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Abstract: Cell secretome has  been explored as a cell-free technique with high scientific and medical 

interest for Regenerative Medicine. In this work, the secretome produced and collected from 

Olfactory Mucosa Mesenchymal Stem Cells and Olfactory Ensheating Cells was analyzed and 

therapeutically applied to promote peripheral nerve regeneration. The analysis of the conditioned 

medium revealed the production and secretion of several factors with immunomodulatory 

functions, capable of intervening beneficially in the phases of nerve regeneration. Subsequently, the 

conditioned medium was applied to sciatic nerves of rats after neurotmesis, using Reaxon® as tube-

guides. Over 20 weeks, the animals were subjected to periodic functional assessments, and after this 

period, the sciatic nerves and cranial tibial muscles were evaluated stereologically and 

histomorphometrically, respectively. The results obtained allowed to confirm the beneficial effects 

resulting from the application of this therapeutic combination. The administration of conditioned 

medium from Olfactory Mucosal Mesenchymal Stem Cells led to the best results in motor 

performance, sensory recovery, and gait patterns. Stereological and histomorphometric evaluation 

also revealed the ability of this therapeutic combination to promote nervous and muscular histologic 

reorganization during the regenerative process. The therapeutic combination discussed in this work 

shows promising results and should be further explored to clarify irregularities found in the 

outcomes and to allow establishing the use of cell secretome as a new therapeutic field applied in 

the treatment of peripheral nerves after injury. 
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1. Introduction 

Peripheral Nerve Injuries (PNI) are common clinical phenomena with multifactorial 

origin that represent a medical challenge around the world. The anatomical characteristics 

of the peripheral nerve and its often superficial and exposed position make this type of 

injury a frequent occurrence. As it is not a life-threatening condition, these injuries are 

often underdiagnosed and undervalued, even though those are often accompanied by 

permanent motor, sensory, nociceptive and autonomic changes that translate into long-
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term disabilities, major medical investments, and permanent loss of function in the 

extremities. Full functional recovery is difficult and rare, particularly in more severe 

injuries and with delayed interventions [1]. Thus, there has been a medical and scientific 

investment in the search for new and effective therapeutic approaches that allow 

overcoming the identified limitations, particularly involving tissue engineering, cell-

based therapies, and the improvement of microsurgical techniques, in innovative 

therapies in the field of regenerative medicine [2].  

After PNI, the Wallerian degeneration phenomena and the release of pro-

inflammatory cytokines and growth factors allow a well-documented spontaneous nerve 

regeneration, although its limits are still unclear [3]. One of the questions that remains is 

why these physiological procedures often go out of control and lead to the development 

of glial scars, intense fibrosis and neuromas and the occurrence of misdirecting and 

misalignment of nerve fibers under regeneration, which often translates into persistent 

neuropathic pain [4]. The understanding that the success or failure of the regenerative 

process after PNI is dependent on the local inflammatory balance led to the search for 

therapeutic approaches capable of performing immunomodulation. Mesenchymal Stem 

Cells (MSCs) have been widely studied in this context, as therapeutic systems with 

autologous potential capable of stimulating the regeneration of peripheral nerve tissue 

through the secretion of neurotrophic growth factors, accelerating axonal growth, 

supporting the survival of neurons, and inducing the differentiation of other cells in the 

neuroglial lineages [5].  

Among the mechanisms of action described, MSCs are able to replace damaged and 

lost tissues and cells, to differentiate into target tissue cells, to secrete bioactive factors 

such as homing and signaling molecules and also to directly influence the remyelination 

processes, essential for the functional and structural recovery of the injured nerve. In 

addition, MSCs are considered to be immune-privileged, almost never causing immune 

and rejection reactions after allogeneic transplantation, greatly increasing  their range of 

applicability [6].  

MSCs have already been isolated, expanded and characterized from niches in 

virtually all body tissues, and the olfactory mucosa (OM) MSCs (OM-MSCs) are a type 

of MSCs  originating in the ectoderm and neural crest  that only in recent years have begun 

to receive attention in this context. With their peripheral location in the nasal cavity that 

allows easy access and collection of OM, OM-MSCs have already been isolated from the 

lamina propria in several species [7]. These studies resulted in the establishment of 

numerous advantageous characteristics that make OM-MSCs therapeutic elements with 

high clinical potential, namely their wide distribution within the nasal cavity and 

ethmoidal labyrinth that allow an easy collection both ante-mortem and post-mortem, their 

chromosomal stability, and the ability to self-renew for long periods of time without 

apparent influence of donor’s age. Works involving these cells and their application are 

few, and our group has made efforts to study in greater depth their molecular 

characteristics and potential for clinical application. After establishing a protocol that 

allows the collection of OM in the rat model, quickly, free of contamination and  

immediately after euthanasia, it was possible to isolate the cells in vitro and proceed with 

their complete characterization [8]. In this exploratory work it was possible to confirm the 

minimum criteria for classification of MSCs established by the International Society for 

Cellular Therapy (ISCT) [9], namely their plastic-adherence in culture, the ability to tri-

differentiate and the expression of typical surface markers. The expression of neural cell-

related genes, their chromosomal stability, ability to form colonies and the cellular kinetics 

advantageous for their later application in vivo were also confirmed. Additionally, a 

preliminary study of its conditioned medium (CM) was carried out, identifying the 

production and secretion of several factors with immunomodulatory potential [10].  

There are few studies in which OM-MSCs were applied in vivo, but they have shown 

their therapeutic potential in the treatment of neurodegenerative diseases [11], spinal cord 

trauma [12] and immune-mediated diseases [13]. Its application in treatments after PNI 

has also been explored [14]. Following the extensive characterization work around OM-
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MSCs, our research group proceeded to apply these cells in a neurotmesis rat model in 

combination with a commercially available chitosan nerve guidance conduit (NGC) 

(Reaxon®), this work representing the first application of this therapeutic combination in 

vivo. This methodology allowed to confirm the benefits of using OM-MSCs therapeutically 

and in combination with a Reaxon® NGC, maximizing the benefits of both individual 

therapeutic approaches. However, the results obtained were not free of irregularities, with 

the different therapeutic groups obtaining variable performances in functional and 

histomorphometric recovery evaluation assays, not allowing to unequivocally establish 

this therapeutic approach as ideal for further translation studies [15].  

The observation of irregular results after the application of MSCs in vivo, despite all 

the advantageous characteristics identified in the in vitro studies, is not a rare occurrence 

[16]. It is known that in order for MSCs to exert their therapeutic potential per se they must 

reach the site of injury and survive the inflammatory environment that has been 

established there [17]. This cell survival is dependent on the site of cell administration (at 

the site of injury or systemically), the rate of injection and the density of cells administered 

. Recent studies, however, demonstrate that, regardless the method of administration, 

only a small percentage of the administered cells manage to survive after transplantation. 

The main mechanisms of loss are systemic dilution and cell death after exposure to the 

hostile environment around the lesion [6]. Although the application of NGCs and the 

administration of MSCs inside their lumen allow to reduce the occurrence of these 

deleterious phenomena, the mechanical microaggressions that can occur during the 

administration of the cells can also lead to their death and even to the development of 

neuromas in the nerve under regeneration [18]. Thus, the need remains to find effective 

therapeutic solutions for application after PNI that are able to overcome the limitation of 

cell application. 

The fact that it is known that after cell transplantation the proportion of cells that 

effectively survive and integrate the site of injury is reduced, but it is still possible to 

observe therapeutic benefits after their administration, raised the possibility that MSCs 

act in ways other than direct cell action. Several recent studies have demonstrated that 

MSCs can act and influence the surrounding environment not only through cell-to-cell 

interactions but also through paracrine signaling processes [19]. Through these 

mechanisms, and after being activated after contact with inflammatory biofactors, MSCs 

are able to produce and secrete a set of soluble molecules, including growth factors, 

cytokines, chemokine, growth factors and extracellular vesicles that directly influence the 

inflammatory and regenerative processes in a  way similar to the administered cells [6]. 

This fact creates an alternative therapeutic approach that allows using all the medicinal 

benefits of MSCs without the limitations associated with their direct administration. The 

use of cell-free strategies has clear advantages over the traditional method, namely 

ensuring a safer administration with no risks associated with the administration of cells, 

in addition to an easier and more practical handling and storage [20]. 

The set of soluble factors produced and secreted by a cell in a given culture condition 

is called a secretome [21]. The secretome collected under a certain culture condition can 

be called CM. For instance, through in vitro priming methods, it is possible, by modifying 

the culture conditions, to indirectly influence the expression of MSCs’ genes and also their 

secretion products, thus manipulating the immunomodulatory behavior of the cell and 

allowing the production of a secretome oriented towards the regeneration of a certain 

tissue. A common priming approach is to manipulate the cell secretome by supplementing 

the culture medium with soluble factors such as cytokines [6].  

Previously, our research group carried out an exploratory work in which the CM of 

OM-MSCs was analyzed, allowing to identify the production and secretion of 

immunomodulatory factors with the potential to influence the regenerative process [10]. 

In this work, in addition to performing an additional analysis of the CM of OM-MSCs in 

different passages, we tested the hypothesis that the application of CM obtained from the 

conditioning of OM-MSCs, used in combination with Reaxon® NGCs, may enhance the 

histomorphometric and functional regeneration of the rat's sciatic nerve after neurotmesis 
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in a similar way to the therapeutic application of cells per se. Additionally, CM from rat 

Olfactory Ensheating Cells (OECs), a type of specialized OM glial cells that have 

previously demonstrated the ability to promote regeneration in the peripheral nervous 

system [22], was also analyzed and used therapeutically for efficacy comparison. 

2. Materials and Methods 

2.1. Cells Conditioned Medium Analysis – Secretome  

OM-MSCs were harvested from the rat olfactory mucosa and maintained in culture 

as previously described [15]. OECs were cultured according to the manufacturer's instruc-

tions (Rolf B1.T, Sigma-Aldrich). Both cell types were subjected to an analysis of their CM 

in order to identify cytokines and chemokines secreted after conditioning. To compare 

changes in secretory capacity over time, cells in two different passages (P4 and P7) were 

subjected to conditioning. 

When in culture, after reaching a confluence of around 70-80%, the culture medium 

was removed, and the culture flasks were gently washed with Dulbecco's phos-phate-

buffered saline (DPBS) 2 to 3 times (2 to 3x). Then the culture flasks were further washed 

2 to 3 times with the basal culture medium of each cell type, without any supplementation. 

To begin the conditioning, non-supplemented DMEM/F12 GlutaMAX™ (10565018, 

Gibco®) culture medium was added to the culture flasks, which were then incubated un-

der standard conditions. The culture medium rich in factors secreted by the cells (CM) 

was collected after 24 and 48 hours. 

The collected CM was then concentrated 5 times (5x). After collection it was centri-

fuged for 10 minutes at 1600 rpm, its supernatant collected and filtered with a 0.2 μm 

Syringe filter (Filtropur S, PES, Sarstedt®). For the concentration procedure, Pierce™ Pro-

tein Concentrator, 3k  MWCO,  5–20  mL tubes (88525,  Thermo  Scientific®) were used. 

Initially the concentrators were sterilized following the manufacturer's instructions. 

Briefly, the upper compartment  of each concentrator tube was filled with 70% ethanol 

(v/v) and centrifuged at 300 xg for 10 minutes. At the end of the centrifuge, the ethanol 

was discarded, and the same procedure was carried out with DPBS. Each concentrator 

tube was subjected to two such centrifugation cycles, followed by a 10-minute period in 

the laminar flow hood for complete drying. Finally, the upper compartment of the con-

centrator tubes was filled with plain CM (1x concentration) and subjected to new centrif-

ugation cycle, under the conditions described above, for the number of cycles necessary 

to obtain the desired CM concentration (5x).  

The concentrated CM was stored at −20°C and subsequently subjected to a Multiplex-

ing LASER Bead analysis (Eve Technologies, Calgary, Alberta, Canada) to identify a set 

of biomarkers present in the Rat Cytokine/Chemokine 27-Plex Discovery Assay® Array 

(RD27). The list of searched biomarkers includes Eotaxin, Epidermal Growth Factor 

(EGF), Fractalkine, Interferon Gamma (IFN-γ), Interleukins (IL) IL-1α, IL-1β, IL-2, IL-4, 

IL-5, IL-6, IL-10, IL-12p70, IL- 13, IL-17A, IL-18, IP-10, Human Growth-regulated onco-

gene/Keratinocyte Chemoattractant (GRO/KC), Tumor Necrosis Factor Alpha (TNF-α), 

Granulocyte Colony Stimulating Factor (G-CSF), Granulocyte-macrophage Colony-stim-

ulating Factor (GM-CSF), Monocyte Chemoattractant Protein-1 (MCP-1), Leptin, LIX, 

Macrophage Inflammatory Protein (MIP) MIP-1α, MIP-2, Regulated on Activation, Nor-

mal T Cell Expressed and Secreted(RANTES), Vascular endothelial growth factor 

(VEGF). All samples were analyzed in duplicate. 

2.2. In vivo Assays  

Assays including animal’s manipulation or intervention were previously approved 

by the Organism Responsible for Animal Welfare (ORBEA) of the Abel Salazar Institute 

for Biomedical Sciences (ICBAS) from the University of Porto (UP) (project 209/2017) and 

by the Veterinary Authorities of Portugal (DGAV) (DGAV project: 2018-07-11014510). All 

phases were designed in accordance with the assumptions contained in Directive 

2010/63/EU of the European Parliament and its transposition into the Portuguese DL 
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113/2013, and based on the OECD Guidance Document on the Recognition, Assessment 

and Use of Clinical Signs the Humane Endpoints for Experimental Animals Used in Safety 

Evaluation (2000). All measures have been taken to ensure animal welfare and to avoid 

unnecessary discomfort and pain, considering all human endpoints for animal suffering 

and distress. 

Thirty rats (Rattus norvegicus), Sasco Sprague Dawley Breed, 8 to 9-week-old and ap-

proximately 250-300 g BW (Charles River, Barcelona, Spain) were used in this work. We 

opted for the exclusive use of males, thus avoiding the interference of hormonal variations 

resulting from the different reproductive phases observed in females in the daily behav-

ior. After reception, animals underwent a two-week acclimatization period. The animals 

were housed with a density of 2 to 3 animals per cage, with ad libitum access to water and 

chow and environmental enrichment, allowing the manifestation of normal physiological 

behaviors and activities under standard laboratory conditions. Housing rooms were 

maintained at a temperature adapted to the species with 12–12h light/dark cycles. 

Prior to the surgical intervention, CM from OM-MSCs and OECs was produced, col-

lected and stored as previously described. P6 cells were used for both cell lines, and con-

ditioning was maintained for 48h. 

2.2.1. Experimental Design 

Six therapeutic groups were established, distributing the animals subjected to a neu-

rotmesis lesion (Figure 1): group 1 - Uninjured control (UC) (n = 30); group 2 – End-to-end 

suture (EtE) (n = 5); group 3 – Suture of the nerve ends to the Reaxon® nerve conduit and 

administration of OM-MSCs CM (300 μL) (CMOM) (n = 6);group 4 – EtE, wrapping with 

Reaxon® nerve conduit and administration of OM-MSCs CM (300 μL) (ECMOM) (n = 6); 

group 5 – Suture of the nerve ends to the Reaxon® nerve conduit and administration of 

OECs CM (300 μL) (CMOEC) (n = 5); group 6 – EtE, wrapping with Reaxon® nerve conduit 

and administration of OECs CM (300 μL) (ECMOEC) (n = 6). Reaxon® NGCs with 15 mm 

long and 2.1 mm internal diameter were applied. Neurotmesis injury was obtained 

through a complete transection of the sciatic nerve in the animals' right lateral limb, with 

the left conralateral limb being used as UC. Primary outcomes included the assessment of 

motor, nociceptive and behavioral evolution over the study period; the secundary out-

comes were based on the stereological evaluation of the sciatic nerve after harvesting and 

on the determination of the mass and histomorphometric characteristics of the cranial tib-

ialis muscle (M. tibialis cranialis) as an effector muscle of the sciatic nerve. 

 

Figure 1. Experimental therapies applied to the sciatic nerve after neurotmesis injury. The applied 

NGCs are 15 mm long and have an internal diameter of 2.1 mm. 

2.2.2. Surgical Procedures 

The surgical procedures applied in this work were based on the techniques previ-

ously used and described [15, 23]. The specificities and adaptations are described below. 
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 2.2.2.1 Sciatic Nerve Repair Model 

The anesthetic protocol used consisted of a combination of Xylazine/Ketamine 

(Rompun®/Imalgene 1000®; 1.25mg/9mg per 100 g BW), administered intraperitoneally. 

Once anesthetic induction was confirmed, animals were placed in left lateral recumbency 

for exposure of the right limb, which was prepared for surgery (trichotomy and asepsis). 

The procedures were conducted under an M-650 operating microscope (Leica Microsys-

tems, Wetzlar, Germany). Surgical access was made through a surgical incision starting at 

the greater trochanters of the femur and extending distally, up to the mid half of the thigh. 

The subcutaneous tissue was carefully debrided, allowing the physical separation of the 

vastus lateralies and biceps femoris muscles and the exposure of the sciatic nerve between 

them. The muscles were kept apart using a soft tissue retractor to increase the working 

field. After being separated from surrounding tissues, the sciatic nerve was carefully im-

mobilized and subjected to neurotmesis (complete tranception) using a straight microsur-

gical scissor. The transection was performed immediately proximal to the branching site 

of the sciatic nerve in its main branches, common peronal nerve and tibial nerve. The con-

tralateral left nerve was considered as a control and part of the UC group.  

The transectioned nerves were subjected to one of the described therapeutic inter-

ventions. In the EtE group, the nerve ends were placed and aligned in order to maintain 

a correct anatomical orientation and approximated to maintain a minimal gap between 

the nerve ends. 2 to 4 simple interrupted epineural microsutures using 7/0 monofilament 

nylon material were applied between the two nerve endings to ensure maintenance of 

anatomical alignment and avoid posterior rotations. In the CMOM group, approximately 

3 mm of the proximal and distal nerve ends were introduced into the lumen of the Re-

axon® NGCs, and fixed to the guide tube with 2 to 4 microsutures using 7/0 monofilament 

nylon material in order to keep the nerve as aligned and oriented as possible and with a 

gap of 9-10 mm between the nerve tops. Then the OM-MSCs CM was injected inside the 

NGC, filling its internal diameter in direct contact with the injured nerve. In the ECMOM 

group, a tension-free suture was applied as in the EtE group, followed by wrapping the 

nerve and the suture site with a Reaxon® NGC with a longitudinal incision and filling the 

internal diameter of the NGC with OM-MSCs CM. The nerve + NGC set was then carefully 

accommodated between neighboring muscles to avoid CM licking and subsequent dis-

placement of the biomaterial. In the CMOEC and ECMOEC groups, the procedures were 

the same as in the CMOM and ECMOM groups, with the alternative application of OECs 

CM. Once the therapeutic intervention was completed, simple interrupted sutures with 4-

0 absorbable material were applied to simultaneously close the muscular, subcutaneous 

and cutaneous layers. A deterrent substance was applied to the right paw of the inter-

vened animals to avoid autotomy phenomena secundary to denervation. The animals 

were carefully monitored during anesthetic recovery, and later transferred to the original 

cages and social groups once the return to normal activity and behavior was confirmed. 

In the five days following the surgical interventions, the animals were medicated with 

carprofen (2-5 mg/kg SC QD), and throughout the entire study period were regularly eval-

uated and monitored to identify any signs of contractures, autotomies, wounds and skin 

infections. 

2.2.3. Functional Assessment 

After the surgical interventions and application of therapeutic options, the animals 

were subjected to a set of evaluation tests in order to assess the functional progression and 

recovery associated with the regenerative process. All animals were tested before surgery 

(Week 0) to establish functional and behavioral baseline values in healthy animals. The 

animals were then evaluated one week and two weeks after neurotmesis for hyperacute 

assessment, and every two weeks thereafter until week 20 post-surgery. The set of tests of 

all sessions were always performed by the same operator, with previous experience in the 

used methods, in order to avoid inter-individual variations. In each session, the order of 

the evaluated animals was random and the animals were selected blindly, to avoid that 
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the animal's identity influenced the operator's evaluation. All measures were taken to en-

sure that the assessments were carried out in a calm and stress-free environment so as not 

to condition the animals' performance. 

 2.2.3.1 Motor Performance 

Motor performance was determined using the extensor postural thrust (EPT) test, as 

previously described [15, 23]. In this test, the animal is wrapped in a protective cloth, al-

lowing exposure of the head and limb to be tested. The animal is then suspended over a 

digital weighting machine (model TM 560; Gibertini, Milan, Italy) and the body lowered 

towards it. By keeping the head exposed, the animal can visually anticipate contact with 

the weighting machine, voluntarily extending the exposed limb. The approach must be 

made in such a way that the contact with the weighting machine is made with the distal 

metatarsals and digits. The force applied by the limb on the weighting machine is rec-

orded in grams, for both the injured (EEPT) and healthy (NEPT) limbs. The quantification 

of the applied force is done in triplicate, and the average of the three records is the final 

value considered. Finally, the determined EEPT and NEPT values are introduced into the 

follwing equation [24] to determine the percentage of motor functional deficit: 

% ����� ������� =  
���� − ����

����
� ��� 

 2.2.3.2 Nociceptive Function 

The assessment of sensory function, namely the integrity of the nociceptive function, 

was determined using the withdrawal reflex latency (WRL) [15]. This test is based on 

thermal stimulation of the extremity of the intervened limb. The animal is again wrapped 

in a protective cloth with exposure of the limb to be tested, and then suspended over a 

heating plate at 56°C (model 35-D, IITC Life Science Instruments, Woodland Hill, CA). 

The paw of the limb to be tested is then placed on the surface of the heating plate, and the 

time, in seconds, it takes for the animal to withdraw the limb from the noxious/thermal 

stimulus is registered. This quantification is determined through three measurements on 

each limb, with an interval of two minutes between each measurement to avoid 

interference from sensitization. A healthy animal should remove the limb from the 

thermal stimulus in 4.3s or less. In the case of animals with severe sensory deficits, 12s is 

considered the maximum time of contact between the limb and the plate before thermal 

injuries occur, and if the animal does not remove the paw during this period, the operator 

must actively remove it to avoid burns [25]. Some care must be taken during the test. 

When placing the limb on the plate, it must be ensured that it is the lateral region of the 

palmar surface of the paw that contacts it, as this is the region innervated by the terminal 

branches of the sciatic nerve. The medial region is innervated by the saphenous nerve, a 

branch of the femoral nerve, and innervation and collateral sprouting of branches of this 

nerve to adjacent regions is a possible occurrence. Thus, proper contact of the lateral 

aspect with the plate is essential to obtain viable results [26]. In cases where muscle 

atrophy and contractures are observed, it may be necessary to apply slight manual 

compression on the paw to ensure contact of the palmar surface with the plate, but 

pressure should be avoided to prevent stimulation of mechanoreceptors that can lead to 

limb retraction, even without activation of the nociceptive reflex arc [27].  

 2.2.3.3 Walking Track Analysis 

The gait pattern was analysed through the determination of the sciatic functional 

index (SFI) and static sciatic index (SSI) using a video collection technique, as previouly 

described [15]. To determine the SFI, a set is assembled, consisting of a transparent acrylic 

corridor, at the bottom of which is placed a dark shelter and below which an image 

capture system is positioned. The animal is placed at the beginning of the corridor and 

encouraged to go to the shelter in search of refuge. When the animal passes, on its way, 

over the image capture system, it is possible to register the contact of the foot with the 

floor of the corridor. For each animal, three valid steps are considered, these being a step 

in which the entire foot is captured and paleness in the paw limits and support points are 

observed, as a result of the pressure against the floor of the corridor. The captured images 
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are analyzed using an image processing software (Image-Pro Plus® 6 - Media Cybernetics, 

Inc), measuring three distances in the obtained footprint both in the healthy and 

experimental paws: print length (PL), toe spread distance between toes 1 and 5 (TS) and 

toe spread between toes 2 and 4 (ITS). The mean values obtained are then used in the 

following formulas (N stands for “normal” and E stands for “experimental”): 

��� ������ ������ (���) =
(��� − ���)

���
 

������������ ��� ������ ������ (���) =
(��� − ���)

���
 

The calculated values are then introduced into the following formula: 

��� = (−��. � � ���) + (���. � � ���) + (��. � � ���) − �. �  

Derived from the SFI, the SSI considers the animal in an static position and does not 

includes the PL values. In this test, the set is adapted, and the animal is placed inside an 

acrylic box, which in turn is placed inside the acrylic corridor. In this way the two limbs 

of the animal are in contact with the floor of the box, allowing the capture of footprints 

using the image capture system placed below the corridor. The TS and ITS values are 

determined in both injured and healthy limbs, in triplicate, and the values entered in the 

following formulas: 

��� ������ ������ (���) =
(��� − ���)

���
 

������������ ��� ������ ������ (���) =
(��� − ���)

���
 

Finally, the values obtained are integrated into the following formula:  

��� = (���. �� � ���) + (��. �� � ���) − �. �� 

The SFI and SSI values for healthy animals are 0 and -5 respectively, and -100 and -

90 for animals with total impairment of the injured sciatic nerve, respectively [28].  

2.3. Stereological and Histomorphometric Analysis 

2.3.1. Nerve Stereological Analysis 

After the 20th week functional assessment, all animals were euthanized using general 

anesthesia followed by an overdose of Sodium Pentobarbital (Eutasil®, 200 mg/ml, 200 

mg/kg b.w., intraperitoneally). After confirming the euthanasia, a surgical approach was 

performed identical to the one described above to expose the healthy and intervened sci-

atic nerves. Uninjured control nerves and 10mm segments distal to the site of injury in the 

intervened nerves were collected and fixed for subsequent stereological evaluation by 

light and electron microscopy. Specifically, after exposure (Figure 2), the sciatic nerves 

were covered with a fixative solution (0.5% saccharose and 2.5% purified glutaraldehyde 

in 0.1M Sorensen phosphate buffer at pH 7.4 and 4°C) to promote nerve hardening and 

facilitate its collection and handling. The proximal end of each collected segment was 

properly identified and then immersed in the same fixative solution for 5 minutes in order 

to guarantee the maintenance of the nerve alignment and avoiding its coiling or bending. 

Then the nerve segments were placed in recipients and immersed in the fixation solution 

and kept there for 6 to 8 hours, to be then washed and immersed in a new washing solu-

tion with 1.5% saccharose in 0.1M Sorensen phosphate buffer at pH 7.4 during 6 to 12 

hours. After the histological preparation as previously described [29-31], the histomor-

phometric evaluation was based on the parameters number of fibers (N), fiber density 

(N/mm2), axon diameter (μ), fiber diameter (μ), myelin thickness (M , μ), and cross-sec-

tional area (mm2), and also in the ratio d/D (g-ratio). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 April 2022                   doi:10.20944/preprints202204.0274.v1

https://doi.org/10.20944/preprints202204.0274.v1


 

 

Figure 2. Exposure of the sciatic nerve (blue arrow) of the CMOM therapeutic group, 20 weeks after 

surgery. It is possible to observe the regenerated nerve filling all the lumen of the NGC (white ar-

row), with the two nerve tops connected, as well as the main branches of the sciatic nerve, the com-

mon peroneal nerve (green arrow), and the tibial nerve (orange arrow). 

2.3.2. Histomorphometric Muscle Analysis. 

The cranial tibial muscles were also collected simultaneously with the sciatic nerves 

for further histomorphometric evaluation and quantification of the degree of neurogenic 

atrophy. Immediately after harvesting, both the healthy and the intervened limb muscles 

were weighed to quantify the loss of muscle mass. The samples were then fixed in 4% 

buffered formaldehyde and subjected to processing for routine histopathological analysis 

(haematoxylin and eosin (H&E)). Consecutive 3 μm thick sections were obtained from the 

mid-belly region of the muscle, and these were prepared and suitably stained. Low mag-

nification images (100x) were obtained with a Nikon® microscope connected to a Nikon® 

digital camera DXM1200 and analyzed with ImageJ® software (NIH) using an unbiased 

sampling procedure. Through the measurement of individual fibers, the parameters mus-

cle fiber area and minimal Feret's diameter (that is, minimum distance of parallel tangents 

at opposing borders of the muscle fiber) were calculated. Two operators with extensive 

experience in the applied methodology performed the measurements, blindly and ran-

domly, on a minimum of 800 fibers for each study group. 

2.3.3. Statistical Analysis 

Statistical analysis was performed using the GraphPad Prism software version 6.00 

for Windows (GraphPad Software, La Jolla, California, USA). Whenever appropriate, data 

and results were expressed as mean ± SEM. Comparisons between groups in the results 

of different tests are based on the application of a parametric test. A value of p < 0.05 was 

considered as statistically significant. Significance of the results is shown according to p 

values by the symbol ∗: ∗ corresponds to 0.01 ≤ p < 0.05, ∗∗ to 0.001 ≤ p < 0.01, ∗∗∗ to 0.0001 

≤ p < 0.001, and ∗∗∗∗ to p < 0.0001. 

3. Results 

3.1. Conditioned Medium Analysis 

The results of the OM-MSCs and OECs CM analysis can be found, respectively, in 

Figures 3 and 4. The average concentration of each biomarker identified in the analyzed 
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CM is found in Table S1 and Table S2 and the respective statistical differences in Table S3 

and Table S4. In the secretome of OM-MSCs, 10 biomarkers were identified: Frutalkine, 

GRO/KC, IFN-γ, IL-18β, IL-10, IP-10, LIX, MCP-1, Rantes, VEGF. In the secretome of 

OECs, on the other hand, 19 biomarkers were identified: EGF, Frutalkine, G-CSF, 

GRO/KC, IFN-γ, IL-1α, IL-1β, IL-5, IL-10, IL-17A, IL-18, IP-10, Leptin, LIX, MCP-1, MCP-

1α. MIP-2, Rantes, VEGF. 

In most biomarkers, they were identified in both P4 and P7. In cases where markers 

were only identified in one passage, it was usually at P7. In general, there is an increase 

in the concentration of biomarkers with increasing conditioning time, which is higher af-

ter 48h than after 24h of conditioning. On the other hand, at higher passages, higher con-

centrations of biomarkers are observed compared to P4.In OM-MSCs, the biomarkers Fru-

talkine, GRO/KC, LIX and MCP-1 were only identified at passage P7; Rantes was only 

identified in P4, after 48h of conditioning. In OECs, the biomarkers G-CSF, IL-17A, IL-18, 

Leptin and MCP-1a were only identified in the CM of cells at P7, and there were no bi-

omarkers that were only identified at P4. 
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Figure 3. - Normalized concentration of each biomarker in the conditioned medium of OM-MSCs 

in P4 and P7 (mean ± SEM). 
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Figure 4. - Normalized concentration of each biomarker in the conditioned medium of OECs in P4 

and P7 (mean ± SEM). 
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Figure 5. (cont.) - Normalized concentration of each biomarker in the conditioned medium of OECs 

in P4 and P7 (mean ± SEM). 

3.2. Functional Assessment 

3.2.1. Motor Performance  
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The percentage of motor deficit (%) recorded over the 20 weeks of study can be seen 

in Figure 6. The complete values of motor deficit can be found in Table S5, and the statis-

tical differences observed in T20 in Table S6. 

 

Figure 6. - Values of motor deficit (%) over the 20 weeks of the recovery period (mean ± SEM). 

Immediately after the neurotmesis injury, there was an evident loss of muscle 

strength in the hind limbs and a significant increase in the percentages of motor deficit in 

all intervened groups. One week after the injury, all groups showed high percentages of 

motor deficit when compared to the UC group (p < 0.001), and the EtE group showed the 

highest percentage, with statistical differences with all the other therapeutic groups (p = 

0.0065, with CMOM; p = 0.0001 with ECMOM; p = 0.0003 with CMOEC and p = 0.0074 with 

ECMOEC, respectively). Deficits gradually decreased over the study weeks, with the 

groups occupying the position with the best results alternating at each timepoint. From 

the tenth week until the last timepoint, there was a significant decrease in the motor deficit 

observed in all the therapeutic groups. At 20 weeks, the CMOM group showed the lowest 

value of motor deficit, standing out from the other therapeutic groups where the results 

were similar. In any case, the final percentage of motor deficit is still high for all interven-

tion groups after 20 weeks, and all of them show statistically significant differences with 

the UC group (p < 0.0001). Additionally, despite the better final performance observed in 

the CMOM group, there were no statistical differences between this therapeutic group 

and the others, nor additional statistical differences between any therapeutic groups. 

3.2.2. Nociceptive Function 

The WRL value, in seconds, recorded over 20 weeks can be seen in Figure 7. The 

complete WRL values can be found in Table S7, and the Statistical differences observed in 

T20 in Table S8. 
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Figure 7. WRL values (s) over the 20-week recovery period (mean ± SEM). 

After neurotmesis injury, a general increase in WRL time was observed in all thera-

peutic groups. At week 1 after surgery, in all groups, a WRL time equal to or higher than 

the maximum considered value (12 seconds) was observed, and in all cases, it was neces-

sary to manually remove the paw in contact with the heating plate to avoid skin thermal 

burns. At this timepoint, no statistical differences were recorded between the study 

groups, but between them and the UC group (p < 0.0001). From week 2 onwards, a pro-

gressive decrease in the WRL value was observed in all therapeutic groups. The EtE group 

showed a less pronounced decrease over time, with this group having the worst result at 

week 20, showing statistically significant differences with all other therapeutic groups and 

with UC (p < 0.0001). The CMOEC group also showed a less pronounced decrease in the 

WRL value between weeks 6 and 12, but the final value observed is identical to that of the 

other therapeutic groups. At 20 weeks, the lowest WRL value was observed in the CMOM 

group, but there were no additional statistical differences between the therapeutic groups 

and between these and UC. 

3.2.3. Walking Track Analysis 

The SFI values recorded over the 20 weeks of the study are shown in Figure 8. The 

complete SFI values can be found in Table S9, and the statistical differences observed in 

T20 in Table S10. 
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Figure 8. Functional assessment (SFI) over the 20-week recovery period (mean ± SEM). 

After the neurotmesis injury, the functional consequences of the sciatic nerve injury 

translated into a significant impairment of the hind limb in all intervened groups. One 

week after surgery, with low SFI values being observed in all groups, it was in the EtE 

group where the functional index had the worst value, a position that the group maintains 

until the end of the 20 weeks of study. At this timepoint, not only does the EtE group show 

statistical differences with all other therapeutic groups (p < 0.0001 with CMOEC, p = 0.0492 

with CMOM, p = 0.0003 with ECMOM, p = 0.0005 ECMOEC) but the UC shows significant 

differences with all remaining groups (p < 0.0001). Right after week 1, a progressive im-

provement in SFI is observed in all therapeutic groups, which remains consistent until 

week 20. At the final timepoint, the CMOM group is the one with the best functional index 

values, with statistical differences with the EtE group (p = 0.0016). The UC group showed 

statistical differences with EtE (p < 0.0001) and ECMOEC (p = 0.0097). 

SSI values recorded over the 20 weeks of the study are shown in Figure 9. The com-

plete SSI values can be found in Table S11, and the statistical differences observed in T20 

in Table S12. 
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Figure 9. Functional assessment (SSI) over the 20-week recovery period (mean ± SEM). 

As expected, the evolution of SSI values is identical to that of SFI. The EtE group was 

once again the one with the worst performance throughout the entire study period, but at 

20 weeks it only showed statistical differences with the UC group (p = 0.0004). The remain-

ing groups do not present statistical differences between them, and the UC group pre-

sented additional differences with the ECMOEC group (p = 0.0039). Even considering the 

absence of statistical differences, the CMOM group was again the one with the best per-

formance at 20 weeks. 

Table 1 includes a qualitative description of the therapeutic groups’ performance in 

the different functional assessment tests performed in vivo. In general, it is possible to per-

ceive that the EtE group presented a markedly inferior performance when compared to 

the groups that received CM. The results of the groups that got CM from MSCs and OECs 

are identical in all parameters, although in the evaluation of the gait pattern the ECMOEC 

group showed a slightly lower performance. 

Table 1. Qualitative general classification of the performance of the therapeutic groups in the tests 

and essays carried out in vivo. The groups were classified according to the statistical differences 

observed between them and the UC group: ∗∗∗∗ (-); ∗∗∗ (±); ∗∗, ∗ (+); and no statistical differences 

(++). 
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3.3. Stereological and Histomorphometric Analysis 

3.3.1. Nerve Stereological Analysis 

The results obtained after the stereological evaluation are shown in Figure 10. The 

respective stereological images can be found in Figure 11. The total stereological results 

can be consulted in Table S13 and the respective statistical differences in Table S14. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 April 2022                   doi:10.20944/preprints202204.0274.v1

https://doi.org/10.20944/preprints202204.0274.v1


 

 

Figure 10. - Results of the stereological assessment of sciatic nerve fibers 20 weeks after neurotmesis: 

(a) density; (b) total number of fibers; (c) axon diameter; (d) fiber diameter; (e) myelin thickness; (f) 

g-ratio (mean ± SEM). 

 

 

Figure 11. - Light micrographs of toluidine blue-stained sciatic nerve semithin sections for the dif-

ferent groups: (a) UC; (b) EtE; (c) CMOM; (d) ECMOM; (e) CMOEC; (f) ECMOEC. 

After the 20 weeks of study, all the nerves collected in the different therapeutic 

groups show stereological characteristics indicative of nerve fiber regeneration. In direct 

comparison with the nerves of the UC group, the nerves of the treated groups show mi-

crofasciculation phenomena, with a higher density of fibers, axons and fibers of smaller 
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diameter and a thinner myelin sheath. In all parameters studied, statistically significant 

differences were observed between the UC group and most of the therapeutic groups. In 

the parameters number and density of fibers, the EtE group presented the highest values 

(17423 ± 2217 fibers and a density of 30072 ± 5443 fibers/mm2, respectively). In terms of 

density, statistical differences were observed between UC and all other groups (p < 0.0001 

with EtE and CMOEC, p = 0.0006 with ECMOM, p = 0.0004 with ECMOEC, p = 0.0017 with 

CMOM), and between EtE and CMOM (p = 0.0009), ECMOM (p = 0.0086) and ECMOEC 

(p = 0.0128). Differences were also identified between CMOM and CMOEC (p = 0.0115). 

For the number of fibers, statistical differences were observed between the EtE and UC (p 

= 0.0199) and CMOEC (p = 0.0006) groups. For the axonal and fiber diameter parameters, 

the EtE group presented the lowest value in both cases (2.374 ± 0.05819 μm and 3.768 ± 

0.09515, respectively) and the highest value among the therapeutic groups was observed 

in the CMOM group in the axonal diameter (2.862 ± 0.1884 μm) and in the ECMOM group 

in the fiber diameter (4.342 ± 0.2529 μm). In both parameters, statistically significant dif-

ferences were observed between UC and all other groups (p < 0,0001). The highest myelin 

thickness was observed in the ECMOM (0.7080 ± 0.02083 μm) group and the lowest in the 

CMOEC group (0.5700 ± 0.04889 μm). Also in this case, statistically significant differences 

were identified between the control group and the remaining groups (p < 0,0001). The 

largest final cross-sectional area is observed in the CMOM group (0.6258 ± 0.02711 mm2) 

and the smallest in the CMOEC group (0.3890 ± 0.03940), with the UC group showing 

statistical differences with all other groups (p = 0.0006 with ECMOEC, p = 0.0001 with 

CMOEC, p = 0.0012 with ECMOM, p = 0.0060 with CMOM and p = 0.0041 with EtE). Fi-

nally, regarding the g-ratio, the highest value was that of the CMOEC group (0.6900 ± 

0.0200) and statistical differences were observed between UC and CMOEC (p = 0.0032) 

and ECMOEC (p = 0.0292) and between EtE and CMOEC (p = 0.0047) and ECMOEC (p = 

0.0477).  

3.3.2. Histomorphometric Muscle Analysis 

The percentage of muscle mass lost in the cranial tibialis muscles of each therapeutic 

group, compared to the contralateral control muscle, is shown in Figure 12. The total mus-

cle mass loss results can be consulted in Table S15. All cranial tibial muscles associated 

with sciatic nerve injuries have a lower final mass than the contralateral healthy muscle. 

The group where a lower muscle loss was observed is the CMOM group, with an average 

loss of 29.14 ± 7.06 %. In apposition, the ECMOEC group was the one where the final 

muscle mass is lower, with an average loss of 57.84 ± 14.53 %. 
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Figure 12. - Percentage of muscle mass lost in each therapeutic group as a function of contralateral 

healthy muscle weight (mean ± SEM). 

The results of the histomorphometric evaluation of the cranial tibial muscle, namely 

the values of fiber area and minimum Feret's diameter, are shown in Figures 13. The sta-

tistical differences can be observed in Table S16. 

 

 

 

 

 

 

 

 

 

Figure 13. - Histomorphometric analysis of cranial tibial muscle: (a) individual fiber area; (b) mini-

mum Feret’s diameter of the muscle fibers (mean ± SEM). 

In the fiber area evaluation, the highest final values were recorded in the groups 

CMOM (2700.57 ± 632.7μm2) and ECMOM (2713.07 ± 628.5 μm2), followed by the EtE 

group (2510.91 ± 1137 μm2). In fact, the CMOM and ECMOM groups present final values 

slightly higher than the control UC group, but with no identified statistical differences. 

The UC group does show statistical differences with the CMOEC and ECMOEC groups 

(p < 0.0001), these being the groups with the lowest final fiber area values (2192.9 ± 753.8 

μm2 and 2102.06 ± 757.1 μm2 respectively). Additional statistical differences were identi-

fied between EtE and the remaining therapeutic groups (p < 0.0001), between CMOM/ 
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ECMOM and CMOEC/ECMOEC (p < 0.0001) and between CMOEC and ECMOEC (p = 

0.0051). For the minimum Feret's angle parameter, the EtE group presented a higher final 

value (47.42 ± 11.15 μm). The groups CMOM (45.80 ± 10.62 μm), CMOEC (45.29 ± 10.06μm) 

e ECMOEC (44.82 ± 4.26 μm) followed, with very close values and without statistical dif-

ferences between them. The lowest value in this parameter was recorded in the ECMOM 

group (43.23 ± 5.228 μm). Statistical differences were identified between the UC group and 

all therapeutic groups (p < 0.0001), between EtE group and all the remaining therapeutic 

groups (p < 0.0001), between CMOM and ECMOM (p < 0.0001), and between ECMOM and 

CMOEC/ECMOEC (p < 0.0001).  

4. Discussion 

In recent years there has been increasing evidence that MSC secretome may have a 

neuroprotective and neurotrophic effect. In fact, the different studies in which the secre-

tome and CM of MSCs have already been characterized have demonstrated the presence 

of various biomarkers and factors with angiogenic potential, growth factors, cytokines 

and, more specifically, neurotrophic factors. Thus, the application of the secretome as a 

cell-free therapeutic approach may have benefits in promoting nerve regeneration, with 

clinical effects that involve immunomodulation at the site of injury, pro-vasculogenic ef-

fects, modulation of the different phases of Wallerian degeneration, increase in the thick-

ness of the myelin sheats, increase in the number and organization of nerve fibers and 

decrease in the phenomena of fibrosis and exuberant scarring [20]. In addition to its po-

tential direct effects on the promotion of peripheral nerve regeneration, the use of secre-

tome as a therapeutic option has several technical advantages over the direct administra-

tion of cells: there are no concerns or limitations associated with the survival of MSCs after 

transplantation; the absence of proteins present on the cell surface decreases the immuno-

genic potential and the rejections after administration; the secretome can be stored for 

long periods of time as a ready-to-use and off-the-shelf product, and can be used when 

necessary without the need to expand large amounts of cells that can undergo phenotypic 

changes and lose therapeutic potential along the passages, in addition to not requiring the 

use of potentially toxic cryoprotectants; large amounts of secretome can be faster pro-

duced in bioreactors, increasing the efficiency of the process; the secretome can be modi-

fied and adapted for each clinical need [6, 20, 32]. Thus, there is a great clinical and scien-

tific interest in developing regenerative therapies based on the administration of the cell 

secretome, as a whole or based on its constituent components such as microvesicles and 

exosomes [33].  

OM-MSCs had already been subjected to some studies where their secretome was 

analyzed, in which it was possible to identify the production and secretion of molecules 

related to angiogenesis, cell growth and migration, immunomodulation and neurotrophy 

[10, 34]. In this work the CM of the rat OM-MSCs obtained in two cell passages after 24 

and 48h of conditioning was subjected to a new analysis for further characterization of its 

therapeutic and multifactorial potential. The aim of this analysis was not only to identify 

the components of the CM, but also to understand the influence of the passage and the 

conditioning time in its constitution. At the same time, and in order to compare the con-

stitution of the secretome and to later compare the therapeutic efficacy in vivo, the CM of 

OECs was also analyzed under the same conditions. OECs are special glial cells, specifi-

cally associated with the olfactory nerve, and that due to their active participation in the 

regeneration process in the olfactory nervous system, have been explored as potential 

therapeutic agents for use in neural repair [35]. Although their application so far has 

largely been done to study their effectiveness in promoting central nervous system regen-

eration [36], OECs have also been used and demonstrated efficacy in promoting periph-

eral nerve regeneration [37]. Analyzes of its secretome also revealed the presence of sev-

eral neurotrophic factors [36, 38]. 

Schwann cells play an essential role in regulating the phenomena of axonal extension, 

protein synthesis and remyelination, and it is now well established that the secretome of 
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these cells plays an essential role in modulating Wallerian Degeneration and sustaining 

axonal regeneration [39]. Thus, it is essential that the secretome selected as a therapeutic 

approach has in its constitution a set of biofactors also identified in the secretome of 

Schwann cells and that are known to actively participate in the regenerative process. Most 

of the cytokines and chemokines involved in this process have the function of promoting 

a macrophage chemoattraction that guarantees the cleaning of cellular debris and myelin 

fragments prior to the regenerative phase of Wallerian Degeneration [40]. Among the 

most important factors involved in this mechanism are IL-1α, IL-1β, MCP-1, MIP-1α and 

IL-6 [41]. The chemokines MCP-1 and MIP-1α play a very important role in the recruit-

ment of macrophages, and IL-1α, IL-1β and MCP-1 modulate the phagocytic capacity of 

these cells in injured nerves through the stimulation of phospholipase A2 [41, 42]. IL-1β 

also actively stimulates Schwann cell proliferation [43]. IL-6 is secreted by Schwann cells 

a few hours after nerve injury, which indicates its importance in the acute phase of regen-

eration and in the local inflammatory response. Simultaneously, some anti-inflammatory 

cytokines such as IL-10 are also upregulated at this stage, probably contributing to the 

balance in the immune response and preventing deleterious inflammatory reactions [39]. 

Fractalkine participates in a signaling pathway in neuron-to-microglia communication 

and is related to the development of neuropathic pain phenomena after nerve injury [44], 

and the cytokine GRO/KC shows upregulation in dorsal root ganglion after nerve injury, 

appearing to have a pro-nociceptive effect by increasing neuronal excitability in small di-

ameter sensory neurons [45]. Along with MCP-1 and MIP-1α, RANTES also seems to have 

an important role in the recruitment of macrophages, but having a modulating effect on 

the secretion of proinflammatory cytokine proteins and regulating the inflammatory mi-

croenvironment at the site of injury [46, 47]. The presence of IP-10 in the dorsal root gan-

glia after nerve injury seems to be associated with the development of neuropathic pain, 

but its upregulation in the peripheral nerve may also contribute to debris clearance in the 

injured nerve stumps [48]. LIX promotes cell survival and axonal regeneration [49]. VEGF, 

as a stimulating factor of angiogenesis and vasculogenesis, actively participates in the re-

generative process, namely ensuring irrigation of the regeneration site and increasing 

Schwann cell migration [50]. EGF is a growth factor whose mRNA concentration and pro-

tein levels increase after nerve injury, both in the proximal and distal nerve stumps [51]. 

G-CSF is able to accelerate and intensify the regeneration of injured nerves, promoting a 

recovery of motor nerve conduction velocity and amplitude and a preservation of α-

motoneurons [52]. Leptin is a hormone involved in the regulation of neuronal survival 

and development and has already been shown to have neuroprotective effects in cases of 

demyelination [53]. Some interleukins such as IL-17 and IL-18 or factors such as MIP-2 

seem to play an active role in the development of neuropathic pain phenomena and their 

relationship with the nerve regeneration process is poorly understood [54-56].  IFN-γ, as 

a classic pro-inflammatory cytokine, by stimulating M1 macrophage activation and con-

sequent production of pro-inflammatory cytokines and high levels of oxidative metabo-

lites, may have a harmful effect on the peripheral nerve regenerative process [57].  

The CM analysis revealed the production of several of the biofactors described above 

by both cells. Of the 27 biofactors searched, 10 were identified in the OM-MSCs CM and 

19 in the OECs CM. Comparing the variation in the concentration of markers along the 

passages, it is possible to perceive that a large number of biomarkers are only identified 

in higher passages, P7, and whenever they are identified in P4 and P7, the concentration 

in P7 is higher. Likewise, the concentration of markers also increases within the same pas-

sage when the conditioning time is longer, with the highest concentrations observed in 

48h conditioning. In this way, and considering the cellular performance of the OM-MSCs 

characterized previously [10], cells in P6 were selected for the production of CM to be 

used therapeutically in the later phases of the work, with conditioning to be maintained 

for 48 hours. 

Although the complex relationship of cytokines, growth factors and neurotrophic 

factors that intervene in the peripheral nerve regeneration process is still not completely 

understood, it is unequivocal that after conditioning, both OM-MSCs and OECs are able 
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to produce factors capable of participating actively in the different processes and phases 

of nerve regeneration. This finding reinforces the potential for the secretome of these cells 

to be used as a replacement for them as a therapeutic factor. Although in the CM of the 

OECs a greater number of biofactors were identified, it is important to note that in the 

OM-MSCs CM cytokines and interleukins were identified which are described as having 

a central role in the regenerative process and in the action of Schwann cells , such as MCP-

1, IL-1β, IL-10 or VEGF. It is also interesting to note that biomarkers were identified in the 

secretome of OECs that are thought to be associated with the development of neuropathic 

pain phenomena, such as IL-17A, IL-18 and MIP-2, which is not the case in OM-MSCs CM. 

The lack of research on specific neurotrophic factors that are known to play a central role 

in nerve regeneration, such as the neurotrophin nerve growth factor, derived neu-

rotrophic factor or glia derived neurotrophic factor, does not allow a comparison of the 

secretomes to be made regarding their direct action on the neural regenerative process, 

and this targeted analysis should be developed in future works.  

After analyzing the CM produced by conditioning the OM-MSCs and OECs at P4 

and P7 for 24 and 48 hours, the in vivo therapeutic efficacy of CM obtained from a 48h 

conditioning, in combination with Reaxon® NGCs to promote the peripheral nerve regen-

eration was tested. After the surgical intervention, the animals were allocated to different 

groups and received one of the five therapeutic options under study. Over 20 weeks, the 

animals were regularly evaluated to monitor behavioral improvements, motor function, 

nociception, and gait pattern. After the evaluation at the last timepoint, the animals were 

euthanized and the intervened and contralateral non-intervened sciatic nerves, as well as 

the respective cranial tibial muscles, were harvested for further stereological and histo-

morphometric evaluation. 

After the surgical intervention, as expected, all animals showed significant motor 

deficits resulting from the complete transection of the sciatic nerve and interruption of the 

efferent impulses to the effector muscles. After the immediate post-operative period, a 

slight improvement in motor function was observed, values that remained stable until the 

tenth week. After this timepoint, there was a significant improvement in motor perfor-

mance in all therapeutic groups, indicative of a greater regeneration of motor fibers in this 

period. At 20 weeks post-surgery, all therapeutic groups presented a value of motor defi-

cit significantly lower than that recorded immediately after surgery, which indicates that 

all therapeutic options were capable of promoting motor functional recovery. The CMOM 

group was the one in which the lowest value of motor deficit was observed in T20, stand-

ing out from the remaining groups that presented similar final values. The EtE group, 

which presented the highest values of motor deficit in the immediate post-surgical period, 

approached the performance of the remaining groups over time, ending up with no sta-

tistical differences with them. Despite the evident improvements in motor function, none 

of the therapeutic groups recorded final performance values close to those of the control 

group, maintaining significant statistical differences at the end of the study period. On the 

other hand, there were no statistical differences between the final values of motor perfor-

mance of the therapeutic groups under study, not even between the CMOM group and 

the remaining ones. Despite the motor performance evolution following a pattern identi-

cal to that observed previously after the application of OM-MSCs and Reaxon® NGCs, the 

EPT values in T20 are slightly higher with the application of CM, indicating a less effective 

return to motor functionality. In the first study, more evident differences were identified 

between the EtE group and the remaining ones [15].  

The WRL times recorded in all animals after the surgical intervention corresponded 

to the maximum value considered for this test (12 seconds), a direct consequence of the 

neurotmesis lesion and the loss of transport of nociceptive information from the periph-

eral thermal receptors. Between the second and fourth week after surgery, a slight de-

crease in WRL time was observed in all therapeutic groups, indicating the beginning of 

the sensory fiber regeneration and recovery of thermal sensitivity. From the fourth week 

onwards, the decrease in WRL times became more evident, and this functional improve-

ment was consistently maintained throughout the remaining period of the study. Despite 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 April 2022                   doi:10.20944/preprints202204.0274.v1

https://doi.org/10.20944/preprints202204.0274.v1


 

also registering progressive improvements over time, the EtE group was the one in which 

they were less evident, with this group ending up with the highest WRL times in T20. 

Among the remaining therapeutic groups, the CMOM group presented the lowest final 

WRL time. The CMOEC group had the second worst final performance. The functional 

improvements observed were sufficient for the final performance to be identical to that 

observed in the UC group, with no statistical differences between the control group and 

the therapeutic ones. The exception is made to the EtE group which, in addition to the 

worst result in T20, presented significant statistical differences with all the remaining 

groups. Sensory evaluation results and final WRL values appear to be identical after ap-

plication of OM-MSCs or their CM, with marked differences between the EtE group and 

the remaining ones in both cases [15].  

The results observed in the SFI and SSI tests are identical, as expected. After the sur-

gical intervention, the indexes in both tests dropped to values close to the minimum con-

sidered for neurotmesis lesions. From the first week after surgery, an improvement in the 

SFI and SSI values was observed, with the indexes increasing progressively over time until 

the last timepoint. At T20, the CMOM group was the one that presented the highest val-

ues, and along with the other therapeutic groups, no statistical differences were observed 

with the UC group, which demonstrates the good functional recovery that resulted in ev-

ident improvements in the gait pattern. The group with the worst result was EtE, having 

remained in this position from the post-surgical period until T20, and showing statistical 

differences with UC in this last timepoint. The ECMOEC group was the second with the 

worst performance, so that in the SSI test it presented statistical differences with the UC 

group at the final timepoint. The evolution in the gait pattern over the 20 weeks and the 

final results of SFI and SSI are identical after the application of OM-MSCs or CM, with a 

markedly superior performance compared to the EtE suture in both cases [15].  

Overall, regarding the functional assessment, the application of all the therapeutic 

options under study resulted in an improvement in motor function, nociception, and gait 

pattern, with the CMOM group, which received OM-MSCs CM and a Reaxon® NGC, to 

show the best results in all assays. Despite this improvement, in the EPT test there was 

not a sufficient functional recovery for the final performance to be comparable to that rec-

orded in the control group, a situation that was observed in the evaluation of sensory 

recovery and gait pattern. The EtE group had the worst results in the WRL, SFI and SSI 

trials, but in the EPT it had similar results to the other therapeutic groups. In a direct com-

parison between the applications of the two types of CM, there seems to be an overall 

superior functional performance in the OM-MSCs CM compared to the OECs CM, alt-

hough these differences do not translate statistically. In the comparison between the direct 

application of OM-MSCs or its CM, there are no clear differences between the two thera-

peutic strategies, with both promoting motor, sensory and behavioral functional recovery. 

The direct application of cells, however, seems to promote a better recovery of motor func-

tion than the corresponding CM [15]. 

Stereological evaluation performed at T20 revealed the presence of microfascicula-

tion phenomena in all therapeutic groups, with the analyzed nerves presenting a high 

number and density of fibers, fibers and axons of small diameter and thin myelin sheaths, 

observations expected in injured peripheral nerves that are undergoing a regeneration 

process. Microfasciculation is also easily identifiable in Figure 16, where the histomorpho-

metric differences between the UC group and the therapeutic groups are evident. As the 

regenerative process progresses, it is expected that microfasciculation, typical of the post-

surgical period, will reverse and there will be an increase in fiber and axon diameter par-

allel to a decrease in fiber number and density. In T20 it is possible to observe that the 

groups treated with OM-MSCs CM have the lowest fiber density, while the group that 

received OECs CM have the lowest number of fibers. In both parameters, the EtE group 

has the highest value, being therefore the group where the regenerative process is more 

delayed at the time of euthanasia. Regarding density, however, marked statistical differ-

ences are observed between the therapeutic groups and UC, and none of the therapeutic 
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options resulted in a density close to that observed in the control group. Nerve fiber di-

ameter is one of the most important parameters in stereological assessment as it relates 

myelin sheath thickness to axonal diameter and is a determining factor in nerve conduc-

tion velocity [58]. The animals that received OM-MSCs CM had the highest values in the 

three parameters, d, D and M. The EtE group had the lowest values of axonal diameter 

but had a higher myelin thickness than the CMOEC and ECMOEC groups. In any case, in 

the three parameters, significant statistical differences are observed between all the ther-

apeutic groups and the UC and there are no differences between the therapeutic groups 

under study, which indicates that after 20 weeks there is still no histomorphometric reor-

ganization capable of match the healthy nerve. The g-ratio is an axonal geometric constant 

that relates the degree of myelination and their cross-sectional size. By determining the 

ratio between the inner axonal diameter and the total diameter of the nerve fiber (d/D), it 

is possible to determine the quality of axonal myelination. Thus, together with the axonal 

diameter, the g-ratio is a determining factor in the velocity of neuronal conduction [59]. 

The optimal g-ratio value should be between 0.6 and 0.75 [60, 61]. Variations in the thick-

ness of the myelin sheath, even if slight, can translate into g-ratios above or below this 

ideal range, resulting in disturbances in conduction velocity and consequent changes in 

motor skills and sensory integration [62]. The g-ratio values in all the therapeutic groups 

of this work are within the ideal range, with the EtE group and those that received OM-

MSCs CM presenting the values closer to UC. The groups that received OECs CM showed 

higher g-ratio values and statistical differences with UC. The outcomes resulting from the 

stereological evaluation of the intervened sciatic nerves reveal that all the therapeutic op-

tions promoted phenomena of nerve regeneration, good axonal myelination, and poten-

tial velocity of neuronal conduction identical to the healthy nerve, which, moreover, jus-

tifies the results observed in the functional evaluation and recovery in motor performance, 

nociception, and gait behavior. Although in the density and number of fibers the groups 

that received OM-MSCs CM presented better results and the EtE group the worst perfor-

mance, the absence of statistical differences between the therapeutic groups and the 

marked differences with the UC group in the remaining parameters does not allow to 

establish any therapeutic option as unequivocally more beneficial. It seems, however, that 

there is a tendency for worst performance after the application of OECs CM compared to 

the application of OM-MSCs CM. Comparing with the results obtained after application 

of cells [15] the administration of CM leads to lower values of density and number of fibers 

and higher values of axonal diameter, myelin thickness and fiber diameter, with identical 

values of g-ratio, seeming to promote a better histomorphometric reorganization in T20. 

One of the direct consequences of peripheral nerve damage is the chronic constriction 

of efferent skeletal muscles, which can translate into debilitating phenomena such as neu-

ropathic pain, changes in motor performance and neurogenic atrophy [63]. In addition to 

the application of OM-MSCs resulting in the lowest percentage of muscle mass lost at 20 

weeks, the CMOM and ECMOM groups also have the highest fiber area, without statisti-

cal differences compared to the UC group. The EtE group follows, with the CMOEC and 

ECMOEC groups presenting the worst performance in this parameter. In the determina-

tion of the Minimum Feret’s Diameter, the EtE group has the best result, with the remain-

ing groups presenting identical performances and the ECMOM group with slightly lower 

values. In this second case, however, all groups present statistically significant differences 

with the UC group. The results of the muscular histomorphometric evaluation seem to 

corroborate the good performance of the groups that received OM-MSCs CM, particularly 

the CMOM group, which was the one that presented the best results in all the functional 

evaluation tests and that also presented good stereological results. The EtE group also 

presents good results in this evaluation, which is in line with the functional results of this 

group in the EPT test as opposed to the less favorable results in the sensory evaluation 

and gait pattern tests. The performance of different therapeutic groups in functional as-

sessments also confirms the importance of avoiding or reversing neurogenic muscle atro-

phy to ensure good performance in motor function and the ability to return to a gait pat-

tern close to normal Compared with the direct application of MSCs, the application of 
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OM-MSCs CM resulted in a larger fiber area, with values of Minimum ferret's diameter 

identical between the two therapeutic options [15].  

As identified in previous works [15], the EtE group had the worst overall perfor-

mance, excluding in the histomorphometric evaluation of the cranial tibial muscle and 

consequent motor performance. These therapeutic results have been previously identified 

in other studies [64], even though the EtE suture continues to be a safe therapeutic option 

and considered as a gold-standard, along with the application of autografts, in clinical 

scenarios of neurotmesis [65]. Although the authors are still unable to explain the inferior 

results of this therapeutic option, the superior results observed when this technique is 

applied simultaneously with the administration of CM and with the application of Re-

axon® reinforce the fact that the application of NGCs promote good orientation of the 

nerve tops and avoid misdirection phenomena during nerve regeneration [66]. Addition-

ally the application of nerve wrap with NGCs after EtE and tension-free neurorrhaphy 

manages to overcome the possible limitations of isolated EtE suture and promote a better 

functional recovery and histomorphometric reorganization, as observed in the ECMOM 

and ECMOEC groups [67].  

The promising in vivo results of this work can be starting point for new therapeutic 

options based on the application of MSC secretome as cell-free alternatives to the admin-

istration of cellular products and their limitations. The CM analysis confirmed that differ-

ent conditioning conditions can influence the characteristics of the cell secretome. After 

the identification of several biomarkers with immunomodulatory function that can act in 

these lesions in an undifferentiated way, these results open doors for the manipulation of 

cell culture for the production of neurotrophic factors that could specifically act in nerve 

regeneration. The results obtained after the therapeutic application of OM-MSCs CM do 

not seem to differ significantly from those obtained after the administration of OM-MSCs 

per se, and the future the secretome of these cells could be used as an alternative in regen-

erative medicine and peripheral nerve regeneration. There were slight differences be-

tween the CM of OM-MSCs and OECs after in vivo application, although the CM obtained 

from the OECs was richer in biomarkers than that obtained from OM-MSCs. These results 

allow think of a combined use of OECs secretome and OM-MSCs, maximizing the thera-

peutic advantages of each method. This approach has been used previously with good 

results, with the secretome of OECs having a positive effect on the metabolic activity and 

proliferation of MSCs from different origins [67]. Considering the anatomical and func-

tional relationship of these two types of cells in the OM, it is expected that this interaction 

could be even more beneficial in this case. Despite the promising results observed after 

the application of CM in vivo, the fact that a limited number of animals were used in each 

therapeutic group does not allow to amplify and generalize the conclusions discussed 

here, requiring their validation in subsequent assays. In addition, the already repeatedly 

identified limited equivalence of results obtained in the rat model for clinical application 

in Human or Veterinary Medicine [68] also requires further testing of these therapeutic 

applications in more complex animal models that better mimic real clinical scenarios and 

function as intermediate bridges in a translational perspective [69]. Furthermore, although 

different important dimensions in the functional assessment of nerve regeneration have 

been explored in this work, new functional tests may be used to further determine the 

ability of the studied therapeutic options to promote peripheral nerve regeneration after 

injury, namely kinematic analysis, nerve conductivity tests or tracing methods that were 

not considered here [28].  

5. Conclusions and Further Directions  

The use of MSCs, their secretion products and biomaterials in promoting peripheral 

nerve regeneration after PNI has been a constant in research around regenerative medi-

cine. Although with clear evidence of efficacy resulting from analyzes of the secretome of 

several types of MSCs, before this work the secretome and CM of OM-MSCs had never 

been used to promote peripheral nerve regeneration, neither alone nor in combination 
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with biomaterials, and this combinatory therapy proved to be effective. The CM analysis 

through a multiplexing technique allowed to simultaneously identify the presence of sev-

eral biomarkers with immunomodulatory functions that could directly intervene in the 

degenerative and regenerative phases of Wallerian degeneration. The search for specific 

neurotrophic factors produced and secreted by these cells remains pending for further 

work. 

Functional and histomorphometric assessment confirmed that the use of CM and Re-

axon® NGCs ensured functional improvements throughout the study period with evi-

dence of nerve regeneration after 20 weeks. Overall, the application of OM-MSCs CM re-

sulted in better results in the functional tests, in the muscle histomorphometric evaluation 

and in the stereological evaluation of the harvested sciatic nerves, followed by the perfor-

mance of the OECs CM. The general performance of the CM application seems to be iden-

tical to the application of the cells themselves, with all the advantages associated with the 

use of cell-free techniques to strengthening this therapeutic option. 

In conclusion, the results observed in this work make evident the potential of using 

OM-MSCs cell secretome to promote peripheral nerve regeneration, creating new thera-

peutic opportunities for the future. Even so, there are some irregularities resulting from 

the functional and histomorphometric evaluations that not only show the multifactorial 

complexity associated with nerve regeneration, but also create the need to carry out new 

studies to answer the doubts raised and allow the development of new therapeutic ap-

proaches based on the use of MSCs and their secretion products. 

Supplementary Materials: The following supporting information can be downloaded at: (Supple-

mentary material submitted together with the article). 

Author Contributions: Conceptualization, R.D.A., M.V.B., S. G., A.S.P.V. and A.C.M.; methodol-

ogy, R.D.A., M.V.B., A.L.L., J.P., I. P., S. R., G. R., S. G., A.S.P.V. and A. C. M.; software, R.D.A., 

M.V.B.; validation, R.D.A., M.V.B., S. G., A.S.P.V., A.C.M.; formal analysis, R.D.A., M.V.B., A.S.P.V., 

S.R., A.C.M.; investigation, R.D.A., M.V.B., A.C.S., B. L., P. S., and A.C.M.; resources, S.G., A.S.P.V. 

and A.C.M.; data curation, R.D.A., M.V.B., S.G., A.S.P.V. and A.C.M.; writing—original draft prep-

aration, R.D.A. and M.V.B.; writing—review and editing, S.G., A.S.P.V., S.R. and A.C.M.; visualiza-

tion, R.D.A. and M.V.B.; supervision, S.G., A.S.P.V. and A.C.M.; project administration, A.L.L and  

A.C.M.; funding acquisition, A.C.M. All authors have read and agreed to the published version of 

the manuscript. All authors had made substantial contributions to the work, with well-established 

division of tasks. All authors reviewed the final work and approved its submission. All authors 

agreed to be personally accountable for the author’s own contributions and for ensuring that ques-

tions related to the accuracy or integrity of any part of the work, even ones in which the author was 

not personally involved, are appropriately investigated, resolved, and documented in the literature. 

Funding: This research was funded by Projects PEst-OE/AGR/UI0211/2011 from FCT, and COM-

PETE 2020, from ANI–Projetos ID&T Empresas em Copromoção, by the project “insitu.Biomas–Re-

invent biomanufacturing systems by using an usability approach for in situ clinic temporary-

implants fabrication” with the reference POCI-01-0247-FEDER-017771, by the project “Print-on-Or-

gans–Engineering bioinks and processes for direct printing on organs” with the reference POCI-01-

0247-FEDER-033877, by the project “Bone2Move-Development of “in vivo” experimental tech-

niquesand modelling methodologies for the evaluation of 4D scaffolds for bone defect in sheep-

model: an integrative research approach” with the reference POCI-01-0145-FEDER-031146 and by 

the PhD scholarships Mariana Vieira Branquinho (SFRH/BD/146172/2019), Ana Catarina Sousa 

(SFRH/BD/146689/2019), and Bruna Lopes (2021.05265.BD). The participation of Justina Prada, Isa-

bel Pires and Artur S. P.Varejão was supported by the projects UIDB/CVT/00772/2020 and 

LA/P/0059/2020 funded by the Portuguese Foundation for Science and Technology (FCT). The au-

thor Rui D. Alvites acknowledges Centro de Estudos de Ciência Animal (CECA), Instituto de Ciên-

cias, Tecnologias e Agroambiente (ICETA), Porto University (UP), and Fundação para a Ciência e 

Tecnologia (FCT) for the funding and availability of all technical, structural and human resources 

necessary for the development of this work. The work was supported through the project 

UIDB/00211/2020 funded by FCT/MCTES through national funds. 

Institutional Review Board Statement: All procedures performed on animals were approved by 

the Organism Responsible for Animal Welfare (ORBEA) of the Abel Salazar Institute for Biomedical 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 April 2022                   doi:10.20944/preprints202204.0274.v1

https://doi.org/10.20944/preprints202204.0274.v1


 

Sciences (ICBAS) from the University of Porto (UP) (project 209/2017) and by the Veterinary Au-

thorities of Portugal (DGAV) (project DGAV: 2018-07-11014510). 

Informed Consent Statement: Not applicable 

Data Availability Statement: The data that support the findings of this study are available from the 

corresponding author on request. 

Acknowledgments: The Reaxon® NGCs used in this work were kindly provided by Medovent 

GmbH (Mainz, Germany). 

Conflicts of Interest: The authors declare that there are no conflicts of interest regarding the publi-

cation of this article. Medovent had no participation in the design, preparation and conduct of the 

work or in the data analysis, writing of results and publication of this study. None of the authors 

has any professional or financial relationship with Medovent. None of the authors accepted any 

compensation, funding, fees or salary from Medovent. 

Abbreviations: 

CM – Conditioned Medium; 

CMOEC - Suture of the nerve ends to the Reaxon® nerve conduit and administration of OECs CM 

CMOM - Suture of the nerve ends to the Reaxon® nerve conduit and administration of OM-MSCs 

CM; 

DPBS - Dulbecco's phosphate-buffered saline; 

ECMOEC - EtE, wrapping with Reaxon® nerve conduit and administration of OECs CM; 

ECMOM – EtE, wrapping with Reaxon® nerve conduit and administration of OM-MSCs CM;  

EGF - Epidermal Growth Factor; 

EPT – Extensor Postural Thrust; 

EtE - End-to-end suture; 

EtE – End-to-end suture;  

G-CSF -  Granulocyte Colony Stimulating Factor;  

GM-CSF - Granulocyte-macrophage Colony-stimulating Factor; 

GRO/KC - Human Growth-regulated oncogene/Keratinocyte Chemoattractant; 

IFN-γ - Interferon Gamma;  

IL – Interleukins; 

IP-10 - Interferon gamma-induced protein 10; 

MCP-1 - Monocyte Chemoattractant Protein-1; 

MIP - Macrophage Inflammatory Protein; 

MSCs – Mesenchymal Stem Cells;  

OECs – Olfactory Ensheating Cells; 

OM – Olfactory Mucosa; 

OM-MSCs – Olfactory Mucosa Mesenchymal Stem Cells; 

PNI – Peripheral Nerve Injury; 

RANTES - Regulated on Activation, Normal T Cell Expressed and Secreted; 

TNF-α - Tumor Necrosis Factor Alpha; 

UC - Uninjured control;  

VEGF - Vascular endothelial growth factor; 

WRL - Withdrawal Reflex Latency. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 April 2022                   doi:10.20944/preprints202204.0274.v1

https://doi.org/10.20944/preprints202204.0274.v1


 

References 

1. Zhang R-C, Du W-Q, Zhang J-Y, Yu S-X, Lu F-Z, Ding H-M, et al. Mesenchymal stem cell treatment for peripheral nerve injury: 

a narrative review. Neural Regeneration Research. 2021;16(11):2170. 

2. Lopes B, Sousa P, Alvites R, Branquinho M, Sousa AC, Mendonça C, et al. Peripheral Nerve Injury Treatments and Advances: 

One Health Perspective. International Journal of Molecular Sciences. 2022;23(2):918. 

3. Zhang K, Jiang M, Fang Y. The drama of Wallerian degeneration: the cast, crew, and script. Annual review of genetics. 

2021;55:93-113. 

4. Xie W, Strong JA, Zhang J-M. Active nerve regeneration with failed target reinnervation drives persistent neuropathic pain. 

Eneuro. 2017;4(1). 

5. Yousefi F, Arab FL, Nikkhah K, Amiri H, Mahmoudi M. Novel approaches using mesenchymal stem cells for curing peripheral 

nerve injuries. Life sciences. 2019;221:99-108. 

6. Alvites R, Branquinho M, Sousa AC, Lopes B, Sousa P, Maurício AC. Mesenchymal Stem/Stromal Cells and Their Paracrine 

Activity—Immunomodulation Mechanisms and How to Influence the Therapeutic Potential. Pharmaceutics. 2022;14(2):381. 

7. Veron AD, Bienboire-Frosini C, Feron F, Codecasa E, Deveze A, Royer D, et al. Isolation and characterization of olfactory ecto-

mesenchymal stem cells from eight mammalian genera. BMC veterinary research. 2018;14(1):1-11. 

8. Alvites RD, Caseiro AR, Pedrosa SS, Branquinho ME, Varejão AS, Maurício AC. The nasal cavity of the rat and mouse—source 

of mesenchymal stem cells for treatment of peripheral nerve injury. The Anatomical Record. 2018;301(10):1678-89. 

9. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et al. Minimal criteria for defining multipotent 

mesenchymal stromal cells. The International Society for Cellular Therapy position statement. Cytotherapy. 2006;8(4):315-7. 

10. Alvites RD, Branquinho MV, Caseiro AR, Amorim I, Santos Pedrosa S, Rêma A, et al. Rat olfactory mucosa mesenchymal 

stem/stromal cells (OM-MSCs): a characterization study. International journal of cell biology. 2020;2020. 

11. Alizadeh R, Kamrava SK, Bagher Z, Farhadi M, Falah M, Moradi F, et al. Human olfactory stem cells: As a promising source of 

dopaminergic neuron-like cells for treatment of Parkinson's disease. Neuroscience letters. 2019;696:52-9. 

12. Lindsay SL, McCanney GA, Willison AG, Barnett SC. Multi-target approaches to CNS repair: olfactory mucosa-derived cells 

and heparan sulfates. Nature Reviews Neurology. 2020;16(4):229-40. 

13. Rui K, Zhang Z, Tian J, Lin X, Wang X, Ma J, et al. Olfactory ecto-mesenchymal stem cells possess immunoregulatory function 

and suppress autoimmune arthritis. Cellular & molecular immunology. 2016;13(3):401-8. 

14. Roche P, Alekseeva T, Widaa A, Ryan A, Matsiko A, Walsh M, et al. Olfactory derived stem cells delivered in a biphasic conduit 

promote peripheral nerve repair in vivo. Stem cells translational medicine. 2017;6(10):1894-904. 

15. Alvites RD, Branquinho MV, Sousa AC, Amorim I, Magalhães R, João F, et al. Combined use of chitosan and olfactory mucosa 

mesenchymal stem/stromal cells to promote peripheral nerve regeneration in vivo. Stem cells international. 2021;2021. 

16. Schurgers E, Kelchtermans H, Mitera T, Geboes L, Matthys P. Discrepancy between the in vitro and in vivo effects of murine 

mesenchymal stem cells on T-cell proliferation and collagen-induced arthritis. Arthritis research & therapy. 2010;12(1):1-11. 

17. Mukhamedshina YO, Gracheva OA, Mukhutdinova DM, Chelyshev YA, Rizvanov AA. 间充质干细胞与脊髓损伤区神经元微环

境. 中国神经再生研究 (英文版). 2019;14(2):227. 

18. Yarar E, Kuruoglu E, Kocabıcak E, Altun A, Genc E, Ozyurek H, et al. Electrophysiological and histopathological effects of 

mesenchymal stem cells in treatment of experimental rat model of sciatic nerve injury. International journal of clinical and 

experimental medicine. 2015;8(6):8776. 

19. Maacha S, Sidahmed H, Jacob S, Gentilcore G, Calzone R, Grivel J-C, et al. Paracrine mechanisms of mesenchymal stromal cells 

in angiogenesis. Stem cells international. 2020;2020. 

20. Vizoso FJ, Eiro N, Cid S, Schneider J, Perez-Fernandez R. Mesenchymal stem cell secretome: toward cell-free therapeutic 

strategies in regenerative medicine. International journal of molecular sciences. 2017;18(9):1852. 

21. Kumar P, Kandoi S, Misra R, Vijayalakshmi S, Rajagopal K, Verma RS. The mesenchymal stem cell secretome: a new paradigm 

towards cell-free therapeutic mode in regenerative medicine. Cytokine & growth factor reviews. 2019;46:1-9. 

22. Xia B, Gao J, Li S, Huang L, Ma T, Zhao L, et al. Extracellular vesicles derived from olfactory ensheathing cells promote 

peripheral nerve regeneration in rats. Frontiers in Cellular Neuroscience. 2019;13:548. 

23. Pinho AC, Branquinho MV, Alvites RD, Fonseca AC, Caseiro AR, Pedrosa SS, et al. Dextran-based tube-guides for the 

regeneration of the rat sciatic nerve after neurotmesis injury. Biomaterials Science. 2020;8(3):798-811. 

24. Koka R, Hadlock TA. Quantification of functional recovery following rat sciatic nerve transection. Experimental neurology. 

2001;168(1):192-5. 

25. Maurício AC, Gärtner A, Armada-da-Silva P, Amado S, Pereira T, Veloso AnP, et al. Cellular systems and biomaterials for nerve 

regeneration in neurotmesis injuries: IntechOpen; 2011. 

26. Varejão AS, Melo-Pinto P, Meek MF, Filipe VM, Bulas-Cruz J. Methods for the experimental functional assessment of rat sciatic 

nerve regeneration. Neurological research. 2004;26(2):186-94. 

27. Luís A, Amado S, Geuna S, Rodrigues J, Simões M, Santos J, et al. Long-term functional and morphological assessment of a 

standardized rat sciatic nerve crush injury with a non-serrated clamp. Journal of neuroscience methods. 2007;163(1):92-104. 

28. Navarro X. Functional evaluation of peripheral nerve regeneration and target reinnervation in animal models: a critical 

overview. European Journal of Neuroscience. 2016;43(3):271-86. 

29. Raimondo S, Fornaro M, Di Scipio F, Ronchi G, Giacobini‐Robecchi MG, Geuna S. Methods and protocols in peripheral nerve 

regeneration experimental research: part II—morphological techniques. International review of neurobiology. 2009;87:81-103. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 April 2022                   doi:10.20944/preprints202204.0274.v1

https://doi.org/10.20944/preprints202204.0274.v1


 

30. Scipio FD, Raimondo S, Tos P, Geuna S. A simple protocol for paraffin‐embedded myelin sheath staining with osmium 

tetroxide for light microscope observation. Microscopy research and technique. 2008;71(7):497-502. 

31. Geuna S, Tos P, Battiston B, Guglielmone R. Verification of the two-dimensional disector, a method for the unbiased estimation 

of density and number of myelinated nerve fibers in peripheral nerves. Annals of Anatomy-Anatomischer Anzeiger. 

2000;182(1):23-34. 

32. Sumarwoto T, Suroto H, Mahyudin F, Utomo DN, Tinduh D, Notobroto HB, et al. Role of adipose mesenchymal stem cells and 

secretome in peripheral nerve regeneration. Annals of Medicine and Surgery. 2021;67:102482. 

33. Nikfarjam S, Rezaie J, Zolbanin NM, Jafari R. Mesenchymal stem cell derived-exosomes: a modern approach in translational 

medicine. Journal of Translational Medicine. 2020;18(1):1-21. 

34. Ge L, Jiang M, Duan D, Wang Z, Qi L, Teng X, et al. Secretome of olfactory mucosa mesenchymal stem cell, a multiple potential 

stem cell. Stem Cells International. 2016;2016. 

35. Sun X, Tan Z, Huang X, Cheng X, Yuan Y, Qin S, et al. Direct neuronal reprogramming of olfactory ensheathing cells for CNS 

repair. Cell death & disease. 2019;10(9):1-17. 

36. Chou R-H, Lu C-Y, Wei-Lee, Fan J-R, Yu Y-L, Shyu W-C. The potential therapeutic applications of olfactory ensheathing cells 

in regenerative medicine. Cell transplantation. 2014;23(4-5):567-71. 

37. Radtke C, Aizer AA, Agulian SK, Lankford KL, Vogt PM, Kocsis JD. Transplantation of olfactory ensheathing cells enhances 

peripheral nerve regeneration after microsurgical nerve repair. Brain Res. 2009;1254:10-7. 

38. Neeves J, Carwardine D, Wong L-F, Granger N, editors. Secretome analysis of olfactory ensheathing cells–exploring their role 

in functional recovery from spinal cord injury in dogs. BSAVA Congress Proceedings 2017; 2017: BSAVA Library. 

39. Contreras E, Bolívar S, Navarro X, Udina E. New insights into peripheral nerve regeneration: The role of secretomes. 

Experimental Neurology. 2022:114069. 

40. Alvites R, Rita Caseiro A, Santos Pedrosa S, Vieira Branquinho M, Ronchi G, Geuna S, et al. Peripheral nerve injury and 

axonotmesis: State of the art and recent advances. Cogent Medicine. 2018;5(1):1466404. 

41. Perrin FE, Lacroix S, Avilés-Trigueros M, David S. Involvement of monocyte chemoattractant protein-1, macrophage 

inflammatory protein-1α and interleukin-1β in Wallerian degeneration. Brain. 2005;128(4):854-66. 

42. Shamash S, Reichert F, Rotshenker S. The cytokine network of Wallerian degeneration: tumor necrosis factor-α, interleukin-1α, 

and interleukin-1β. Journal of Neuroscience. 2002;22(8):3052-60. 

43. Conti G, De Pol A, Scarpini E, Vaccina F, De Riz M, Baron P, et al. Interleukin-1beta and interferon-gamma induce proliferation 

and apoptosis in cultured Schwann cells. Journal of neuroimmunology. 2002;124(1-2):29-35. 

44. Silva R, Malcangio M. Fractalkine/CX3CR1 Pathway in Neuropathic Pain: An Update. Frontiers in Pain Research. 2021:35. 

45. Wang J-G, Strong JA, Xie W, Yang R-H, Coyle DE, Wick DM, et al. The chemokine CXCL1/growth related oncogene increases 

sodium currents and neuronal excitability in small diameter sensory neurons. Molecular pain. 2008;4:1744-8069-4-38. 

46. Taskinen HS, Röyttä M. Increased expression of chemokines (MCP‐1, MIP‐1α, RANTES) after peripheral nerve transection. 

Journal of the Peripheral Nervous System. 2000;5(2):75-81. 

47. Liou J-T, Lee C-M, Day Y-J. The immune aspect in neuropathic pain: role of chemokines. Acta Anaesthesiologica Taiwanica. 

2013;51(3):127-32. 

48. Zhang R-R, Chen S-L, Cheng Z-C, Shen Y-Y, Yi S, Xu H. Characteristics of cytokines in the sciatic nerve stumps and DRGs after 

rat sciatic nerve crush injury. Military Medical Research. 2020;7(1):1-10. 

49. Liu Y-F, Liang J-J, Ng TK, Hu Z, Xu C, Chen S, et al. CXCL5/CXCR2 modulates inflammation-mediated neural repair after optic 

nerve injury. Experimental Neurology. 2021;341:113711. 

50. Muratori L, Gnavi S, Fregnan F, Mancardi A, Raimondo S, Perroteau I, et al. Evaluation of vascular endothelial growth factor 

(VEGF) and its family member expression after peripheral nerve regeneration and denervation. The Anatomical Record. 

2018;301(10):1646-56. 

51. Duraikannu A, Krishnan A, Chandrasekhar A, Zochodne DW. Beyond trophic factors: exploiting the intrinsic regenerative 

properties of adult neurons. Frontiers in cellular neuroscience. 2019;13:128. 

52. Keiner D, von Pein H, Szczygielski J, Kramer A, Heimann A, Kempski O, et al. Does granulocyte-colony stimulating factor 

stimulate peripheral nerve regeneration? An experimental study on traumatic lesion of the sciatic nerve in rats. Neurologia i 

Neurochirurgia Polska. 2021;55(5):469-78. 

53. Fujita Y, Yamashita T. The effects of leptin on glial cells in neurological diseases. Frontiers in Neuroscience. 2019:828. 

54. Miyoshi K, Obata K, Kondo T, Okamura H, Noguchi K. Interleukin-18-mediated microglia/astrocyte interaction in the spinal 

cord enhances neuropathic pain processing after nerve injury. Journal of Neuroscience. 2008;28(48):12775-87. 

55. Sun C, Zhang J, Chen L, Liu T, Xu G, Li C, et al. IL-17 contributed to the neuropathic pain following peripheral nerve injury by 

promoting astrocyte proliferation and secretion of proinflammatory cytokines. Molecular medicine reports. 2017;15(1):89-96. 

56. Kiguchi N, Kobayashi Y, Maeda T, Fukazawa Y, Tohya K, Kimura M, et al. Epigenetic augmentation of the macrophage 

inflammatory protein 2/CXC chemokine receptor type 2 axis through histone H3 acetylation in injured peripheral nerves elicits 

neuropathic pain. Journal of Pharmacology and Experimental Therapeutics. 2012;340(3):577-87. 

57. Liao C-F, Chen C-C, Lu Y-W, Yao C-H, Lin J-H, Way T-D, et al. Effects of endogenous inflammation signals elicited by nerve 

growth factor, interferon-γ, and interleukin-4 on peripheral nerve regeneration. Journal of Biological Engineering. 2019;13(1):1-

13. 

58. Ikeda M, Oka Y. The relationship between nerve conduction velocity and fiber morphology during peripheral nerve 

regeneration. Brain and behavior. 2012;2(4):382-90. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 April 2022                   doi:10.20944/preprints202204.0274.v1

https://doi.org/10.20944/preprints202204.0274.v1


 

59. Mohammadi S, Callaghan MF. Towards in vivo g-ratio mapping using MRI: Unifying myelin and diffusion imaging. Journal 

of neuroscience methods. 2021;348:108990. 

60. Chomiak T, Hu B. What is the optimal value of the g-ratio for myelinated fibers in the rat CNS? A theoretical approach. PloS 

one. 2009;4(11):e7754. 

61. Berman S, West KL, Does MD, Yeatman JD, Mezer AA. Evaluating g-ratio weighted changes in the corpus callosum as a function 

of age and sex. Neuroimage. 2018;182:304-13. 

62. Cercignani M, Giulietti G, Dowell NG, Gabel M, Broad R, Leigh PN, et al. Characterizing axonal myelination within the healthy 

population: a tract-by-tract mapping of effects of age and gender on the fiber g-ratio. Neurobiology of aging. 2017;49:109-18. 

63. Langer HT, Senden JM, Gijsen AP, Kempa S, Van Loon LJ, Spuler S. Muscle atrophy due to nerve damage is accompanied by 

elevated myofibrillar protein synthesis rates. Frontiers in physiology. 2018;9:1220. 

64. Lundborg G, Rosen B, Dahlin L, Holmberg J, Rosén I. Tubular repair of the median or ulnar nerve in the human forearm: a 5-

year follow-up. Journal of hand surgery. 2004;29(2):100-7. 

65. Kornfeld T, Vogt PM, Radtke C. Nerve grafting for peripheral nerve injuries with extended defect sizes. Wiener Medizinische 

Wochenschrift. 2019;169(9):240-51. 

66. Liu D, Mi D, Zhang T, Zhang Y, Yan J, Wang Y, et al. Tubulation repair mitigates misdirection of regenerating motor axons 

across a sciatic nerve gap in rats. Scientific reports. 2018;8(1):1-9. 

67. Zhu X, Wei H, Zhu H. Nerve wrap after end-to-end and tension-free neurorrhaphy attenuates neuropathic pain: A prospective 

study based on cohorts of digit replantation. Scientific Reports. 2018;8(1):1-5. 

68. Kaplan HM, Mishra P, Kohn J. The overwhelming use of rat models in nerve regeneration research may compromise designs 

of nerve guidance conduits for humans. Journal of Materials Science: Materials in Medicine. 2015;26(8):1-5. 

69. Alvites RD, Branquinho MV, Sousa AC, Zen F, Maurina M, Raimondo S, et al. Establishment of a Sheep Model for Hind Limb 

Peripheral Nerve Injury: Common Peroneal Nerve. International Journal of Molecular Sciences. 2021;22(3):1401. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 April 2022                   doi:10.20944/preprints202204.0274.v1

https://doi.org/10.20944/preprints202204.0274.v1

