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Key Messages
•	 The adipose tissue proves to be a valuable 

resource of “renewable parts.”
•	 Its implications in the nerve regeneration 

process are not yet clearly understood.
•	 May help with scar formation—one of the 

main obstacles in the process of 
neuroregeneration.

•	 The adipose tissue may be the resource much 
needed in forming new nerve tissue, most 
probably Schwann cells.

38.1	 There is a need for further 
research in this domain.�Introduction

The nervous system is considered to be the 
most complex system of the body; due to its 
numerous functions, it alerts the body regard-
ing internal and external changes and generates 
responses to effector organs. Complex traumas 
and major post-excisional defects in the upper 

limb may have an important functional impact. 
Reconstructive surgery has the task of restoring 
the function as close as possible to the initial 
one. Nervous lesions are an important part of 
this chapter and often the most difficult lesions 
to solve, being responsible for the existence of 
important sequelae. The clinical expression and 
type of lesion are given by the damaged struc-
ture; the different component structures of a 
peripheral nerve respond differently to the lesion 
and have different possibilities for regeneration. 
Repeated clinical observation led to a question: 
what causes mediocre results in peripheral nerve 
surgery, why are the results of primary neuror-
rhaphy sometimes unpredictable?

The literature lists a number of such causes, 
ranging from technical, material to physiologi-
cal causes, both local and general (1). A possible 
answer would be that at this point peripheral 
nerve surgery, or nerve microsurgery, may have 
reached its limits, with the focus being automati-
cally directed to new resources such as tissue 
regeneration. The post-lesion nervous regen-
eration, especially guided by Schwann cells, 
appears to be impinged by the appearance of 
scar tissue before the axonal growth. But scar 
tissue is normal in response to any injuries and 
is encountered throughout the body. Again, cur-
rent clinical practice can provide answers and 
correlations. It has become common in recent 
years to use lipoaspirate (the remaining tissue 
together with the solution used in liposuction) 
to correct some volume deficiencies; it has also 
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been used in areas with volume deficiency after 
scarring processes. The clinical observation 
was that the appearance of scarring improved 
considerably. Taking things further, why can 
lipoaspirate influence a scar? The presence of 
adipose-derived stem cells in this lipoaspirate 
has been demonstrated and their effects are mul-
tiple, from a local anti-inflammatory effect, to 
producing factors that can drive regeneration of 
different lines; these are of course incompletely 
understood and known processes. The study of 
the adipose-derived stem cell began with the ref-
erence article published by Zuk et al. in 2002 in 
Molecular Biology of the Cell (2). The ability of 
the adipocyte-derived stem cell to be pluripotent, 
not multipotent, as well as that derived from bone 
marrow, has been demonstrated. This observa-
tion has greatly extended the scope of applicabil-
ity, given the ease with which this tissue can be 
harvested and processed, its availability and low 
morbidity. Also, there is a major difference in the 
quantity obtained after harvesting, if approxi-
mately one mesenchymal stem cell is obtained 
from the bone marrow from 25,000 to 100,000, 
2% of the lipoaspirate cellularity is made up 
of stem cells derived from adipose tissue. The 
next step was isolation, which was initially done 
under laboratory conditions, but these processes 
are often lengthy and costly. Raposio’s study 
followed—he compared the classical method, 
based on collagenase, and a simpler, mechani-
cal, centrifugal-based alternative (3). A series 
of initial effects were observed in surgical use, 
thus adipose tissue graft obtained via liposuction 
was used in augmentation of certain atrophic 
areas, implicitly also in scars and, as a result, in 
addition to the mechanical filling of the area, an 
improvement in the appearance of scars was also 
observed. Reference studies in this regard were 
undertaken by Coleman, who used the tumescent 
technique for harvesting and centrifugation by 
3,000 rpm for 3 min (4).

The correlation between these two clinical 
procedures was made and the logical subsequent 
question was what happens with primary neuror-
rhaphy, and implicitly with neuroregeneration, if 
we add processed fat? The present study has been 

developed with this in mind; experimental medi-
cine will be used as follows in order to develop 
a model that can answer this question. Scientific 
literature contains numerous such studies of 
nerve regeneration and adipose tissue process-
ing or various growth factors with influence on 
regeneration.

38.2	 �Material and Methods

38.2.1	 �The Adipose-Derived 
Stem Cell

The stem cell is the non-differentiated cell that 
can multiply and differentiate in all cell lines. 
There are two types of stem cells: the embry-
onic ones (derived from the internal mass of 
the blastocyst) and the adult ones, correspond-
ing to postnatal life; the first have the ability to 
differentiate in all cell lines, meaning they are 
pluripotent, while the adult ones can only dif-
ferentiate along the cell line from which they 
come from, depending on the embryonic origin 
(ectoderm, endoderm, mesoderm), meaning they 
are multipotent. The process through which a 
stem cell can differentiate by changing the ori-
gin line is called transdifferentiation (originated 
in the mesoderm, but differentiation done in 
endoderm-derived cells). Adult stem cells were 
described by McCullock and Till, in Ontario, in 
1963, as self-renewing cells in the bone marrow 
of mice (5). Later, these cells, which were sub-
sequently identified and called hematopoietic 
stem cells, were used in the therapy of severe 
bone marrow transplantation syndrome (Dicke 
and van Bekkum, 1973). In 1968, mesenchymal 
stem cells were introduced (Friedenstein, 1968). 
And in 1978 hematopoietic stem cells were also 
identified in the umbilical cord (Emerson, 1985). 
Reynolds and Weiss announce the identification 
of a neural stem cell population in the striatal 
layer of mice in 1992. In other words, the only 
stem cells with clinical potential were those 
found in the hematogenous bone marrow, having 
limited applicability, low cell count, and mor-
bidity at harvest or in the umbilical cord, having 
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the related ethical aspects. Almost 10 years will 
pass before Zuk and his collaborators describe 
a population of cells with regenerative potential 
isolated from the processed lipoaspirate tissue, 
in other words, from the residual tissue after 
liposuction (2).

The study of the adipose-derived stem cell 
continues with the reference article published 
by Zuk et  al. in 2002  in Molecular Biology of 
the Cell (6). But the conversion of adipose tis-
sue into other tissues has been observed before, 
for example, the bone calcifications that appear 
pathologically in lupus and Paget’s disease 
(Clarke, Williams 1975). Adipose tissue is mac-
roscopically composed of lobules, which con-
sist of 90% mature adipocytes and other cells 
forming the stromal vascular fraction: preadi-
pocytes, fibroblasts, endothelial cells, vascular 
smooth muscle cells, monocytes, macrophages, 
lymphocytes, and adipose-derived stem cells. 
From a histological point of view, there are two 
types of adipose tissue, namely white and brown. 
White adipocytes are spherical, having a diam-
eter between 30 and 70 micrometers. Depending 
on the amount of stored lipids, the nucleus is 
pushed to the periphery. The brown adipocytes 
are polygonal, having a central core and a diam-
eter between 20 and 40  micrometers. There is 
also a clear distinction in vascularization, the 
brown ones being more vascularized and con-
taining more mitochondria, with both of these 
aspects explaining the brown color. Structural 
differences also translate into functional differ-
ences: both store the lipids as a form of energy 
reserve, the white ones use it as a response to 
metabolic activity, while the brown ones use it 
in the production of heat—thermogenesis. In the 
human species, brown adipose tissue is found 
only in newborns and children, disappearing at 
maturity. The embryonic origin of adipose tis-
sue is found in the mesoderm, thus explaining 
the possibility of a population of mesenchymal 
stem cells, similar to the one in the bone marrow. 
According to this principle, differentiation can 
be made on the same line, i.e., it can be differ-
entiated in adipocytes, chondrocytes, osteocytes, 
or myocytes, elements shown in the article men-

tioned above (6). Subsequently, a series of stud-
ies appeared that also demonstrated the capacity 
for transdifferentiation; 2002 Safford and 2003 
Ashjian demonstrate the emergence of ectoder-
mal lines with neuronal-like differentiation (7), 
and the list continues with neuronal differentia-
tion (Kang, 2004), oligodendrocytes (Safford, 
2004) and Schwann cells (Kingham, 2007 and 
Xu, 2008). In terms of endodermal transdiffer-
entiation, studies have not ceased to appear, and 
among the first ones have demonstrated hepato-
cyte formation (Seo, 2005 and Timper, 2006). 
Thus, the ability of the adipocyte-derived stem 
cell to be pluripotent, not multipotent, just as 
the one derived from bone marrow, has been 
demonstrated.

This observation has greatly extended the 
scope of applicability, given the ease with which 
this tissue can be harvested and processed, its 
availability and low morbidity.

There is also a major difference in the amount 
obtained after harvesting. If approximately one 
mesenchymal stem cell is obtained from the 
bone marrow from 25,000 to 100,000, 2% of the 
lipoaspirated adipose tissue cellularity consists 
of adipose-derived stem cells (8). Thus, the exis-
tence of such a cell population with multipotent 
properties has been demonstrated. It remained 
to establish effective methods of isolation, ways 
of influencing certain cell lines and, last but not 
least, clinical applicability in solving certain 
pathologies.

38.2.2	 �Isolation

Isolation and extraction were performed ini-
tially under laboratory conditions; this involves 
repeated washing with phosphate buffer solution 
in order to separate erythrocytes and incubation 
with type I collagenase 0.075% (9) 37  °C for 
one hour, the infranatant is separated, followed 
by centrifugation at 1200 rpm for 10 min, resus-
pended in ammonium chloride, then again cen-
trifugation and repeated scrubbing to form the 
stromal vascular fraction and, in the end, culture 
on fetal bovine serum. The whole process takes 

38  The Role of Adipose Tissue Graft on Nerve Regeneration from the Perspective of…



516

about 2 h. Another variant, more cost-effective, 
is the enzymatic digestion with trypsin (1). But 
these processes are often lengthy and costly. In 
addition, the use of animal collagen for isolation 
and subsequently for clinical application may 
be accompanied by the appearance of undesir-
able effects such as skin ulcers, nerve, tendon or 
ligament injuries, but also allergic reactions. No 
studies have been developed to evaluate the pres-
ence of the remaining collagenase.

A series of initial effects were observed in 
surgical use, thus the liposuction graft was used 
to augment certain atrophic areas as, implic-
itly also in scars, and the result, in addition to 
the mechanical filling of the area, was also an 
observed improvement in the appearance of scars. 
Reference studies in this regard were undertaken 
by Coleman, who used the tumescent technique 
for harvesting and centrifugation at 3000 rpm for 
3 min (4). Then followed Raposio’s study (3) that 
compared the classical method, based on colla-
genase, with a simpler, more mechanical variant. 
Here is how he proceeded: the fat was obtained 
through classical liposuction using a blunt can-
nula attached to the 10  mL Luer-Lock syringe; 
the lipoaspirate tissue was further subjected to 
laminar flow (to avoid contamination) to a vibra-
tion of 6000 for 6 min, followed by centrifuga-
tion at 1600 rpm for 6 min. The infranatant was 
collected, and, through flow cytometry, the pres-
ence of adipose tissue-specific antigens (AdSC) 
was examined: CD34APC, CD45APC-CY7, 
CD73PE, CD31FITC, and CD90APC.  The 
results were evaluated qualitatively and quantita-
tively, and the presence of AdSC in a considerable 
amount was established; namely, in 80 mL of fat, 
5 × 105 cells were detected, approximately 5% 
of the total cells, the remaining 95% being blood-
derived cells and endothelial cells. There have 
been differences and multiple studies regarding 
centrifugation speed. A study done by Kurita 
et  al. in 2008 compares the effects of different 
centrifugation rates on adipose tissue transfer 
and derived stem cell viability; non-centrifuged 
and centrifuged concoctions are used at 400, 700, 
1200, 3000, and 4200 × g for 3 min. Both the cen-
trifuged concoction composition and the reaction 
of the athymic mice post-1 mL injection of the 

solution were observed. The conclusions were: 
the centrifugation process is beneficial for sepa-
rating and concentrating adipose-derived stem 
cells, but the rate should be limited to 1200 × g 
(3000 rpm) for optimal results (10).

38.2.3	 �Differentiation, Effects, 
Applicability

After the discovery of the adipose-derived stem 
cell, reported by Zuk (2), studies referring to its 
differentiation and implicit clinical applicabil-
ity began to appear. Most were performed under 
laboratory conditions (both in vitro and in vivo 
on laboratory animals) and under the influence 
of growth factors, and the clinical involvement 
was relatively modest by comparison. Depending 
on the differentiation line, there are several stud-
ies: for endodermal development, the studies 
conducted by Seo (2005) and Temper (2006) 
demonstrate the ability to form pancreatic tissue 
and hepatic tissue. And the list can continue with 
all cell lines, namely many types of tissues: adi-
pose (Mauney 2007), bone (Cowan 2004, Dudas 
2006, Yoon 2007), cartilaginous (Dragoo 2003, 
Guilak 2004), striated muscle tissue (Bacou 
2004, Goudenege 2009), smooth muscle tissue 
(Rodriguez 2006), uroepithelial (Jack 2005), 
vascular (Miranville 2005, Heydarkhan-Hagvall 
2008, Froehlich 2009, Okura 2009), hemato-
poietic (Cousin 2003, Puissant 2005), epithelial 
tissue (Brzoska 2005, Jeong 2009). In parallel, 
research has also focused on applicability in 
various pathologies, via laboratory animal stud-
ies: intervertebral disc repair (Hsu 2008), spinal 
cord injuries (Ryu 2009), glioblastoma treatment 
(Josiah 2010), Huntington’s disease therapy 
(Lee 2009), multiple sclerosis (Riordan 2009), 
stroke (Kim 2007), urinary incontinence (Lin 
2010), erectile dysfunction (Lin 2009), diabetes 
(Lin 2009), ischemia (Kondo 2009), rheuma-
toid arthritis (Gonzalez-Rey 2010), epithelial 
regeneration (Trottier 2008), and tendon repair 
(Uysal, Mizuno 2009). The transition to clinical 
trials was made in 2004 through the case study 
published by Lendeckel et al., where bone graft 
with addition of adipose stem cells was used to 
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treat an extensive craniofacial bone defect. Later, 
it was followed by a phase II clinical study on 
Crohn’s disease (Garcia-Olmo 2009), a clinical 
study on urinary incontinence (Yamamoto 2009) 
and organ transplant rejection (Fang 2007). Of 
course, the ethical aspect of these studies is shad-
owed by the risk of malignant transformation, by 
stem cell pluripotency and, in particular, by the 
use of growth factors; it is difficult to appreciate 
how these cells will differentiate and when they 
will stop.

The field of peripheral nerve regeneration has 
also been approached from the perspective of the 
adipose stem cell. The Safford-led team uses a 
combination of butylated hydroxyanisole, potas-
sium chloride, valproic acid, forskolin, hydro-
cortisone, and insulin to obtain Schwann-like 
cells expressing the following markers: GFAP 
(fibril glial acid protein), MAP2 (microtubule-
associated protein 2) and Beta 2 tubulin (11). 
When specific growth factors such as PDGF 
(platelet-derived growth factor) or bFGF (fibro-
blast growth factor) were added, changes in cell 
morphology and expression of specific markers 
for the Schwann cell, S100, GFAP , P75, and 
Beta 3 tubulin (Kingham 2007 and diSumma 
2010) were observed. Several experimental mod-
els based on a peripheral nervous defect have 
been established in order to demonstrate the abil-
ity of nerve regeneration; the defect was resolved 
by the use of nerve ducts (natural or synthetic) to 
which adipose stem cells have been added. The 
results were contradictory, there being a possible 
interaction between the cells and the fabric of the 
duct. Another study, conducted by Lopatina et al., 
collects fat from the inguinal region of the rat, 
uses enzymatic digestion and induction towards 
nerve differentiation with retinoic acid; the 
model of injuries to which it applies is the crush-
ing and subsequent application of matrigel con-
taining culture cells; the study’s final analysis is 
based on the usage of peroneal functional index, 
histology, and PCR.  The study determines the 
expression of genes encoding certain enzymes, 
cytoskeleton proteins, laminar adhesion mol-
ecules, myelin components (Krox20 gene), con-
cluding that transplantation of adipose-derived 
stem cells stimulates nerve regeneration by two 

main means: angiogenesis (by VEGF, FGF), and 
brain-derived neurotrophic factor (BDNF) secre-
tion (12). This release of neurotrophic factors 
may act on the remaining Schwann cells (also 
activated by angiogenesis), causing a response 
supporting regeneration and nerve repair.

Adipose tissue has long been ignored by 
researchers, anatomists, and physicians, but over 
the last two decades we can say that it has under-
gone a transition from being a simple form of 
energy storage to an important endocrine organ 
that plays a role in metabolism and immunity. 
Naturally, the question that follows is why does 
adipose tissue have such a vast and important 
supply of pluripotent stem cells, what is its actual 
role?

38.2.4	 �Experimental Model

In order to evaluate the possible effects of the 
processed fat graft in the nerve regeneration 
process, we have developed an experimental 
model. The chosen study animal was the Wistar 
rat, a total of 10 animals were used. The nerve 
chosen for the experimental study was the 
sciatic nerve, due to its diameter correspond-
ing to a microsurgical suture and anatomical 
topography, a relatively easy dissection expo-
sure. In order to minimize the effect of other 
factors than the applied method, it was decided 
to use both sciatic nerves from the same ani-
mal, applying two different methods. In the 
right sciatic nerve, there was a microsurgical 
end-to-end neurorrhaphy, and in the left sci-
atic nerve, after the neurorrhaphy was com-
pleted in the same manner, the sutured nerve 
was wrapped around by a fragment of adipose 
tissue harvested from the inguinal region, due 
to the lack of donor site in the Wistar rat (an 
alternative would have been the peritoneum). 
Following incision and dissection in the ingui-
nal region, a fragment of fat tissue covering 
the femoral vessels was harvested by surgical 
excision (between 3 and 5  g). Further the tis-
sue was processed by washing with saline and 
centrifugation for 3  min at 3000 rotations per 
min (Fig. 38.1), obtaining the fat graft. A pre-
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established protocol was divided into three 
consecutive steps: stage 0 (day 0), when the 
microsurgical part was completed, stage 1 (day 
30), when the effects of applied and sampled 
methods from the first 5 animals were assessed 
and stage 2 (day 70), when the effects were 
evaluated again and samples from the last 5 ani-
mals were taken; all animals were subsequently 
euthanized. The tracking and quantification of 
the results was accomplished by two means: 
the evaluation of the motor response of the 
gastrocnemius muscle—distal and innervated 
by the sciatic nerve, while observing the evo-
lutionary diameter of this muscle via musculo-
skeletal ultrasound (13), as well as histological 
evaluation of the treated nerve fragment, along 
with a fragment of muscle distal to injuries. 
From the histological point of view, several 
types of staining methods were used: common 
(hematoxylin-eosin, Masson’s trichrome), his-
tochemical (Gordon-Sweet and Luxol Fast blue 
arginine impregnation), but also several immu-
nohistochemical (GFAP, NFAP, Prox1, AC133, 
OCT3 / 4, PGP 9.5, CD34, and MCT).

38.3	 �Results

The first analysis recorded was the ultrasound 
(Fig. 38.2), observing the diameter of the muscles 
corresponding to the injured nerve, quantify-
ing the atrophy and its regeneration. There was 

a better evolution in the left gastrocnemius mus-
cle, adjacent to the sural nerve treated by suture 
and addition of processed adipose tissue com-
pared to the right one; the recovered percentage 
difference is more significant in the first group 
(4 weeks). Subsequently, a comparison was made 
between the ultrasound and the histological eval-
uation, with statistically significant correlations 
(Table 38.1).

After that the morphological analysis of 
sutured nerve fragments and adjacent muscle 
was performed by hematoxylin-eosin staining, 
Masson’s trichrome, and argentic impregnation. 
The following conclusions have been drawn: adi-
pose tissue adhesion around neurorrhaphy had 
an antifibrotic and anti-inflammatory effect, the 
addition of minimally processed adipose tissue 
stimulates the growth of the Schwann cell prolif-
eration cone, it causes a hypervascularization of 
the microenvironment around the neurorrhaphy 
site, which could enhance normal nerve regen-
eration (Fig. 38.3).

The histochemical methods used demon-
strate the stimulation of not only the growth of 
the Schwann cell proliferation cone, but also 
the stimulation of the intraneuronal synthesis 
of neurofibrils that have previously invaded the 
Schwann cell guiding cone in the treated group, 
compared to the group untreated with adipose 
tissue. The morphological and histochemical 
studies of specimens harvested at 10 weeks dem-
onstrate the ability of self-adherence and fixation 

a b c

Fig. 38.1  The sciatic nerve exposed after the suture (a), the processed adipose tissue graft (b) and addition of the adi-
pose tissue graft after nerve suture (c)

V. Bloanca et al.
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of adipose tissue processed around the neurorrha-
phy site, having a possible impact on the surgical 
technique.

The following study theme consisted of the 
variability of GFAP (glial fibrillary acidic pro-
tein) and NFAP (neurofilament-associated pro-
tein) expression in nerve traumatic lesions. We 
observed a series of GFAP-positive cells situated 
between the nerve and the fat graft, emerging 
from the latest (Fig.  38.4). The GFAP reaction 
has reached its maximum at 4 weeks, unlike the 
NFAP reaction, which peaked at 10 weeks, but 
showing an incomplete process of nerve regen-
eration, needing yet a remodeling phase (14). 
Further, PGP 9.5 (protein gene product) expres-
sion was observed in the regenerated nerve. At 

10 weeks on the treated part, the density of the 
PGP 9.5 was higher than that on the contralateral 
part, probably induced by the presence of the fat 
graft with its adipose-derived stem cells.

There is currently no certified phenotypic 
assessment of the expression of certain markers 
specific to this stage of nerve regeneration and 
therefore there is also a lack of actual assessment 
of the events that are involved in the pathological 
regeneration of a nerve. A specific phenotype was 
detected: AC133 positive 3+, 3/4 +/−, and Prox1 
+/−, characterize the untreated group at 4 and at 
10 weeks. Instead, for the treated group, at week 
10, an Ac133 −, Prox1 3+ and Oct 3/4 + pheno-
type is identified, unlike week 4 for the treated 
group, where we noticed Ac133+, Prox1 with 3+ 

Fig. 38.2  The position of the rat (on the left) and ultra-
sound recording of the left gastrocnemius muscle diame-
ter. The ultrasound probe is positioned at a 90° angle on 

the left gastrocnemius muscle, on the right side we 
recorded the diameter of the muscle (red arrow)

Table 38.1  The table depicts the mean diameters of gastrocnemius muscle in dynamic (cm). The initial diameter of the 
gastrocnemius muscle in both hind limbs, before the nerve section is recorded in the first column, followed by the diam-
eter at 4 weeks, after treatment for the two groups and at 10 weeks. The final percentage shows an improvement in 
recovery for the treated side with fat grafting, much more visible at 4 weeks, comparing with 10 weeks (S1–S4 repre-
sents the first group, observed at 4 weeks; S5–S8 represents the second group, observed at 4 and 10 weeks)

Group Initial Week 4 Week 10 Difference Recovered percentage
I (S1–S4) Left 0.87 0.737 – 0.132 84.77%

Right 0.785 0.605 – 0.18 77.07%
II (S5–S8) Left 0.958 0.856 0.926 0.032 96%

Right 0.906 0.798 0.86 0.046 94%
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and Oct 3/4 with 3+. It has also been observed 
that nerve regeneration by addition of adipose 
tissue also influences the reactivity of satellite 
muscle cells, which tend to express a phenotype 
similar to those identified in the nerve repair cone 
but also perineural fat.

A special and interesting study consisted 
of assessing the presence and possible roles of 
mast cells in nerve regeneration. This was done 
by Luxol fast blue staining and mast cell trypt-

ase evaluation (MCT). The findings were the 
following: mast cells are directly involved in 
nerve regeneration, their number being stimu-
lated by adipose tissue addition; accumulation 
of mast cells compared to normal nervous tis-
sue has an early onset at 4 weeks after neuror-
rhaphy and progressively increases at 10 weeks; 
mast cells influence not only nerve regeneration 
but also the stimulation of muscle function, as 
evidenced by the statistically significant correla-

a b

c

Fig. 38.3  The neurocoaptation site at 4 weeks, with the presence of viable adipose tissue graft, using different stains 
((a), HE (b), Tricherome Masson and (c) silver impregnation)

V. Bloanca et al.
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tion found between the diameter of the gastroc-
nemius muscle and the number of mast cells in 
the group treated with addition of adipose tissue; 
the increase in the number of mast cells in the 
group treated by addition of adipose tissue at 10 
weeks—both inside the nerve fibers, as well as 
around the nerve, suggests that the adipose tissue 
is a source of mast cells with direct involvement 
in stimulating nerve regeneration.

Last but not least, the nerve angiogenesis 
process was evaluated in regeneration by CD34 
expression; it has been shown that vascular 
microdensity plays a major role in the regenera-
tion of the peripheral nerve and that peripheral 
nerve regeneration angiogenesis is independent 
of mast cell activation and activation of mast 
cell tryptase. This study demonstrated once 
more that the addition of adipose tissue proved 
to be effective in stimulating the nerve regen-
eration process, but mainly by its anti-inflam-
matory effect, obtained partly by inhibiting the 
subpopulation of mast cell that have this inflam-
matory effect.

38.4	 �Discussion

GFAP is not the most common marker used for 
nerve regeneration, but it represents the reactive 
Schwann cell. A recent study presented that the 
Schwann-like stem cells, derived from the adi-

pose tissue were positive for GFAP (15), this fact 
correlated with our own findings.

PGP 9.5 has a higher sensitivity in detecting 
tissues with neuroectodermal origin then neuron-
specific enolase. It was found to be useful for 
identifying mesenchymal cells in adipose tissue 
with differentiation to the neuronal line. Furno 
et  al. used in an experimental model the PGP 
9.5 expression and adipose tissue, they demon-
strated that the microenvironment created could 
determine differentiation of the adipose-derived 
mesenchymal stem cells into progenitor neuro-
nal cells, capable of expressing PGP 9.5, but also 
nestine and MAP 2 (16), corelating with our own 
findings. This is one of the few studies in which 
the expression of the PGP 9.5 is correlated with 
the adipose-derived stem cells, suggesting a role 
for the latest in stimulating the nerve regenera-
tion process. DiSumma evaluated the presence of 
PGP 9.5 in an experimental model, using fibrine, 
Schwann cells, and adipose-derived stem cells, 
he obtained the same degree of nerve regenera-
tion in two settings, one by using mesenchymal 
stem cells (medullary origin) and the other by 
using adipose tissue (17). A correlation between 
expression of PGP 9.5  in adipose tissue, corre-
spondent muscle, regenerative nerve, and ultra-
sound data could be a useful marker for assessing 
motor function recovery in patients with periph-
eral nerve injuries.

Stem cells play an important role in nerve 
regeneration, unfortunately, the phenotype of 
these cells is not characterized; paradoxically, not 
even markers for neural cells that are expressed 
in the early stages of development of the central 
and peripheral nervous system and are not used 
as markers for assessing cells with stem potential 
that appear early in the development of the central 
and peripheral nervous system. Of these markers, 
Prox1 and OCT3/4 appear early in the primitive 
neuroepithelium cells as well as in the neuroepi-
thelial cells of the neural ridge from which the 
peripheral nervous system, and implicitly the 
peripheral nerves, develop. The generic marker for 
cells with stem potential is AC133 (CD133), but 
its disadvantage is that it is not specific for stem 
cells with potential to differentiate into Schwann 
cells, useful in nerve regeneration. In contrast, 

Fig. 38.4  GFAP (glial fibrillary acidic protein)-positive 
cells between the nerve fibers and the adipose tissue, sug-
gesting an origin of new nerve components arising from 
the fat-grafted segment, possibly from the adipose-derived 
stem cells
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CD133 has proven to be a factor that potentiates 
peripheral nerve regeneration after injury through 
the ability of these cells to stimulate bridge for-
mation between the two nerve heads, most likely 
by differentiating them into Schwann cells (18). 
Regarding the phenotype that was detected in 
our study, especially in the fat graft surrounding 
the nerve coaptation site, one cannot release the 
hypothesis that the adipose-derived stem cells 
found can differentiate into nerve fibers, further 
research must clarify this.

In the peripheral nervous system, the implica-
tion of mast cells is currently linked to autoim-
mune diseases; it looks like mast cells from the 
nerve are strongly linked to neurotransmission 
changes and to inflammatory processes (19). 
The adipose tissue proved to be a good reservoir 
of mast cells, having a positive effect on nerve 
regeneration.

38.5	 �Clinical Application

Although several experimental models proved to 
be successful, fat grafting and nerve surgery are 
not used often in clinical practice. The reasons 
for this can be: a lack of protocol regarding tissue 
processing or manipulation, a lack of correct and 
precise indication towards nerve surgery, when 
this technique should be applied. So far, in the 
literature, the indication is scarcely used, most 
of the studies are conducted using an experimen-
tal model, one of the most common procedures 
that involves nerve conduits made from several 
materials filled with processed adipose tissue. In 
a recent study published by Zimmermann et al., 
they used fat grafting in combination with stro-
mal vascular fraction as an mechanical barrier 
in order to block the end-neuroma formation of 
a nerve stump; accordingly to our research, this 
proved to improve angiogenesis, reduce inflam-
mation and fibrosis, preventing the recurrence of 
a painful end-neuroma; although the addition of 
fat graft stimulates the growth cone of the axon, 
the regeneration process they described is a more 
organized one, the limitation of the study is the 
limited number of patients (20). Once again, the 

fat graft has been used for its mechanical effect, 
as well as for its rich content in adipose-derived 
stem cells. Our own experience is somewhat 
similar to those described in the literature. Most 
of the indications were for its mechanical prop-
erties. The recurrent carpal tunnel syndrome 
was the main indication, after several attempts 
of decompression; in most cases, we observed 
abundant scar tissue formation, around the nerve, 
necessitating neurolysis of the median nerve and 
further more application of fat graft in the car-
pal tunnel with improvement of the symptom-
atology and no further surgery being needed. 
Similar indications were after major trauma of 
the forearm and hand; in the second procedure 
when neurolysis and tenolysis were necessary, 
fat graft was applied, but again for its mechani-
cal properties, with excellent results. So far, one 
can say that there is reluctance towards using the 
fat-grafting technique in nerve surgery for clini-
cal purpose.

38.6	 �Conclusions

•	 Nerve regeneration is a multistep process that 
includes a series of particular cell and molecu-
lar events specific to this type of regeneration

•	 Adipose tissue addition around neurorrhaphy 
has multiple positive effects on this regenera-
tion, starting from its anti-inflammatory effect, 
stem cell source with differentiation potential 
for activated Schwann cells, to indirect action 
on the corresponding muscle.

•	 Stem cells involved in nerve regeneration have 
a versatile phenotype that varies depending on 
the time elapsed since neurorrhaphy and adi-
pose tissue addition.

•	 In the first 4 weeks, the regeneration by addi-
tion of adipose tissue is active, characterized 
by the persistence of the Schwann cell imma-
ture phenotype; the regeneration process is 
incomplete at 10  weeks, but unlike the first 
stage, the nerve maturation is predominant, a 
fact proven also by the diameter increase of 
the muscle in the adipose tissue treated group 
at 10 weeks.
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•	 Angiogenesis is mandatory in nerve regenera-
tion, being stimulated by adipose tissue addi-
tion; in addition to endothelial cells, mast cells 
play an important role in nerve regeneration, 
their number increasing in the adipose tissue 
group (which suggests that it can be a source 
of mast cells).

•	 The decrease of mast cell tryptase in the adi-
pose tissue group and in the second part of 
regeneration (weeks 5–10) supports the anti-
inflammatory effect. Most likely, the increase 
in the total number of mast cells is determined 
by their attractiveness through a range of fac-
tors secreted at the injury site, and their most 
likely role is to synthesize NGF, a fact that 
will later need to be proven, as it is not part of 
the scope of this study.

The chosen field of study proved to be surpris-
ing and abounding in results. It initiated the open-
ing of new horizons with regard to the research 
and improvement of peripheral nerve regenera-
tion, with possible direct implications in current 
clinical practice.
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