EIT�NITð Þ

NIT
�8:8

¼ �38:3�PLFð Þþ 109:5�TSFð Þþ 13:3� ITSFð Þ�8:8

ð4:4Þ

For SFI and SSI, an index score of 0 is considered normal and an index

of �100 indicates total impairment. When no footprints are measurable,
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the index score of �100 is given. In each walking track, three footprints

should be analyzed by a single observer, and the average of themeasurements

is used in SFI calculations.

Among the large variety of available motor and nociceptive tests, the

EPT and the WRL, respectively, have been proven to be reliable, valid

and highly efficient methods to determine functional recovery following sci-

atic nerve injury (Gartner et al., 2013). For EPT test, the affected and normal

limbs should be tested at least three times, with an interval of 2 min between

consecutive tests, and the three values are averaged to obtain a final result.

The normal (unaffected limb) EPT (NEPT) and experimental EPT (EEPT)

values are incorporated into an equation (Eq. 4.5) to derive the percentage of

functional deficit, as described in the literature (Koka & Hadlock, 2001):

% Motor deficit¼ NEPT�EEPTð Þ
NEPT

� �
�100 ð4:5Þ

The nociceptive WRL was adapted from the hotplate test developed by

Masters et al. (1993). Normal rats withdraw their paws from the hotplate

within 4 s or less. The cutoff time for heat stimulation is set at 12 s to avoid

skin damage to the foot.

The restoration of locomotor activity following damage of the nervous sys-

tem has emerged as one of the most pressing and challenging problem in clin-

ical neuroscience. Many patients with neurological injuries, like peripheral

nerve or spinal cord injuries suffer from muscle weakness and loss of indepen-

dent joint control, often resulting in gait disorders. During the past 10–15

years, exciting work is being carried out on rat gait analysis that may signifi-

cantly alter the future of peripheral nerve research (Costa, Simoes,

Mauricio, & Varejao, 2009). Indeed, the use of biomechanical parameters

has given valuable insight into the effects of the sciatic denervation/

reinnervation, and thus represents an integration of the neural control acting

on the ankle and foot muscles, which is very useful and accurate to evaluate

different therapeutic approaches (Varejao, Cabrita, Geuna, et al., 2003;

Varejao, Cabrita, Meek, et al., 2003; Varejao, Melo-Pinto, Meek, Filipe, &

Bulas-Cruz, 2004). It is important to realize that the number of kinematic

variables (positions, velocities, and accelerations) required to describe one-step

cycle is very high. Therefore, it is only through high-speed digital cameras that

we can achieve a full kinematic description during gait (Costa et al., 2009).

Ankle kinematics analysis has been carried out prior nerve injury, at

week 2 and every 4 weeks during the 12 or the 20-week follow-up time,
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for axonotmesis and neurotmesis lesions, respectively. Themotion capture is

performed with two digital high speed cameras (Oqus, Qualysis®) at a rate of

200 images per second, and Qualysis Track Manager software (QTM,

Qualysis®). The cameras operate on an infra-red light frequency ensuring

a high level of accuracy on the determination of reflective marker position

and a position residual of less than 2.7 mmwas obtained. Cameras are usually

positioned to not recorder significant signal deflection during the test and

three reflective markers are placed at the skin of the rat right hindlimb at

the proximal edge of the tibia, the lateral malleolus and the fifth metatarsal

head. Advanced analysis of the 2D movement (sagittal plan) data is usually

performed with Visual3D software (C-Motion®, Inc.). The rats’ ankle angle

is determined using the scalar product between a vector representing the

foot and a vector representing the lower leg. With this model, positive

and negative values of position of the ankle joint (Y�) indicate dorsiflexion
and plantarflexion, respectively. For each step cycle, the following time

points are identified: midswing, midstance, initial contact (IC) and toe-off

(TO) (Gartner et al., 2013) and are time normalized for 100% of step cycle.

The normalized temporal parameters are averaged over all recorded trials.

Angular velocity of the ankle joint (O �/s) is also determined where negative

values correspond to dorsiflexion. A total of at least six walking trials for each

animal with stance phases lasting between 150 and 400 ms are considered for

analysis, since this corresponds to the normal walking velocity of the rat

(20–60 cm/s) (Gartner et al., 2013). The motion capture is performed

when the animals walk on a Perspex track with length, width, and height

of respectively 120, 12, and 15 cm. In order to ensure locomotion in a

straight direction, the width of the apparatus is adjusted to the size of the

rats during the experiments and the rats are daily trained for 2 weeks before

the surgery, in order to walk on the Perspex corridor.

Individual joint kinematics either in control or nerve-injured animals is

characterized by high variability, with notable differences between different

animals and even from step to step ( Jacobson&Guth, 1965). Such high level

of variability, which seems to be an intrinsic property of normal quadruped

walking, seriously affects the precision of joint kinematic measures of func-

tional recovery after nerve injury. Reducing this variability is a challenge for

efficient use of walking analysis to assess functional recovery. Attempts to

overcome this limitation include constraining walking velocity by using

treadmill walking instead of self-paced locomotion (Gartner et al., 2013).

This, of course, is likely to reduce step-by-step variability in joint kinematics

but has the disadvantage of requiring expensive equipment and limits the
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possibility of combining kinematic analysis with other data, such as ground

reaction forces. Other possibilities look at a global, limb-level movement

analysis as an alternative to individual joints kinematics ( Jacobson & Guth,

1965; Pereira et al., 2013). To better assess hindlimb joint kinematics during

walking, we recently analyzed hip, knee, and ankle joint kinematics during

recovery of less severe sciatic nerve crush injury, using a more sophisticated

motion capture system to track the motion of reflective markers attached to

the rat hindlimb (unpublished data). Recently a segmental kinematic analysis

using both planar angles computation and a tridimensional (3D) reconstruc-

tion of the rat hindlimb was also performed, regarding the morphology and

the movement of each segment. Seven rats without any peripheral injury

were evaluated for natural overground walking, and motion capture of the

right hindlimbwas collectedwith an optoelectronic systemwhile the animals

walked in the track. 3D biomechanical analyses were carried out and hip,

knee, ankle, andmetatarsophalangeal joint angular displacementswere calcu-

lated. A comparison between planar and 3D segmental kinematic analysis

using a tridimensional reconstruction of the rat hindlimb demonstrated that

different joints havedifferentmotionpatternswithinmotionplanes, probably

related with physiological constraints and muscle actions. Amajor indication

of the need for an anatomical reference frame kinematic analysis is supported

by theknowledge that neuromuscular diseases are related to important clinical

signs or motor deficits that should be observed, qualified, and quantified

(Harley et al., 2006). On the other hand, systematic changes in the biome-

chanical and movement control constraints of the locomotor task, such as

using up- and down-slope walking might also increase the accuracy of walk-

ing analysis within the context of peripheral nerve research (Pereira et al.,

2013). Walking analysis is a promising method to assess functional recovery

after hindlimb nerve injury. However, in order to provide accurate measures

of functional recovery,walking analysis after hindlimbperipheral nerve injury

will have to evolve from simply analyzing ankle kinematics to reach a full bio-

mechanical description of hindlimb motion including analysis of hip, knee,

and ankle joints. Further refinements ofwalking analysis in the field of periph-

eral nerve research using the rat model will probably include the combined

use of joint kinematics, ground reaction forces, and electromyographical data

of muscle activity (Harley et al., 2006; Maurı́cio et al., 2011).

3.3. Morphologic assessment
It has been recently pointed out that morphological analysis is the far most

common method for the study of peripheral nerve regeneration (Raimondo
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et al., 2009). Actually, the investigation of nerve morphology can give us

important information on various aspects of the regeneration processes

which relates with nerve function (Geuna et al., 2009). Although different

types of fixatives can be used for peripheral nerve histology, the nerve sam-

ples are fixed in a solution of 2.5% purified glutaraldehyde (Histo-line Lab-

oratories S.R.L., Milano, Italy) and 0.5% saccarose (Merck, Darmstadt,

Germany) in 0.1 M Sörensen phosphate buffer, pH 7.4, for 6–8 h. Nerves

are then washed and stored in 0.1 M Sörensen phosphate buffer added with

1.5% saccarose at 4–6 �C prior to embedding. Sörensen phosphate buffer is

made with 56 g di-potassium hydrogen phosphate 3-hydrate (K2HPO4-

3H2O) (Fluka, Buchs, Switzerland) and 10.6 g sodium di-hydrogen phos-

phate 1-hydrate (NaH2PO4-H2O) (Merck, Darmstadt, Germany) in 1 liter

of doubly-distilled water. Just before the embedding, nerves are washed for

fewminutes in the storage solution and then immersed for 2 h in 2% osmium

tetroxide (Sigma, St. Louis, MO) in the same buffer solution. The specimens

are then carefully dehydrated in passages in ethanol and embedded in

Glauerts’ mixture of resins, which is made of equal parts of Araldite

M and the Araldite Härter, HY 964 (Merck, Darmstad, Germany). At

the resin mixture, 2% of accelerator 964, DY 064 is added (Merck, Dar-

mstad, Germany). Finally, the plasticizer (0.5% of dibutylphthalate) is added

to the resin. In Stefano Geuna laboratory (Department of Clinical and Bio-

logical Sciences, University of Turin, Italy), histomorphometry (stereology)

is carried out on toludine-blue-stained semi-thin sections (2.5 micron-

thick) of nerve samples using a DM4000B microscope equipped with a

DFC320 digital camera and an IM50 image manager system (Leica Micro-

systems, Wetzlar, Germany). We adopt a final magnification of 6600� in

order to enable accurate identification of myelinated nerve fibers.

A 2D-disector method, (Raimondo et al., 2009) is finally used for estimating

the total number of myelinated fibers (N), the mean diameter of fiber (D)

and axon (d ) as well as mean [(D�d)/2] and g-ratio (D/d ).

4. DISCUSSION AND FINAL REMARKS

Despite great progress in the fields of tissue engineering and stem cell
therapy, translational and preclinical studies are required to accelerate the

clinical application of scaffolds as an alternative to autologous nerve grafts

for peripheral nerve repair. The PNS is able to regenerate after traumatic

injury, but most frequently, the functional outcomes following damage

are limited and poor. Nowadays, most tissue-engineered nerve grafts are
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composed of a neural scaffold prepared with a variety of synthetic or natural

biomaterials through well-defined fabrication techniques. Introduction of

support cells, an important biochemical cue, represents an optimal way

for constructing tissue-engineered nerve grafts with enhanced ability to

repair extended peripheral nerve defects. MSCs are multipotent cells that

have been used in studies of peripheral nerve regeneration and have yielded

promising results. The aim of our research group for the past 10 years has

been exploring the therapeutic value of human UCWharton’s jelly-derived

MSCs both in vitro and in vivo, associated to several tube-guides of natural or

absorbable synthetic biomaterials on a rat sciatic nerve axonotmesis exper-

imental model. Undifferentiated MSCs from human UC Wharton’s jelly

have been expanded and have exhibited a normal star-like shape with a flat

morphology in culture. To prevent the possibility of eventual mutations

due to expansion artifacts, Giemsa-stained metaphases of these cells were

analyzed for numerical aberrations. The karyotype was determined in a

completely analyzed G-banding metaphase and no structural alterations

were found. The karyotype analysis to the MSCs cell line derived from

human Wharton jelly demonstrated that this cell line has not neoplasic

characteristics and was stable during the cell culture procedures in terms of

number and structure of the somatic and sexual chromosomes (Gartner

et al., 2012). The MSCs from Wharton’s Jelly were differentiated into

neuroglial-like cells in the presence of neurogenic culture medium during

96 h. The MSCs became exceedingly long and there was a formation of

typical neuroglial-like cells with multibranches and secondary branches.

The differentiation was also tested based on the expression of typical neu-

ronal markers such as GFAP, GAP-43, and NeuN by neural-like cells

attained from HwMSCs. Undifferentiated MSCs were negatively labeled

to GFAP, GAP-43, and NeuN and after 96 h of differentiation the attained

cells were positively stained for glial protein GFAP and for the growth-

associated protein GAP-43. All nucleus of neuroglial-like cells were also

labeled with the neuron-specific nuclear protein called NeuN showing that

differentiation was successfully achieved (Gartner et al., 2012). The in vitro

expansion and differentiation of MSCs for clinical cell-based therapy is a

very expensive and long process that needs standardization. Although pre-

clinical and clinical data demonstrated the safety and effectiveness of MSCs

therapy in some pathologies such as neurological, there are still questions

surrounding the mechanism of action. MSCs’ maintenance and differenti-

ation to neuroglial-like cells depends on metabolic modulation. In vitro, glu-

cose is the most widely used substrate for the generation of ATP, which is
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essential for cell growth and maintenance. It has been proposed that cells

undergoing high proliferation rates depend on glycolysis to generate

ATP, known as the Warburg effect (Gartner et al., 2012, 2013). Our results

showed that during expansion, the undifferentiated MSCs consume glucose

and produce high concentration of lactate as a metabolic sub product, which

is consistent with the Warburg effect and glycolysis stimulation. MSCs do

not require oxidative phosphorylation to survive as alternative, hypoxia

extends the lifespan, increases their proliferative ability, and reduces differ-

entiation (Gartner et al., 2012, 2013). We recently in vivo tested using the rat

model, the efficacy of several natural and synthetic biomaterials associated

with cellular systems including the MSCs isolated from the UC Wharton’s

jelly in the treatment of sciatic nerve axonotmesis and neurotmesis injuries

(Amado et al., 2008; Gartner et al., 2012; Maurı́cio et al., 2011). Following

transection, axons show staggered regeneration and may take substantial

time to cross the injured site and enter the distal nerve stump (Gartner

et al., 2012, 2013). However, delayed axonal elongation might be caused

by growth inhibition originated from the distal nerve itself, growth-

stimulating influences may overcome axons stagger. As a potential source

of growth-promoting signals, MSCs transplantation is expected to give a

positive outcome. Our results showed that the use of either undifferentiated

or differentiated MSCs in axonotmesis and neurotmesis lesions boosted the

recovery of sensory and motor function. In both cell-enriched experimental

groups, we observed that the myelin sheath was thicker; this suggests that

MSCs might apply their positive effects on SCs, the key element in

Wallerian degeneration and the following axonal regeneration (Gartner

et al., 2012, 2013). Also results from in vivo testing previously performed

showed that infiltration of MSCs from the Wharton’s jelly or the combina-

tion of chitosan type III membrane enwrapment andMSCs enrichment after

nerve crush injury provide an advantage to post-traumatic nerve regenera-

tion (Amado et al., 2008; Costa et al., 2009; Gartner et al., 2012; Maurı́cio

et al., 2011). Chitosan type III was developed as a hybrid of chitosan by

adding GPTMS. A synergistic effect of an extra permeability and physico-

chemical properties of chitosan type III and the presence of silica ions may be

responsible for the good results in post-traumatic nerve regeneration pro-

motion observed in the sciatic nerve after axonotmesis and neurotmesis

suggesting that this biomaterial may not just work as a simple mechanical

device but instead may induce nerve regeneration (Amado et al., 2008;

Simoes et al., 2010). The neuroregenerative properties of chitosan type

III may be explained by the effect on SCs proliferation, axon elongation,
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and myelinization (Amado et al., 2008; Gärtner et al., 2012; Simoes et al.,

2010). Our data also showed that PLC does not deleteriously interfere with

the nerve regeneration process, as a matter of fact, the information on the

effectiveness of PLC membranes and tube-guides for allowing nerve regen-

eration was already provided experimentally and with patients (Maurı́cio

et al., 2011). The MSCs from the Wharton’s jelly may be a valuable source

in the repair of the PNS with capacity to differentiate into neuroglial-like

cells. The transplanted MSCs are also able to promote local blood vessel for-

mation and release the neurotrophic factors brain-derived neurotrophic fac-

tor (BDNF) and glial cell line-derived neurotrophic factor (GDNF)

(Gartner et al., 2012; Gärtner et al., 2012). Previous results obtained by

our research group using N1E-115 cells in vitro differentiated into

neuroglial-like cells to promote regeneration of axonotmesis and

neurotmesis lesions in the rat model showed that there was no significant

effect in promoting axon regeneration and, when N1E-115 cells were cul-

tured inside a PLGA scaffold used to bridge a nerve defect, they can even

exert negative effects on nerve fiber regeneration. The presence of

transplanted N1E-115 cells in nerve scaffolds competing for the local blood

supply of nutrients and oxygen and by space-occupying effect could have

hindered the positive effect of local neurotrophic factor release leading a

negative outcome on nerve regeneration. Thus, N1E-115 cells did not

prove to be a suitable candidate cellular system for treatment of nerve injury

after axonotmesis and neurotmesis and their application is limited only to

research purposes as a basic scientific step for the development of other cell

delivery systems, due to its neoplasic origin (Amado et al., 2010, 2008; Luis,

Rodrigues, Geuna, Amado, Shirosaki, et al., 2008; Luis, Rodrigues, Geuna,

Amado, Simoes, et al., 2008; Simoes et al., 2010). The MSCs isolated from

the Wharton’s jelly and delivered through PLC and chitosan type III mem-

branes might be a potentially valuable tool to improve clinical outcome

especially after trauma to sensory nerves, such as digital nerves. Results dem-

onstrated that the use of either undifferentiated or neuroglial-like differen-

tiated MSCs enhanced the recovery of sensory and motor function of the rat

sciatic nerve in axonotmesis and neurotmesis injuries (Gartner et al., 2012;

Gärtner et al., 2012). The myelin sheath was thicker in the regenerated

nerves, suggesting that MSCs might exert their positive effects on SCs,

the key element in Wallerian degeneration and the following axonal regen-

eration (Gartner et al., 2013). Many researchers believe that the implanted

MSCs exert neurotrophic functions by producing an array of soluble factors

or via a direct cell-to-cell contact rather than replacement of damaged nerve
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tissues and cells. We have been using undifferentiated MSCs with positive

results concerning the functional and morphologic recovery of the nerve

after axonotmesis and neurotmesis injuries, in an attempt to diminish the

possible adverse effects related to an in vitro induced differentiation of the

MSCs. Moreover, direct use of MSCs without additional treatments is more

favorable to clinical applications owing to simplify the treatments, which

implies a less financial burden. In addition, the MSCs isolate from the

Wharton’s jelly represent a noncontroversial source of primitive mesenchy-

mal progenitor cells that can be harvested after birth, cryogenically stored,

thawed, and expanded for therapeutic uses, including nerve injuries like

axonotmesis and neurotmesis. The time and temperature of the transport

(and the saline solution used for that transport) of the UC units from the

hospital/clinic to the laboratory is crucial for a successful outcome consid-

ering MSCs isolation and proliferation from fresh and cryopreserved tissue.

It is highly recommended that the transport from the clinic to the hospital

should be refrigerated, and theUC units should be immediately immersed in

a sterile saline solution like HBSS or DPBS.
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