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In vitro predegeneration of peripheral nerve; the effect of
predegeneration period on rat Schwann cell cultures
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Abstract. Peripheral nerve predegeneration has been used as
a tool to improve the in vitro cultivation of Schwann cells. The
process of predegeneration may be accomplished either in vivo
or in vitro. In previously published studies, various predegen-
eration periods were used, ranging from a few days until up to
5 weeks. The present study systematically evaluated the effect
of various durations of in vitro predegeneration on the effi-
cacy of Schwann cell cultivation. The sciatic nerves of adult
Wistar rats were harvested and the explanted nerve pieces
were maintained in the predegeneration medium for different
predegeneration periods. In group A, the dissociation was
performed immediately after harvesting. In groups B, C and D,
the predegeneration periods were 2, 4 and 6 weeks, respec-
tively. During the predegeneration period, the tissue pieces
were repeatedly transferred into new dishes. Afterwards, the
nerve tissue was enzymatically dissociated and the cells were
seeded onto a six-well culture plate at a defined density. After
3-4 days of incubation, the cultures were passaged by means
of the cold jet technique and the cell cultivation was continued
for another 21 days. It was observed that the cell cultures in
groups A and B were rapidly overgrown by fibroblasts. In
group C, numerous wells contained a highly enriched Schwann
cell population that had formed a typical monolayer, but in a
fraction of the dishes, cultures were debased by fibroblast over-
growth. In group D, all of the cultures had enriched Schwann
cell populations. In the experiments of the present study, the
positive effect of predegeneration was observed only when the
predegeneration periods lasted for 4 weeks or longer. It was
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concluded that the longer predegeneration periods activated
Schwann cells and/or depleted the fibroblast proliferation
capacity.

Introduction

Peripheral nerve lesions represent a serious problem in trau-
matic injuries (1,2). Current strategies to repair the transected
peripheral nerve are limited to end-to-end coaptation or
autologous nerve grafting, if there are long nerve gaps after
devastating injuries (3). Autologous nerve bridges are the
most effective method for repairing nerve gaps. However, the
use of this method is limited by additional morbidity and by
restricted nerve resources. To address this issue, numerous
synthetic and natural biomaterials have been tested to function
as artificial nerve conduits for regrowing axons (4-6). Several
experimental studies have demonstrated that the regeneration
of artificial guidance channels is enhanced when the channel
is seeded with Schwann cells (SCs) (7,8). SCs appear to have
a crucial role in the process of nerve regeneration (9). The
regenerating axons do not grow through longer acellular nerve
grafts if SC migration is impeded (10).

After nerve injury in adult mammals, Wallerian degen-
eration occurs at the distal end of the transected peripheral
nerve (11). SCs depleted of their axon counterpart revert
back to a non-differentiated, proliferative phenotype, become
activated and start to multiply (12). This injury-induced cell
plasticity has been proposed to be a transdifferentiation that
generates a specialized repair cell, also termed a Biingner cell,
which may be distinguished from the SCs present in the devel-
oping nerve. It has been proposed that these repair cells guide
the regrowth of the injured axons and eventually remyelinate
them to facilitate functional recovery of the regenerated nerve
fibers.

In vitro, it is possible to generate high quantities of SCs
from peripheral nerves of newborn rats (13,14). However, the
purification and enrichment of SCs from adult tissues is much
more challenging. Several methods to isolate SCs from adult
mammalian nerves have been reported. Most of the proto-
cols published use a predegeneration step that enhances the
effectivity of cultivation (15-20). The process of predegenera-
tion appears to activate the proliferative abilities of SCs and
diminish the number of fibroblasts by their migration out of the
connective tissues during the predegeneration phase. However,
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different protocols use various lengths of predegeneration
that vary from 1 week to 4-5 weeks and the optimal time has
remained to be determined. In order to address this question,
the present study systematically assessed the effect of different
predegeneration periods on SC yield in culture.

Materials and methods

Animals. A total of 8 adult female Wistar rats (body weight,
200-250 g; age, 12-16 weeks) were used in the present study
(Velaz Ltd., Czechia, Prague). The animals were divided into
four groups with different lengths of predegeneration periods.
In group A (n=2), nerves were dissociated immediately after
harvesting. The in vitro predegeneration period prior to disso-
ciation lasted for 2 weeks in group B (n=2), 4 weeks in group C
(n=2) and 6 weeks in group D (n=2).

Peripheral nerve tissue harvesting. Animals were deeply
anesthetized by isoflurane inhalation and killed by cervical
dislocation. The skin of the hindlimbs was shaved and
disinfected. Under sterile conditions, sciatic nerves on each
side were removed and transferred into a Petri dish with
Dulbecco's modified Eagle's medium (DMEM; BioSera,
Shanghai, China) with antibiotics (ATB; 100 U/ml penicillin
and 100 ug/ml streptomycin; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany). Under the operating microscope, the
epineurium was removed and the sciatic nerves were weighed.
The nerves were then placed into a Petri dish with fresh culti-
vation medium and cut into pieces of 1-2 mm in length. Pieces
from a pair of nerves were collected and placed in one well of
a 6-well culture plate.

In vitro predegeneration. Nerve explants were cultivated at
37°C and 5% CO,in a predegeneration medium [SC medium
(SCM)] according to Haastert-Talini (21), which contained
melanocyte growth medium (PromoCell, Heidelberg,
Germany) supplemented with 10% fetal bovine serum
(Sigma-Aldrich; Merck KGaA), ATB, 10 ng/ml fibroblast
growth factor 2 (Sigma-Aldrich; Merck KGaA), 2 uM forskolin
(Sigma-Aldrich; Merck KGaA) and 5 pg/ml bovine pituitary
extract (Sigma-Aldrich; Merck KGaA). The medium was
changed twice a week. Nerve fragments were transferred into
a new well after 6 or 7 days, when the migrating fibroblasts
had formed a near-confluent layer of cells around the nerve
fragments.

Dissociation and primary plating. The nerve fragments were
dissociated either immediately after harvesting (group A) or
after the predegeneration periods (groups B-D).

Nerve fragments were placed into test tubes with DMEM
containing 0,125% collagenase I (Sigma-Aldrich; Merck
KGaA) and 1,25 U/ml dispase (Roche Diagnostics, Basel,
Switzerland) for enzymatic digestion. They were incubated
for 24 h and then mechanically triturated with micropipette,
and the cell suspension was filtrated into a test tube through
a 40-um cell strainer. The test tubes were then centrifuged at
235 x g for 6 min, 20°C. The supernatant was removed, the
pellet was resuspended with fresh medium and the process of
centrifugation-resuspension was repeated once more. Cells in
the suspension were counted and seeded into 6-well culture
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plates, at ~1 milion cells per well (5-7 wells from each animal).
The wells were coated with laminin (6 pg/ml; Sigma-Aldrich;
Merck KGaA) and poly-L-ortnithine hydrobromide (1 mg/ml;
Sigma-Aldrich; Merck KGaA) for better adherence of SCs.
Initially, cells were cultivated in SCM with addition of 1%
bovine serum albumin (BSA; Sigma-Aldrich; Merck KGaA)
for 24 h. Subsequently, the medium was replaced with SCM
without BSA. The medium was changed every second day.
When the proliferating cells reached counflency (days 3-4),
the SC population was enriched by means of the cold jet (CJ)
technique (17,21).

The SCM was removed from the wells and ice-cold PBS
was slowly added and aspirated 2 times to cool down the
culture and loosen SCs that grow on top of the fibroblasts.
Subsequently, ice-cold SCM was added in a moderate stream
to detach SCs. This process was repeated once more if the
SCs were not detached after the first flush with SCM. During
this process, the culture was examined under the microscope
in order to make sure that fibroblasts were still attached to the
surface of the well and SCs were floating in the medium. The
SCM containing the suspended SCs was removed, added to
a test tube and centrifuged (at a speed of 235 x g for 6 min
at 20°C. The supernatant was removed and the pellet was
resuspended with fresh SCM. The cells were then seeded onto
a new coated well and the SCM was changed every second
day. When the proliferating cells in culture achieved conflu-
ency (20 days), imunocytochemical staining was performed in
order to distinguish SCs from other cells.

Immunocytochemistry. After removal of the medium, 4%
paraformaldehyde in 0.1 PBS was added to fix the cells at
4°C for 30 min. The paraformaldehyde was then removed and
wells were washed with 0,1 M PBS twice.

A solution of 0,1 M PBS with 0,2% Triton-X-100
(Sigma-Aldrich; Merck KGaA) and 10% normal goat serum
(NGS; Sigma-Aldrich; Merck KGaA) was added for blocking
non-specific protein reactions. Cultures were incubated for
1 h at room temperature. The solution was then removed and
substituted by a solution of the primary antibody S100 (dilu-
tion, 1:1,000; Sigma-Aldrich; Merck KgaA; cat. no. Z0311) in
0,1 M PBS with 0,2% Triton-X-100 and 1% NGS. After over-
night incubation at 4°C, the solution was removed and the wells
were rinsed with PBS, followed by incubation with secondary
antibody (fluorescein isothiocyanate-conjugated anti-rabbit
immunoglobulin G; dilution, 3:1,000; DAKO, Glostrup,
Denmark; cat. no. F0382) and DAPI (dilution, 1 u1:10 ml;
Sigma-Aldrich; Merck KGaA, D9542) in 0,1 M PBS with
0,2% Triton-X-100 and 1% NGS in the dark for 1 h at 20°C.
Subsequently, the samples were washed with distilled water,
the wells were left to dry for 2 h at room temperature and cells
then were embedded with Mowiol (Sigma-Aldrich; Merck
KgaA; cat. no. 81381) and mounted with coverslips. Prior to
observation, the stained wells were kept in a refrigerator.

Cell counting. Immediately after dissociation, the cell
suspension was sampled and the concentration of cells was
determined by counting in a Burker chamber.

At the end of cultivation, the cell cultures were fixed and
immunostained. The number of total cells and the number of
SCs were determined by counting DAPI-positive nuclei and
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S100-positive cells in ten random fields per well (magnifica-
tion, x10) in three different wells per animal. Counting was
performed using ImageJ software, version 1.51q (National
Institutes of Health, Bethesda, MD, USA).

Statistical analysis. All quantitative data are expressed as
the mean + standard error of the mean. Statistical differences
between groups without predegeneration (group A) and groups
with predegeneration (groups B, C and D) were evaluated by
one-way analysis of variance with post-hoc Bonferroni and
Holm multiple comparisons. Calculations were made using
Microsoft Excel (Microsoft Corp., Redmond, WA, USA),
Online Web Statistical Calculators (www.astatsa.com) and
the GraphPad online application QuickCalcs (https:/www
.graphpad.com/quickcalcs/). P<0.05 was considered to indi-
cate a statistically significant difference.

Results

General observation.During the predegeneration period, fibro-
blasts migrated out of the cut ends of nerve fragments (Fig. 1).
Migration of fibroblasts was high during the first two weeks of
in vitro predegeneration. The flattened cells were attached to
the plastic and within one week, they formed a near-confluent
layer. After repeated transfers of nerve fragments, the number
of fibroblasts decreased. In addition, numerous clusters of
small spherical cells appeared around nerve fragments. These
cells were not adherent to the surface, but floated freely in the
medium. Apparently, with prolonged in vitro predegeneration,
the number of the migrating fibroblasts further decreased and
the number of the aggregates of spherical cells in the medium
increased. These spherical cells were SCs.

Group A. The nerve fragments were dissociated immediately
after their isolation. After incubation, the cells adhered to the
bottom of the dish and started to proliferate (Fig. 2). Within
3-4 days, the culture achieved confluency. Based on their
morphology, most of the cells were fibroblasts and only few
spindle-like SCs grew on the top of them. It was attempted
to achieve SC enrichment by CJ application; however, it was
not possible to completely remove the fibroblasts and the
newly passaged cultures were again rapidly overgrown by the
contaminating fibroblasts. During this process, it was obvious
that the proliferation of SCs was halted when the number of
fibroblasts prevailed in the growing culture (Fig. 3).

Group B. After 2 weeks of in vitro predegeneration, the time
course of cellular proliferation in the culture was similar to that
in group A. After dissociation and seeding, the predominant
cell type were fibroblasts that rapidly outgrew the minority of
SCs in the culture. However, within the first days in culture,
the number of SCs appeared to be higher than that in group A.
However, during the cultivation, fibroblasts overgrew in the
culture (Fig. 4) and the CJ application had only a minimal
effect on this process.

Group C. After 4 weeks of predegeneration, the early cultures
contained SCs and fibroblasts, but it appeared that most of the
cells had an SC-like morphology. After prolonged cultiva-
tion, the cultures developed into two types: Type 1 formed
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Figure 1. In vitro predegenerated nerve explant (dark structure) after 7 days in
culture (scale bar, 500 ym) in group A. Outgrowing fibroblasts were attached
to the surface and formed a near-confluent monolayer.

2 .
III:IIIE

Figure 2. Cells from group D after dissociation growing on culture plates
coated with laminin and poly-L-ortnithine hydrobromide (scale bar,
100 um). After 4 days of culture, the adhered cells displayed a bi- or tripolar
morphology with bright oval soma typical for Schwann cells (black arrow),
or a flattened polymorphic shape characteristic of fibroblasts (white arrow).

a near-homogeneous population of SCs with a minority of
scattered fibroblasts (Fig. 5) and in type 2, large areas of
near-homogeneous fibroblast populations intermingled with
smaller islets of proliferating SCs (Fig. 6).

Group D. The nerve fragments were predegenerated for
6 weeks. After dissociation, the cultures contained mostly
SCs with only few fibroblasts. When the proliferating cells
achieved confluency, they contained an almost homogeneous
population of SCs and the monolayers of paralelly arranged
SCs had formed typical waves (Fig. 7). Only in certain dishes,
among the monolayer of SCs, small islands of homogeneous
fibroblast populations were observed, particularly in the areas
where the density of SCs was low.

Quantification. Cell counts after dissociation are presented in
Fig. 8. The yield of cells was expressed as a number of cells
per mg of wet weight of nerve after epineurium removal.
Compared to the control (group A), the predegeneration
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100um

Figure 3. Group A. Debased cell culture after 2 weeks (scale bar, 100 ym).
The fibroblasts prevailed and only a few cells with typical Schwann cell-like
morphology (arrows) were observed.

100um

Figure 4. Group B. Debased cell culture after 2 weeks (scale bar, 100 pm).
Fibroblasts formed a dense monolayer and Schwann cells were eliminated
from the culture.

appeared to increase the number of dissociated cells, but the
intergroup differences were relatively modest. Statisical anal-
ysis indicated significant differences between groups A and B
and also between groups A and D.

In immunostained cultures, the spindle-shaped cells were
S100-positive (Fig. 9. The cell counts in the final cultures are
presented in Fig. 10. In groups A and B, the SCs were essen-
tially absent, and the cell numbers are therefore presented for
groups C and D only.

Discussion

The predegenerated peripheral nerves form an environ-
ment that is supportive of axonal growth in the regenerating
peripheral nerves and even in the central nervous system,
as demonstarted by David and Aguayo (22). More recently,
a concept of artificial SC-filled guidance channels has been
proposed as a promising tool for bridging peripheral nerve
defects (6,23,24). For this purpose, production of highly
enriched adult SC cultures is required. It has been reported
that it is possible to obtain high quantities of enriched SCs

599

Figure 5. Group C. Cell culture after 21 days (scale bar, 100 xm). Most of the
cells display a Schwann cell-like morphology. Only a few fibroblasts were
observed (arrows).

Figure 6. Group C. The cultured cells were fixed and immunostained after
21 days (scale bar, 100 gm). S100 (green) -immunopositive cytoplasm is
present in cells with Schwann cell-like morphology. Nuclear staining was
performed with DAPI (blue).

from peripheral nerves of newborn rats (13,25). However,
the purification and enrichment of SCs from adult peripheral
nerve tissue is much more challenging. The problems asso-
ciated with adult SC cultivation include i) the low yield of
viable cells from the nerve tissue, ii) their poor proliferation
capacity and iii) progressive overgrowth by the contaminating
fibroblasts.

A study published by Kaewkhaw et al (26) appears to
solve these problems by using a special medium containing
D-valine. However, in all previosly used protocols, prede-
generation of peripheral nerves is utilized (15,18-20). The
present study was based on the predegeneration protocol by
Morissey et al (15) and its later modifications. The reasons for
this decision were twofold: i) Problems with the availability of
the medium (DMEM with D-valine) at the time of the experi-
ments and ii) in the past, the predegeneration protocols were
repeatedly used for producing SCs for transplantation experi-
ments. It was documented that, even after several passages,
the cultivated SCs maintain their ability to myelinize the
regenerating axons. The known conditions were used in order



600

I\

100um

Figure 7. Group D. Proliferating Schwann cells after 14 days in culture form a
monolayer (scale bar, 100 pm). Cells displayed a tendency to parallelize their
processeses in the same direction and form typical waves-like structures.
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Figure 8. Numbers of cells after dissociation obtained from 1 mg of tissue.
Group A (no predegeneration) served as a control and was compared with
groups B-D. *P<0.05 vs. group A.

to ensure that functional SCs were obtained in the subsequent
transplantation experiments.

The predegeneration brings SCs into a mitotically activated
state and enriches the cultures in favor of SCs as compared
to fibroblasts. Initially, predegeneration in vivo was tested by
transecting the peripheral nerve and leaving it in vivo for up to
21 days prior to harvesting and subsequent dissociation (19).
From a clinical perspective, the in vivo predegeneration is
questionable, as it requires two consequent surgical interven-
tions. In addition, the degenerating nerves are also colonized
by non-glial cells, particularly activated macrophages that
may interfere with the subsequent cultivation. For these
reasons, it is advisable to use in vitro predegeneration, which
imitates Wallerian degeneration under controlled conditions.
In previous studies, various durations of predegeneration have
been used, varying between 1 and 5 weeks (12,15,27,28). In an
original study by Morrissey et al (15), a long predegeneration
time (4-5 weeks) was advised. However, several other studies
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Figure 9. Group D. Immunostained Schwann cell culture after 21 days (scale
bar, 100 ym). Green color, S100 immunostaining; blue color, DAPI.
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Figure 10. Quantified numbers of cells after 21 days of cultivation.
Comparison of the total number of cells vs. the number of SCs in groups C
and D. SCs, Schwann cells.

have used much shorter predegeneration periods (18-20,28).
Kraus er al (27) have assessed the effect of different prede-
generation times on the cell count and purity of SC cultures.
They performed predegeneration for 2, 7 and 14 days, and
reported the highest SCs counts after 7 days of predegenera-
tion. Similar results have been reported by Niapour et al (12)
in a study with canine SCs. The initial experiments on SC
cultivation in our group used shorter predegeneration times
(up to 2 weeks), but resulted in rapid debasement of the
culture by proliferating fibroblasts. It was therefore decided to
systematically assess the effect of different predegeneration
times on the quality of SC cultures.

In the present study, minimal differences were observed
between the cultures prepared immediately after harvesting
and after 2 weeks of predegeneration. In those cases, the
cultures were rapidly overgrown by fibroblasts. In experi-
mental groups A and B, the initial number of SCs, as identified
by their typical morphology, was low. In addition, the rapidly
growing population of fibroblasts had a detrimental effect on
the proliferation of the SC population and thus, the SCs were
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almost completely eliminated from the cultures at the end of
the cultivation period. In group C, the cultures contained either
a highly enriched population of SCs, or in certain wells, the
fibroblast population prevailed. In group D, all of the wells
contained cultures highly enriched with SCs.

These results indicate a gradual improvement of SC
purity associated with long-term predegeneration. It is known
that denervated SCs produce and secrete large amounts of
neurotrophic factors after nerve injury (29). Upregulation of
neurotrophic factors and their receptors may contribute to
the proliferation of SCs during Wallerian degeneration, and
also in primary cultures of pre-activated SCs. After transec-
tion of the peripheral nerve, marked changes in the levels of
tumor necrosis factor (TNF)-a, interferon y and interleukin-1
have been described after 7,14 and 35 days (30). Interleukin-1
enhances fibroblast growth (31) and tumor necrosis factor a is
a chemotactic agent for fibroblasts (32).

In the developing in vitro cultures in the present study,
these two populations (fibroblasts and SCs) were influ-
encing each other during the proliferation phase. When
the fibroblasts prevailed, they had a tendency to form a
monolayer and almost completely eliminate SCs from the
culture. When the SCs prevailed, they proliferated rapidly
and formed a near-pure culture that was intermingled with
solitary fibroblasts. However, with prolonged cultivation, the
number of fibroblasts in the SC culture slowly increased.
For this reason, in the 21 day-old cultures of the present
study, the percentage of SCs (54,02% in group C and
61,95% in group D) was lower than that reported in previous
studies (12,15,17-19,21,26,27).

The present results are consistent with those reported by
Morissey et al (15), who recommend 4-5 weeks of predegen-
eration and appear to contradict the previous observations
indicating that the predegeneration periods of >7 days are
associated with worse cell counts and purity of the final
culture (26). This difference may be influenced by the fact that
animals older than 3 months were used in the present study. It
is known that in newborn animals, the process of Wallerian
degeneration is faster (33) and that the recovery of the tran-
sected nerves is slower in older animals (34).

In conclusion, the major result of the present study is that
when preparing pimary SC cultures from adult rats, long prede-
generation periods are critical in order to produce enriched SC
cultures. In our hands, the prolonged predegeneration only
modestly improved cell yields after dissociation. It may thus
be hypothesized that the prolonged predegeneration minimizes
the proliferation activity of fibroblasts in favor of SCs.

The primary goal of the present study was to produce a
population of cultured SCs that may be further used for auto-
transplantation studies. While this has been achieved, it was
also revealed that the populations of cultivated SCs undego
dynamic changes. In further studies, the proliferation index
of the SCs in culture will be assessed and optimal periods of
cultivation with respect to the purity of the SC population will
be determined.
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