
Abstract. Aim: The aim of the study was to assess the effect
of autologous fat graft on nerve regeneration by means of
immunohistochemistry. Materials and Methods: The rat
sciatic nerve was used; complete transection followed by
primary neurorrhaphy was performed on both hind legs, on
the left side a processed fat graft was applied, surrounding
the nerve. Nerve biopsies were collected and
immunohistochemical procedures were performed for glial
fibrillary acidic protein (GFAP) and for neurofilament-
associated protein(NFAP). Results: At 4 weeks, GFAP-
positive cells were observed in the connective tissue formed
between the two nerve endings on the left side only. At 10
weeks, GFAP-positive structures were present and exhibited
a tendency to become linear on both sides, with an increased
density on the left. NFAP-positive expression was present in
the left treated limb with a disorganized pattern. Conclusion:
Adipose tissue led to the stimulation of GFAP-positive
Schwann cells, which could have a positive impact on nerve
regeneration in the clinical setting.

Peripheral nerve injuries are a challenge for both the surgeon
and the clinician, a challenge supported by the absence of
evaluation markers for post-traumatic healing. This challenge
is maintained due to the structural particularities and the
difficulties of peripheral nerve biopsy sampling following
surgical intervention. Currently, no serum marker that could
be used as an evaluation biomarker for nerve regeneration is
available; moreover; the correlation between motor
rehabilitation and the morphological sequences that form the

basis of this recovery have been very little studied and are
poorly understood, most of them being rarely reported in
experimental models of nerve regeneration.

Protein S100 is specific and able to identify mature
Schwann cells; neurofilament associated protein (NFAP) is
applied for the identification of intra-axonal intermediate
filaments. In the study of nerve regeneration, glial fibrillary
acidic protein (GFAP) seems to mark reactive Schwann cells
and is normally expressed only in the glial cells of the
central nervous system. Very few clinical data and case
reports are available regarding nerve regeneration tested
through usage of GFAP. In pathology, GFAP is expressed in
peripheral nerve sheath tumors (malignant schwannomas)
(1). Recent studies that used rat experimental models have
shown that differentiated Schwann-like stem cells from
adipose tissue (AdSC) were positive for GFAP expression.
Study of their morphological features have demonstrated that
these AdSC-derived GFAP-positive cells exhibited a bipolar,
tripolar and even multipolar structure, presented a single
layer growth pattern, but were characterized by a flattened
morphology, large dimensions and thin expansions (2). The
majority of these cells proved to be highly proliferative in
the aforementioned study, the percentage of such
differentiated cells from the adipose tissue was over 95% (3).
This study did not establish a correlation between the
percentage of Schwann-like GFAP-positive cells and muscle
volume restoration. Regarding this aspect, we considered the
utility of the evaluation of the presence as well as the
distribution of corresponding GFAP-positive cells in the
muscle, taking into account that such an evaluation has not
yet been reported in the scientific literature. 

NFAP marks intermediate filaments located in the inner part
of a severed axon, thus being useful in the evaluation of post-
injury nerve regeneration. This marker is not specific for
regenerated filaments, but does represent a useful tool in the
evaluation of nervous dynamic regeneration. The use of NFAP
was reported in several studies, and was regarded as a
quantitative marker for the rapidity of nerve regeneration in an
inflammatory context (4), but also as an immunohistochemical
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marker for nerve regeneration in different experimental models
concerning nerve gaps and the use of nerve conduits (5-7). We
did not find any literature studies referring to the quantification
of NFAP-positive filaments in regenerated nerves and in
corresponding muscle(s). 

Materials and Methods

Rat model. An experimental rat model was designed based on a group
of 10 Wistar rats. We organized the animals into two groups: a control
group of two animals and a treated group with eight animals
(designated S1-S8). In the treated group, a complete transection of
the sural nerve was performed on the left and right hind limbs of each
animal followed by direct neurorrhaphy alone of the right hind limb
and by direct neurorrhaphy and addition of processed fat tissue
around it for the left hind limb. Briefly, fat tissue was harvested from
inguinal area of the same rat, centrifuged 3 min at 1,008 × g, with
separation of three layers, from top to bottom: oil, processed fat and
the fluid portion. We used the processed fat to cover the left
neurorrhaphy. After 4 weeks, four animals were sacrificed and nerve
and adjoining muscle biopsies were collected. The other four animals
were sacrificed at 10 weeks from the beginning of the study, followed
by the collection of the right and left treated sural nerves, with the
respective gastrocnemius muscle. 

Tissue processing. The tissue specimens were fixed in 10% buffered
formalin for 24 h, followed by routine paraffin embedding. Three-
micrometer serial sections were prepared and one slide for each case
was stained with hematoxylin and eosin for histopathological
diagnosis. Corresponding slides for each case were immunostained
for GFAP and NFAP (Leica Microsystems, Wetzlar, Germany). All
immunohistochemical procedures were performed in a fully
automated manner by Bond Max System (Leica Microsystems,
Wetzlar, Germany).

Microscopic analysis, data and image acquisitions. Conventional
microscopy was performed for the interpretation of morphology and
immunohistochemical stained slides by an Axio Zoom Image A2
Research Microscope (Zeiss, Jena, Germany). Images were captured
using an AxioCam 506 Color attached to the microscope and
transferred to the computer for image analysis with ZEN program
kindly provided by Zeiss (Zeiss, Jena, Germany). 

Results

Control group. The animals of the control group exhibited
GFAP-positive structures characterized by a relatively
organized distribution, corresponding to the periaxonal
zones, related to the Schwann cells, but also NFAP-positive
structures with a continuous aspect, corresponding to the
neurite. In addition, at the muscular level, GFAP staining
showed isolated expression that was restricted to the areas
between the muscle fibers, presenting a discontinuous, dotted
aspect, strongly associated with the muscle fibers and a low
density of GFAP-positive structures (Figure 1a and b). NFAP
staining identified nerve threads present in an organized
layout amongst the muscle fibers (Figure 1c and d). 

Treated group at 4 weeks. For the right limb, the
neurorrhaphy zone presented a disruption of the GFAP-
positive cells and heterogeneous staining, GFAP-positive
structures were organized as notch-like structures
discontinuously located amongst the affected nerve fibers.
NFAP staining established the difference between the used
specimens as following: in the right limb of rat S1, we noted
the absence of the linear structures expressing NFAP,
observed in the control group. For the right limb of rat S2,
the proximal nerve ending contained rather elongated, linear
structures, while in the distal ending, NFAP-positive
structures exhibited a shorter length and marked
discontinuities between the positive fragments. For rat S4,
we identified the presence of NFAP-positive filaments
between the nerve endings in the right limb. The muscle
exhibited a similar density as that of the control group
containing GFAP-positive cells, but NFAP staining
highlighted the absence of filamentous structures at the level
of the endoneurium, with the maintenance of its expression
in the large nervous structures from the perineurium rat S1,
and rat S2 at the level of the nervous thread adjacent to the
muscle. NFAP expression was maintained and the linear
structures were relatively continuous; in the inner part of the
muscle, at the level of the endomysium, we did not identify
any NFAP-positive structures. The nerve exhibited an
increased density of GFAP-positive structures on the left
side, either with a dotted pattern or dispersed into large
groups. The density was higher in comparison to the control
group and presented the the tendency to accumulate at the
nerve endings. For the left limb of rat S1, GFAP-positive
structures were also present in the connective tissue formed
between the two nerve endings (Figure 2a). For rat S2, the
GFAP positive structures were unequal in dimensions in the
left limb, some being characterized by a linear pattern, others
having variable length and an increased density,
57/microscopic field (Figure 2b and c). At the muscular
level, we observed rare GFAP-positive structures, 1-
2/microscopic field in rat S1 and 20/microscopic field for rat
S2, localized inside the muscle and in the endoneurium.
These structures were persistent and presented a normal
distribution in the cross-sectioned nerve at the level of the
epimysium. The NFAP-positive linear structures were absent
from the neurorrhaphy zone. We detected dotted-like, NFAP-
positive structures with no obvious continuity between them,
19/microscopic field for rat S1; for rat S2, we identified
isolated NFAP-positive structures on longitudinal section and
NFAP-positive aggregates, 11 linear structures/microscopic
field. In the muscle, the density of NFAP-positive structures
was increased and presented structures with larger
dimensions in both the endomysium and in the epimysium,
5-7/microscopic field for rat S1. These structures were rarely
identified in the left limb of rat S2.
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Treated group at 10 weeks. At the nerve level, grouped
GFAP-positive structures were present in the right limb of
rat S5 and exhibited a tendency to become linear; the muscle
presented a high density of GFAP-positive structures in the
endomysium. 

GFAP reaction was positive and isolated in the nerve of
the right limb of rat S6, with a density that was similar to
that of the previously examined slides. However, its
expression was absent in the muscle. The positive reaction
for GFAP detected in the nerve was characterized by the
presence of discontinuous filaments, with increased
density and by differences in the intensity of expression.
Both the density and intensity of staining were weaker in
the neurorrhaphy zone. Rare NFAP-positive threads were

detected in the tissue that was interposed between the two
nerve endings. At the muscular level, NFAP expression
was positive but inconsistent and heterogeneously
distributed. GFAP reaction was present in the left limb of
rat S6 and was associated with an increased density but
intensity of the reaction was reduced at the nerve level.
The distribution observed at the muscular level was
predominantly at the periphery of the muscle, occurring as
large groups and amongst the muscle fibers. NFAP-
positive threads were present in the peri-nervous adipose
tissue and in the cross-sectioned nerve; the distribution
was similar in the muscle containing GFAP-positive cells
but we also noted the presence of NFAP-positive structures
amongst the fascicles. 
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Figure 1. The control group exhibited normal glial fibrillary acidic protein (GFAP)-positive reaction at the muscle (a, magnification ×100) and at
the nervous (b, magnification ×200) level. The features of neurofilament-associated protein (NFAP)-positive reaction are apparent at the muscular
(c, magnification ×100), and at the nervous (d, magnification ×200) level.



The left limb of rat S7 presented regeneration in the
neurorrhaphy zone, using reactions for both GFAP and NFAP.
These reactions were characterized as aberrant and
disorganized. We noted the presence of both horizontally and
vertically disposed neurofilaments (Figure 3). In the right limb
of rat S8, GFAP reaction was inconsistent and heterogeneous
at the nervous level. The expression was predominantly
peripheral at the muscular level. NFAP expression was low in
the studied nerve and the neurite presented discontinuities. In
the muscle, we observed 2-4 positive structures with a
peripheral distribution along with numerous nervous threads. 

In the left limb of rat S8, we found a positive reaction for
GFAP in the neurorrhaphy zone which presented a similar
density to that observed during the fourth week. However,
the intensity of the reaction was low. In comparison to the

proximal ending, the distal ending presented isolated nervous
structures. The proximal ending of the nerve was
characterized by the presence of a relatively organized and
continuous layer of GFAP-positive structures; in addition, we
noted that GFAP-positive structures located in the muscle
had a peripheral distribution. NFAP reaction was isolated,
dotted and presented an increased density in the tissue
located between the two nervous endings.

Discussion 

The treated tissue that was sampled at 4 weeks presented a
disorganized, positive reaction for GFAP, at the nervous level,
in the case of the sectioned nerve that was treated by means of
neurorrhaphy only (right side). At the level of the nerve treated
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Figure 2. Adipose tissue-treated group. The continuity between the two segments of the sutured nerve is apparent. Note the detailed positive reaction
for glial fibrillary acidic protein (GFAP) between the segments for the left limb of rat S1 (a, magnification ×400). Unequal dimensions and a
heterogeneous distribution of GFAP-positive structures can be seen at the nerve level between the right (b, magnification ×200) and left (c,
magnification ×200 ) sural nerve of rat S2. 



with addition of adipose tissue (left side), a positive reaction
was also observed between the sectioned endings. Unlike in
controls, the density of GFAP expression was increased, thus
suggesting the activity of Schwann cells following trauma, with
a pattern of disposition featuring groups or dots. NFAP reaction
highlighted an incomplete regeneration process through the
presence of discontinuous filaments. The treated group that was
sampled at 10 weeks presented approximately the same density
of GFAP reaction. However, the intensity was quite low,
especially on the left side, where the structures exhibited a
disrupted morphology and had the tendency to be organized and
become linear. In other words, the degree of Schwann cell
activation decreased (via modulation of the inflammatory
response through the addition of processed adipose tissue).
Regarding the regeneration process, the two endings presented

zones of continuity but the neurofilaments were not completely
organized, suggesting that the process was not yet defined at 10
weeks. We noted the existence of a previous remodeling stage.

These results represent the first microscopic aspects in
evaluation of the differential expression of combined GFAP/
NFAP reactions in the early stages of nerve regeneration.
The addition of adipose tissue led to the stimulation of
GFAP-positive Schwann cells, as evidenced through the
increase in the density and distribution of these cells.

Previous data regarding GFAP expression in reactive
Schwann cells demonstrated that GFAP plays a major role in
the re-innervation of the neuromuscular junction belonging
to the muscle fibers innervated by the degenerated nerve
after 13 days following injury (8). In the previously
mentioned study, conducted by Berg et al., GFAP was
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Figure 3. Adipose tissue-treated group. Regeneration is present but disorganized (a, magnification ×100). The process was made evident through
the use of staining for glial fibrillary acidic protein (b, magnification ×100) and neurofilament-associated protein(c, magnification ×100 ) of tissue
from the left limb of rat S7. 



analyzed along with vimentin, an aspect that does not have
any specificity from our point of view and has a limited
impact on the post-injury motor response. This fact was
admitted by the authors themselves as a limitation of their
study. However, GFAP remains a relatively specific marker
for the quantification of reactive Schwann cells in the
peripheral nervous system, its utility being increased through
its association with NFAP applied in our study. We consider
this association as a useful tool for the evaluation of both the
degree of nervous rehabilitation and the functionality of the
regenerated neurofilaments. Literature data are extremely
limited and heterogeneous regarding the GFAP-NFAP
tandem. Despite the fact that GFAP has been studied in
peripheral nerves since 1992 (9), the role of GFAP-positive
cells remains incompletely elucidated. Moreover, the
quantification of GFAP-positive Schwann cells following the
addition of fat tissue is even less well studied. In the
previous mentioned study by Nona et al. (9), the fact that
GFAP-positive Schwann cells are capable of appearing at
both endings of the severed nerve was been demonstrated.
This partially contradicts the current data regarding the
histology of nerve regeneration.

Reactive GFAP-positive Schwann cells have been studied
along their associated microenvironment in order to observe
the possible influences on microenvironmental factors on
Schwann cell reactivation and their ability to express GFAP.
As examples of such research studies that refer to the
microenvironmental influence, Knoops et al. used fibrin and
fibronectin as support material for the regeneration of the
peripheral nerve. This material seemed to stimulate peripheral
nerve regeneration through stimulation of numerical growth
of GFAP-positive cells (10). It seems that the induction of
GFAP expression in reactive Schwann cells is mandatory for
peripheral nerve regeneration. However, the molecular
aspects and the factors that influence this process are
incompletely understood. Amongst the factors that are
implicated in this phenomenon, IL6 plays an important role
in the signal transducer and activator of transcription 3
(STAT3)-mediated induction of GFAP expression (11).
Recently, Li et al. published indirect data demonstrating an
increase of serum IL6 level following human AdSC addition in
a murine experimental model of autoimmune encephalomyelitis
(12). The same study stated that transplantation of human
AdSCs positively influenced the histological and functional
changes of the affected nerves and reduced the inflammatory
infiltrate and the level of demyelination. The results obtained
by Li et al. partially overlap our data. In our study, the addition
of fat tissue was followed by changes in the amount of
perineural inflammatory infiltrate, starting with a decrease up
to complete disappearance. These phenomena were
accompanied by histological aspects of accelerated
regeneration in the nerve that was treated with processed
adipose tissue.

The IL6–STAT3 tandem that characterized the
microenvironment induced by the adipose tissue addition
mentioned above may also be affected by physical exercise, as
mentioned by Ashour and collaborators (13). Ashour et al.
demonstrated that IL6 and STAT3 overexpression increased
nervous regeneration in the peripheral nerve through an
increase of the nervous function and nervous velocity,
histologically certifying stimulation of myelination. In addition,
an increase in the number of nervous filaments was reported.

Our results are in concordance with these data that
consider the indirect effects of fat tissue addition on muscle
volume, confirmed by means of muscle ultrasonography. The
particularity of our study, that may be regarded as an original
finding was that of reporting that the dynamic variability of
GFAP at 4 and at 10 weeks post-injury correlated with the
addition of adipose tissue. This aspect has not yet been
reported in literature to our knowledge, nor has the
variability in GFAP expression in tandem with NFAP.

NFAP expression in the regenerated nerve has been
somewhat more intensely studied compared to that of GFAP,
especially in models that associate the addition of tubular
structures as a guiding method for nervous regeneration (7).
Variability in NFAP expression in peripheral nerve regeneration
has been little explored, as a paradox of the evaluation of
nervous regeneration. Similarly to our study, Carriel et al.
observed that NFAP expression intensity in the regenerated
nerve was much lower in comparison to the normal nerve (14).
Most studies make use of growth-associated protein 43 (GAP-
43), which, in their opinion, is more specific for newly formed
axons that do not yet express neurofilaments. Based on these
data and on our observations, we may state that NFAP-positive
neurofilaments were observed late. This denotes the fact that
at 10 weeks after surgical injury, neurofilaments are mature and
may partially sustain motor activity. The divergent GFAP and
NFAP expression at 4 and 10 weeks reported in our study may
also be considered an element of originality. Regarding this
divergent expression, Triolo et al. noted that the disappearance
or the absence of GFAP is balanced by the appearence of
intermediate vimentin filaments and neurofilaments in the
regenerated axon (15). The mechanisms through which this
variability occurs are not yet fully understood and even less
reported in the case of adipose tissue addition. 

The GFAP reaction was at a maximum level at 4 weeks
after injury. A decrease in the number and intensity of GFAP-
positive cells at 10 weeks was noted. The number of nervous
threads increased at 10 weeks. The regeneration of the nervous
threads appears to be chaotic at 10 weeks. Is this a remodeling
process? The regeneration phenomenon is incomplete.

Differential assessment in early (4 weeks) and late (10
weeks) stages of nerve regeneration may improve the
understanding of microscopic changes responsible for
incomplete nerve regeneration as an answer for several
controversies from the literature. 
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Based on our findings, we conclude that nerve
regeneration is a multistep process, with time-dependent
differential ability of reactive Schwann cells and neurons to
recover. Reactive Schwann cells have the highest
involvement in the early stages of nerve regeneration, while
neuronal component recovery appears later and is
predominant in the late stages of nerve regeneration. This
may influence the future cellular and functional steps of
nerve regeneration, explaining, in part, the heterogeneity of
nerve regeneration after injury. 
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