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We herein developed a protocol for the rapid procurement of adult nerve-derived Schwann cells (SCs) 
that was optimized to implement an immediate enzymatic dissociation of fresh nerve tissue while 
maintaining high cell viability, improving yields and minimizing fibroblast and myelin contamination. 
This protocol introduces: (1) an efficient method for enzymatic cell release immediately after removal 
of the epineurium and extensive teasing of the nerve fibers; (2) an adaptable drop-plating method 
for selective cell attachment, removal of myelin debris, and expansion of the initial SC population in 
chemically defined medium; (3) a magnetic-activated cell sorting purification protocol for rapid and 
effective fibroblast elimination; and (4) an optional step of cryopreservation for the storage of the 
excess of cells. Highly proliferative SC cultures devoid of myelin and fibroblast growth were obtained 
within three days of nerve processing. Characterization of the initial, expanded, and cryopreserved cell 
products confirmed maintenance of SC identity, viability and growth rates throughout the process. 
Most importantly, SCs retained their sensitivity to mitogens and potential for differentiation even after 
cryopreservation. To conclude, this easy-to-implement and clinically relevant protocol allows for the 
preparation of expandable homogeneous SC cultures while minimizing time, manipulation of the cells, 
and exposure to culture variables.

A vast literature on cultured Schwann cells (SCs) has been available since the mid-1970s, when it was discovered 
that SCs could be isolated from neurons and grown independently of the trophic support provided by their asso-
ciation with axons1. Several methods are currently available for the culturing of embryonic, postnatal, and adult 
SCs. Essentially, these methods differ in the type and age of the tissue used as starting material, the inclusion of a 
pre-degeneration step, and the purification system used to eliminate contaminating fibroblasts2,3. To date, most 
published protocols have relied on the use of postnatal sciatic nerve and embryonic dorsal root ganglion explants 
as sources of SCs, due to the advantage they provide for effective enzymatic dissociation and establishment of 
purified expandable cultures. Early postnatal nerves are not only essentially devoid of myelin4, but also exhibit 
immature connective tissue layers that both facilitate enzymatic dissociation and reduce the load of contami-
nating cells5,6. In addition, postnatal SCs exhibit a significantly higher proliferation rate than adult cells cultured 
under similar conditions7,8.

The culturing of adult nerve-derived SCs is much more labor intensive, as some hard-to-overcome technical 
hurdles during the steps of nerve processing and cell purification can limit the efficient isolation of viable SCs. 
Two important challenges faced when using adult nerves as a source of SCs include the difficulty in separat-
ing nerve cells from the myelin debris and the existence of fully developed endo-, peri- and epineurial sheaths 
enriched in connective tissue that hinder activity of proteolytic enzymes. Typically, the digestion of the tissue 
and removal of the myelin requires a prolonged incubation period with digestion enzymes, severe mechanical 
disintegration, and/or additional steps for myelin purification, which altogether compromises the recovery and 
viability of primary cell suspensions.
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It has been shown that these hurdles can be overcome at least in part by introducing a step of in vitro or  
in vivo pre-degeneration of the nerve tissue prior to enzymatic treatment. This step, which is intended to allow 
Wallerian degeneration to take place while concomitantly allowing SC dedifferentiation, proliferation and myelin 
degradation, has been shown to increase both the viability and yields of SCs obtained from adult nerves6,9–14. It 
has also been argued that in vitro pre-degeneration of adherent nerve tissue explants promotes the outgrowth of 
fibroblasts and contributes to reduce fibroblast contamination in the initial populations11. However, the require-
ment of a pre-degeneration step not only delays release of the nerve cells but also exposes them to potentially 
deleterious conditions such as prolonged hypoxia.The goal of this study was therefore to develop a culture method 
that would efficiently procure primary adult nerve-derived SC populations while skipping the pre-degeneration 
phase. Reported here is a step-by-step protocol for the immediate dissociation of adult rat sciatic nerve tissue that 
consists of a series of versatile and easy-to-implement steps during nerve processing, cell plating, myelin removal, 
and SC enrichment. This protocol allowed us to harvest highly viable and purified SC populations as early as 
3 days post-digestion. These SCs could be used directly in experimentation, expanded in number if necessary, 
purified of contaminating cells by magnetic cell sorting, and/or cryopreserved for long-term use. We confirmed 
that the myelin-free SC populations that are derived through this method are highly proliferative and retain their 
native phenotype and potential for differentiation. We also showed that critical steps in this process could be val-
idated using cultures of rodent postnatal nerves. Overall, our studies support the feasibility to obtain substantial 
numbers of adult nerve-derived, purified SCs with minimal manipulation. We anticipate that, with minor modi-
fications, this method can be adapted for use with a variety of nerve sources, species and stages of differentiation.

Results

Immediate enzymatic dissociation of adult rat sciatic nerve: nerve tissue processing, enzy-
matic treatment, and cell plating. Methods to isolate SCs from adult nerves traditionally involve an  
in vivo or in vitro pre-degeneration step, based on the need to facilitate myelin clearance prior to enzymatic disso-
ciation11. To avoid this typically lengthy phase, we herein implemented a series of measures to promptly dissociate 
the nerve fibers, remove the myelin debris, and recover highly viable populations of adherent cells.

The overall procedure is illustrated in Fig. 1, which depicts the most relevant steps required for nerve process-
ing, enzymatic dissociation, and cell plating using the nerve material from one adult female Sprague Dawley rat. 
First, both sciatic nerves were harvested under aseptic conditions and stripped off their associated adipose and 
muscular tissue using fine forceps (Fig. 1a,b). Subsequently, the outermost connective tissue layer, the epineu-
rium, was removed as one single sheath and collected for enzymatic digestion and cell composition analysis, as 
this layer is known to be the main source of contaminating fibroblasts in SC cultures5,6. The dissected epineurium 
was easily recognized due to its whitish color and elastic properties (Fig. 1c). In parallel, with the help of fine 
forceps, the fibers were extensively teased until no individual fascicles were evident (Fig. 1d). The teasing step 
was carried out until all fascicles were separated into individual fibers regardless of their initial caliber (Fig. 1e). 
The epineurium and teased fibers were subjected to digestion with an enzymatic cocktail composed of dispase 
II and type I collagenase6. Figure 1f,g displays representative images of partially digested tissue from the teased 
fibers and epineurium, respectively, to reveal the progression of the digestion and the purity of each preparation. 
Enzymatic treatment was typically performed overnight to maximize effectiveness of digestion and ensure cell 
release without the need for mechanical dissociation. Lastly, the end products of enzymatic digestion were filtered 
and subsequently collected by centrifugation.

Fluorescent staining with Syto24, a general nuclear marker, and Fluoromyelin Red (FM), a selective myelin 
stain, indicated that digestion of the teased nerve fibers rendered abundant cells that were found in isolation or in 
close association with small myelin fragments (Fig. 1i,j). In contrast, digestion of the epineurium rendered a clear 
and homogeneous cell preparation that consisted mainly of single cells that typically associated in small clumps 
prior to or after plating (Fig. 1h). For plating, the cells were collected in a small volume of serum-supplemented 
Dulbecco’s Modified Eagle Medium (DMEM) and plated as 30 µ l-drops onto air-dried dishes coated sequentially 
with poly-L-lysine (PLL) and laminin. Plating was carried out in either 10 cm dishes or 24-well plates (Fig. 1k, 
shown only for 10 cm plates) for the purpose of cell expansion and fluorescence microscopy analysis, respectively. 
The drop plating method facilitated the recovery of viable adherent cells while preventing the attachment of 
myelin debris. This is illustrated in Fig. 1l–n, which provide representative pictures of cells within the drops as vis-
ualized by phase contrast (PC) (Fig. 1l) and fluorescent microscopy using a combination of Hoechst/propidium 
iodide (PI) (Fig. 1m) and Syto24/Fluoromyelin (Fig. 1n). Determination of cell viability immediately after plating 
rendered < 10% cell death based on PI incorporation (Fig. 1m). In this and subsequent experiments, cell viability 
was determined by means of co-staining with PI, which selectively labels the nuclei of dead cells, and Hoechst, 
which, serving as a reference control, labels the nuclei of all cells.

To summarize, this method allowed the procurement of abundant primary cells from fibers and epineurium. 
Both the teasing of the fibers and the drop plating method onto a highly adhesive laminin substrate were essential 
for the recovery of viable cells. By opening the entire nerve into low diameter individual fibers, the teasing step 
greatly increased surface area and facilitated enzyme penetration into the tissue to ensure cell release. By suspend-
ing the cells in small drops, the plating method allowed high cell densities per unit surface, thus contributing to 
survival of the adherent populations. Of note, the drop plating method is adaptable for use in a variety of plate 
formats, including multi-well dishes.

Recovery of highly viable SC populations with minimal myelin contamination: cell survival and 
phenotypic characterization of the acutely isolated preparations. To begin characterizing the cell 
populations obtained by immediate dissociation of nerve tissue, we examined the survival, growth and pheno-
type of the adherent cultures established from both the fibers and epineurium. A quantitative analysis of cell 
viability revealed a high percentage of live cells in both the fiber- and epineurium-derived cultures (Fig. 2a,b). 



www.nature.com/scientificreports/

3Scientific RepoRts | 6:31781 | DOI: 10.1038/srep31781

To identify the phenotype of the isolated cells we performed an immunofluorescence microscopy analysis of 
various SC-specific markers in cultures from fibers and epineurium. As expected, cells expressing O4 (sulfatide), 
p75NGFR, S100, and GFAP (glial fibrillar acidic protein), which are widely used markers for peripheral glia15–17, 
were predominantly found in the populations derived from fibers (Fig. 2c,d). Some highly branched cells typically 
associated with myelin debris were identified based on their high levels of cell surface galactocerebroside (O1), a 

Figure 1. Immediate enzymatic dissociation of adult rat sciatic nerve tissue. The most significant steps during 
nerve processing and isolation of the cells from both the nerve fibers and epineurium are shown. (a) Intact sciatic 
nerve biopsy right after harvesting. (b) Removal of non-peripheral nerve tissue. (c) Dissection of the epineurium 
layer. (d) Separation of the nerve fascicles and teasing of the fibers with fine forceps. (e) Low magnification view of 
finely teased nerve fibers prior to enzymatic dissociation. (f,g) Higher magnification view of partially digested fibers 
(f) and epineurium (g), respectively, one hour after incubation in collagenase/dispase cocktail. (h,i) Preparations 
derived from digested epineurium (h) and fibers (i) immediately before plating. Low magnification phase contrast 
(PC) images of the end product of immediate enzymatic digestion are shown. (j) Higher resolution view of the 
product shown in (i) denoting the cellular versus the myelin fractions that result from enzymatic treatment. 
Fluorescence microscopy image showing cell nuclei labeled in green with Syto24 and myelin debris stained in red 
with Fluoromyelin (FM). Note that abundant myelin-free cell nuclei were apparent in these fractions (arrowheads) 
along with nuclei associated with myelin fragments (arrows). (k) Drop plating method onto PLL-laminin coated 
10 cm dishes for enhanced cell attachment and myelin separation. Drops (30 µ l each) contain cells from the product 
shown in (j) seeded at a density of ~30 drops/plate. (l,m) Phase contrast (PC) (l) and fluorescence (m) microscopy 
images showing a high percentage of viable cells 24 h after plating. Cells were labeled with Hoechst (blue, total 
nuclei) and propidium iodide (PI) (red, dead nuclei). Dead cells are indicated by arrowheads. (n) Fluorescence 
microscopy image revealing that myelin debris (Fluoromyelin Red) float and separate from adherent cells (Syto24).
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Figure 2. Acute isolation of highly viable adherent SCs with negligible myelin debris. (a,b) Viability assays 
based on Hoechst/PI incorporation in cultures derived from teased fibers and epineurium at 24 and 72 h after 
the initial plating in DMEM medium supplemented with 10% FBS, 10 nM neuregulin and 2 µ M forskolin. 
Phase contrast (PC) and fluorescence microscopy images of representative areas of cultures from fibers (upper 
panels) and epineurium (lower panels) stained with a combination of Hoechst/PI are shown in (a). A grouped 
bar chart containing the quantification of the image data is shown in (b). Bars represent mean ±  SD. Cell death 
was negligible in adherent cultures from both fibers and epineurium (arrowheads in a). In fibers, viability was 
estimated to be 97.5 ±  0.5% and 98.2 ±  1.0% at 24 and 72 h after plating, respectively. In epineurium, viability 
was 89.3 ±  4.0 and 92.4 ±  2.7%, respectively, when documented at the same time points. The health and potency 
of the cells was also manifested by the increase in the area covered by cells/cell processes as a function of time 
in culture. (c,d) Confirmation of SC phenotype and purity of the cultures isolated from fibers and epineurium. 
Low magnification (10x) images (c) and quantification (d) of cultures immunostained with antibodies against 
O1, O4, p75NGFR, S100, and GFAP. Immunostaining for all markers was performed in live cell cultures with the 
exception of S100 and GFAP. Quantitative results derived from image analysis are expressed as the percentage 
of cells exhibiting specific strong expression of each selected marker (Bars represent mean ±  SD, * * * p <  0.001). 
As expected, SCs were recovered in the fiber-derived populations. Note that myelin-associated O1 positive SCs 
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myelin lipid. These O1 positive cells were lost within a few days in culture, which is possibly due to their in vitro 
dedifferentiation to a less mature O1 negative phenotype (Fig. 2c,d).

Overlapping images of phase contrast microscopy and staining with Fluoromyelin Red further revealed that 
the cultures consisted predominantly of individual adherent cells, small adherent cell clumps and occasional mye-
lin debris (Fig. 2a,e). The remaining floating myelin was easily removed by washing or changing medium within 
2–3 days post-plating. Images provided in Figs 1l and 2a serve to compare the amount of myelin debris before 
and after washing, respectively. It is likely that the majority of the O1 positive, myelin-associated SCs were not 
efficiently procured from the onset, as these cells could fail to attach to the substrate or become easily lost during 
myelin removal (Fig. 2c).

In summary, these results indicate that provision of a highly adhesive substrate combined with plating of the 
cells in small individual drops favors a rapid attachment of the cells while minimizing myelin contamination and 
maintaining the health of the initial cell populations. An efficient procurement of clearly distinctive adherent 
phenotypes can be obtained from the dissociated fibers and the epineurium. The essentially myelin-free cultures 
derived from the teased fibers exhibit typical SC characteristics, which offers the potential for use in experimen-
tation as early as 3 days post-plating.

Recovery of highly proliferative SC populations with minimal fibroblast contamination: 
Characterization of the purity, growth and expansion potential of freshly isolated cells. One 
major setback in establishing and maintaining SC cultures from adult nerves is the rapid increase in the number 
of fibroblasts that typically overrides the number of SCs18. In order to maintain a low rate of fibroblast contami-
nation and allow for a rapid expansion of the SC population, the culture medium was supplemented with a com-
bination of neuregulin and forskolin as early as 1 day after plating. The expansion medium, herein referred to as 
mitogens medium, essentially consisted of DMEM containing 10% fetal bovine serum (FBS), 10 nM neuregulin 
and 2 µ M forskolin. This medium was used throughout unless otherwise noted. The use of a neuregulin-based 
media formulation has been standard6 since it was discovered that the addition of a soluble neuregulin peptide 
mimics the action of axon-bound neuregulin, which is the natural mitogenic factor for developing SCs19. The 
addition of forskolin, a direct activator of the adenylyl cyclase and inducer of intracellular cAMP, is required 
to both synergistically enhance neuregulin-dependent SC proliferation and reduce fibroblast contamination, as 
S-phase progression in fibroblasts is attenuated by provision of cAMP-inducing agents20–22.

To assess the magnitude of fibroblast growth in the initial cell populations, the cultures were analyzed for 
purity by means of immunofluorescence microscopy analysis. In addition, the proliferative potential of SCs 
and fibroblasts was determined by means of EdU labeling, as incorporation of the thymidine analog EdU 
into nuclear DNA provides a reliable measure of S-phase entry in fixed cells. Purity determinations were 
done by live cell immunolabeling with antibodies against the fibroblast marker Thy-1 (CD90), a cell surface 
glycosylphosphatidylinositol-anchored glycoprotein expressed in fibroblasts but not SCs23,24. To detect Thy-1 in 
rat cultures, we used monoclonal antibodies against the murine allelic isoform Thy1.1. Results revealed that pop-
ulations derived from the teased fibers contained a minimal percentage of contaminant Thy-1 positive fibroblasts, 
as only 3.28 ±  1.62% of all cells displayed immunoreactivity for cell surface Thy-1 (Fig. 3a upper panel and b). 
In fact, Thy-1 positive cells were mostly recovered in the epineurial fraction, along with a proportion of a still 
unidentified population of Thy-1 negative cells that also stained negative for S100, GFAP and other SC-specific 
markers (Fig. 3a, shown only for S100). Epineurial cells were notoriously different from fiber-derived cells, as 
judged by their enlarged nuclei and flattened morphology (Figs 2a and 3a).

Results from EdU incorporation assays indicated that the provision of chemical mitogens in the presence of 
FBS supported active proliferation in cells from both fibers and epineurium as ~60% of these cells incorporated 
the EdU label over a time period of 3 days (Fig. 3c,d). The percentage of proliferating, EdU positive cells was also 
calculated individually for each cell type population (Fig. 3e). These results confirmed that an important pro-
portion (> 55%) of the cells identified as SCs on the basis of O4 or p75NGFR expression labeled positive for EdU 
incorporation (Fig. 3c,e). Thy-1 positive cells also proliferated actively (Fig. 3e) despite their low representation in 
the fiber-derived populations (Fig. 3b). The percentage of proliferating Thy-1 positive cells was determined to be 
64.67 ±  25.94% and 78.69 ±  9.00% in the fiber and epineurium fractions, respectively (Fig. 3c,e). Of note, highly 
proliferative Thy-1 negative cells of still undetermined identity were typically found in the epineurium rather than 
the fibers (Fig. 3c, right panels, and 3e).

The expansion potential of the fiber-derived cultures in mitogen-containing medium was determined by meas-
uring the temporal increase in cell number using cells collected in suspension after trypsinization. Quantification 
of cell number at time intervals of 1–2 days, as indicated in Fig. 4a, revealed that cells rapidly expanded in num-
ber and remained highly viable throughout a time period of 12 days after culture initiation. Data analysis of the 
growth curves determined that the cells duplicated in number every 2.2 days on average, which was consistent 
with previous reports6,19,25. Importantly, this data showed that total cell yields in the order of 8 ×  106 cells per 
nerve biopsy can be obtained as soon as 10 days after the initial plating. An immunofluorescence microscopy 
analysis of the expanded cultures confirmed that the majority of the cells exhibited a typical SC phenotype char-
acterized by high levels of expression of S100 (88.7 ±  9.5%), GFAP (88.6 ±  8.8%), p75NGFR (90.8 ±  4.7%), and O4 
(73.0 ±  8.3%) (Fig. 4b,c). Expanded cells also exhibited the expected elongated, bipolar morphology and ability 
for cell-to-cell alignment and bundle formation with increased cell density. Nevertheless, expansion of the SC 

were absent in epineurium cultures, consistent with the absence of myelin debris. (e) Myelin-specific staining 
of fiber-derived cultures. Fluoromyelin staining revealed only a few clumps of loosely attached myelin debris 
(shown by arrowheads) 72 h after plating.
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Figure 3. Proliferative capacity of the cell products from fibers and epineurium at 3 days post-plating.  
(a,b) Fluorescence microscopy (a) and quantitative analysis (b) of Thy-1 expression in fiber- and epineurium-
derived cultures (bars represent mean ±  SD, * * p <  0.01). A panoramic, low magnification view of the cultures is 
shown to reveal the extent of fibroblast contamination (left images). Higher magnification images (right images) 
of cultures double immuno-stained with Thy-1 and S100 antibodies are shown to confirm the specificity of 
labeling and the morphology of the cells in each preparation. Fibroblasts are indicated by arrowheads.  
(c,e) Fluorescence microscopy analysis of EdU incorporation along with immunostaining with O4, p75NGFR 
and Thy-1 antibodies. Representative images (c) and quantitative analysis (d,e) of cultures labelled with EdU 
(red) and the markers indicated in the figure (green) are provided. As shown by the graph displayed in panel (e), 
more than half of the isolated SCs were identified as actively proliferating cells (bars are shown as mean ±  SD).
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population concomitantly occurred with an increase in the proportion of contaminating fibroblasts (Fig. 4b,c). 
Notably, Thy-1 positive cells increased from 3.28 ±  1.62% (Fig. 3b) to 21.1 ±  4.4% in less than 10 days of culture 
(Fig. 4b,c).

Overall, these results underscored the high potential for amplification of the fiber-derived cultures as well as 
the maintenance of the SC characteristics after expansion. Nevertheless, they also revealed the rapid progression 
of fibroblastic growth despite the use of a SC-specific medium formulation.

Fast and efficient separation of SCs from contaminating fibroblasts via magnetic cell sorting: 
purification based on Thy-1 or p75NGFR cell surface immunolabeling. Purification of primary cell 
cultures by magnetic activated cell sorting (MACS) allows the rapid separation of different cell populations whilst 
maintaining their viability and biological activity26,27. Thus, we used Miltenyi’s MACS technology to achieve effi-
cient separation of the two main populations occurring in the expanded cultures derived from the adult nerve 
fibers, i.e. SCs and Thy-1 positive fibroblasts. To confirm the effectiveness of purification by MACS, we performed 
parallel experiments using primary cultures derived from postnatal rodent nerves, as these cultures typically 
contain a proportion of contaminating Thy-1 positive fibroblasts (Supplementary Fig. S1a). For MACS, SCs and 
fibroblasts were discriminated and separated from one another on the basis of their strong and homogeneous 

Figure 4. Characterization of the growth and phenotype of cultures derived from the nerve fibers. (a) Temporal 
progression of cell expansion and viability determinations by Trypan blue exclusion assays. The growth curve is 
representative of the progression of a selected culture initially established in a 10 cm dish, essentially as illustrated 
in Fig. 1k. Data was normalized to represent the number of total, viable and dead cells per nerve biopsy at the 
indicated time points. (b,c) Cell type composition of the expanded cultures at 12 days post-plating. Quantification 
(b) and representative images (c) of immunofluorescence microscopy imaging of cultures stained with S100, GFAP 
and Thy-1 antibodies (bars represent mean ±  SD). Low magnification images of cultures growing in 24-well dishes 
are shown (c, top panel) to reveal the overall appearance of high density cultures consisting of a high proportion of 
GFAP positive, S100 positive SCs (red). In (c), bottom panels, selected areas (white dashed rectangles) are displayed 
at higher magnification to reveal the presence of contaminating Thy-1 positive fibroblasts. SCs could be easily 
recognized by their characteristic spindle-shaped morphology. Fibroblasts were heterogeneous in both shape and 
size and also exhibited variable levels of cell surface Thy-1 expression.



www.nature.com/scientificreports/

8Scientific RepoRts | 6:31781 | DOI: 10.1038/srep31781

Figure 5. Separation of SCs and fibroblasts by MACS after cell surface immunolabeling with Thy-1 or 
p75NGFR antibodies. (a–h) MACS separation of Thy-1-labeled cells from acutely isolated adult (a–e) and postnatal 
(f–h) rat nerve-derived cultures. Labeling and purification was performed as described in Methods. Cells were 
analyzed by immunofluorescence microscopy prior to (total fraction) and after MACS separation using the 
markers indicated in the figure (a,c,d,f,h). The retained and eluted fractions from each purification round were 
collected and analyzed in parallel. Low magnification images of cultures stained with Thy-1 (a,f) are shown along 
with a quantification of the results (b,g, bars represent mean ±  SD, * * * p <  0.001). Note the complete elimination 
of fibroblasts in preparations from both adult and postnatal sciatic nerves. An estimation of the percentage of 
remaining fibroblasts in the eluted fractions from adult and postnatal cells determined that only 0.3 ±  0.2% and 
0.8 ±  1.0% of the cells, respectively, expressed Thy-1 immunoreactivity. Prior to purification, samples from adult 
and postnatal cells contained 21.11 ±  4.35% (b) and 14.83 ±  2.56% (g) of Thy-1 positive cells, respectively. In (e), 
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levels of expression of cell surface p75NGFR (positive selection) and Thy-1 (negative selection), respectively. 
Although O4 offers an alternative means for specific live cell immunolabeling of SCs in general, O4 expression 
is often heterogeneous in cultured SCs. Variable levels of O4 expression were occasionally noticed in cultures of 
adult SCs but most strikingly in cultures derived from postnatal nerves, where only a small proportion (~20%) 
of the SCs exhibited detectable levels of O4 on their surface (Supplementary Fig. S1a). Given the prospective var-
iability in the levels of O4, and the fact that its expression is highly dependent on environmental factors such as 
cAMP28, we disregarded the use of O4 immunolabeling for positive SC selection by MACS. Instead, we used the 
more widely expressed membrane antigen p75NGFR for both purification and characterization. The intracellular 
antigens S100 and GFAP were used along with p75NGFR as reliable markers to confirm the purity and identity of 
the cultures prior to and after separation.

For cell purification, confluent cultures of adult and postnatal SCs growing in 10 cm dishes were enzymatically 
dissociated to obtain a single cell suspension. Immediately thereafter, the cells were subjected to sequential labe-
ling with primary antibodies (Thy-1 or p75NGFR) and secondary antibodies conjugated with magnetic microbeads. 
Separation of labeled and non-labeled cells was carried out by passage through magnetic columns. Data shown in 
Fig. 5 depicts the results of representative MACS purification experiments based on Thy-1 cell immunolabeling 
using adult (Fig. 5a–e) and postnatal (Fig. 5f–h) nerve-derived preparations. Data shown in Fig. 5i–k depicts the 
results of a representative purification experiment based on p75NGFR immunolabeling. Immunofluorescence and 
western blot analysis of the resultant cell suspensions indicated a high efficiency of separation of SCs and fibro-
blasts independently of the method used (i.e. positive or negative selection by MACS) and the age of the starting 
material (i.e. adult or postnatal cells). A quantitative analysis of the eluted and retained fractions from Thy-1 and 
p75NGFR immunolabeling experiments, respectively, confirmed that the resultant SC preparations were essentially 
devoid of contaminating Thy-1 positive cells (Fig. 5b,g,j). Western blot analysis of the SC-specific markers GFAP, 
CNPase (2′ ,3′ -cyclic-nucleotide 3′ -phosphodiesterase) and nestin not only confirmed the purity of the fractions 
but also highlighted the enrichment of the SC population over that of Thy-1-expressing cells (Fig. 5e).

In addition, evidence indicated that the MACS protocol did not alter the identity or function of the purified 
cells regardless of the labeling method used. Firstly, we confirmed that the purified SC preparations derived from 
adult (Fig. 5c,d) and postnatal (Supplementary Fig. S1b,c) cultures contained viable cells that were essentially 
undistinguishable from the parent (non-purified) cells based on their morphology and the high levels of expression 
of the SC-specific markers p75NGFR, S100 and GFAP (Fig 5d,h,k, and Supplementary Fig. S1b,c). As expected, the 
purified SCs readily adhered to the laminin substrate by extending processes (Fig. 5c and Supplementary Fig. 1c)  
and responded to mitogenic stimulation by undergoing proliferation. The latter was inferred by the higher levels 
of expression of the G1-S marker minichromosome maintenance complex component 2 (MCM2) in the purified 
populations (Fig. 5e).

In sum, MACS technology offers a rapid and efficient means to specifically target and readily separate SCs and 
fibroblasts from adult and postnatal nerve-derived cultures. The results from our characterization studies con-
firmed that both SCs and fibroblasts were suitable for experimentation immediately after separation by MACS. 
Separation can be accomplished in minimal time (i.e. 2 hours or less) without compromising the health or bio-
logical activity of the purified cells.

Effective cryopreservation of cell stocks allows for recovery of viable cells that retain their 
functional properties: functional assessment of proliferation and differentiation controls after 
freezing and thawing. Indefinite in vitro expansion of SC cultures is not generally recommended. This 
is due to the possible changes in cell behavior and associated phenotypic and genotypic alterations that may 
result from long-term exposure to proliferation medium29. Evidence has shown that SCs can be transformed 
and become growth factor-independent if culture is extended over 20 passages30,31. Even though producing fresh 
primary cultures would be ideal for experimental procedures such as transplantation, long-term maintenance of 
cultures is often laborious, time-consuming, or impractical for certain applications. As an alternative to the use 
of fresh tissues, cultures of primary cells have been cryopreserved to then be thawed and used at the moment of 
experimentation31,32.

To test whether SC cultures from adult nerves could be subjected to cryogenic storage, we used a standard 
protocol for cell cryopreservation using a commercially available freezing medium. Figure 6 shows the results of 
cell recovery after thawing and re-plating of cryopreserved SC stocks onto dishes double coated with PLL and 
laminin. The attachment properties and the viability of the cells were determined by phase contrast and fluores-
cence microscopy after performing a vital staining with a combination of Hoechst and PI. As shown in Fig. 6a, our 
cryopreservation method allowed for the recovery of highly viable SCs that readily adhered to the substrate and 
extended processes as observed in preparations of fresh cells. Cell viability was estimated to be > 85% over a time 
period of up to 24 h after plating (Fig. 6a,b). In addition, cryopreserved cells exhibited a high rate of growth in 
mitogen-containing medium (Fig. 6c). Data presented in the growth curve shown in Fig. 6c (left panel) was fitted to 

duplicate samples from independent culture wells were analyzed by Western blot using antibodies against Thy-
1, GFAP,CNPase, nestin and MCM2 ( proliferation marker). Expression of β -actin served for reference control 
and confirmation of equal protein loading. (i–k) MACS separation of p75NGFR-labeled cells from acutely isolated 
adult nerve cultures (a–e). Immunofluorescence image analysis of the total and retained fractions confirmed the 
effectiveness of separation (i). A quantification analysis of the cells present in the retained fraction confirmed that 
the percentage of Thy-1 positive cells was as low as 0.1 ±  0.1% (j) and that the remaining of the cells (98.5 ±  0.8%) 
were identified as p75NGFR positive SCs (k) (bars =  mean ±  SD, * * * p <  0.001).
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an exponential curve33 (Fig. 6c, right) that allowed us to estimate a population doubling time of 1.73 days. This value 
was consistent with the one calculated previously for exponentially growing populations of fresh cells (Fig. 4a).

We also confirmed that the rapidly expanding SCs derived from cryogenic stocks were able to retain their 
normal proliferation and differentiation controls. Results from phase contrast microscopy and EdU incorpo-
ration assays provided in Fig. 7a,b clearly indicated that the proliferation of the SC cultures was dependent on 
the presence of serum and the growth factors neuregulin and forskolin. Not only did SCs remain quiescent in 
the absence of growth factors (Fig. 7a, left panel), but they also stop proliferating upon the addition of high 
concentrations of cell permeable analogs of cAMP (Fig. 7a, right panel), a treatment that induces growth arrest 
and differentiation into a myelinating SC-like phenotype34. Prolonged treatment with cAMP analogs induced 
the expression of myelin-associated markers such as O1 and periaxin, and concomitantly reduced the expres-
sion of GFAP (Fig. 7c,d), as we reported previously using cultures of adult SCs obtained from pre-degenerated 
nerves35,36. As expected, cAMP treatment induced a morphological transformation of the cells along with high 
levels of expression of the cell surface antigen O4 (Fig. 7c,d). Altogether, these results confirmed the feasibility of 
including a cryopreservation step to store the excess of cells when necessary. Most importantly, cells obtained by 
immediate dissociation are expandable in the presence of mitogenic factors and retain their normal potential for 
differentiation and induction of myelin gene expression.

Figure 6. Analysis of viability and expansion potential of acutely isolated SCs obtained after 
cryopreservation. (a,b) Determination of viability and adhesion properties of cells obtained after freezing/
thawing of cryogenic stocks. Acutely isolated adult rat SCs were plated in 10 cm dishes, maintained in culture 
for 12 days, purified by MACS (using Thy-1 antibodies) and cryopreserved 1 day after purification, as described 
in previous figures and the methods section. Subsequently, cells were thawed, re-plated onto PLL/laminin 
coated dishes in medium containing mitogens and analyzed by means of Hoechst/PI incorporation assays 
(a, lower panels) and phase contrast microscopy (a, upper panels) at the times indicated in the figure. Dead 
cells are indicated by arrowheads. A quantification of the percentage of live cells (PI negative cells) over time 
is provided in panel (b) (bars represent mean ±  SD). (c) Determination of growth and expansion in medium 
containing mitogens. Cells shown in (a) were plated in 6-well plates at a density of 150,000 cells/well and 
maintained in mitogens medium for (a) total period of 8 days. Quantification of the number of total and viable 
cells at the indicated time points was performed by Trypan Blue exclusion assays. Data is expressed as the 
proportional increase in cell number (left panel) starting at the time of plating (t =  0). Data was also adjusted to 
an exponential curve (R2 =  0.9881) to calculate the duplication time (1.73 days) (right panel).
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Discussion
This protocol implemented a series of new methodological steps for immediate cell isolation as a strategy to 
derive freshly isolated (parent) SC populations of increased homogeneity, purity and biological activity while 
minimizing time and exposure of the primary cells to potentially deleterious culture variables. This method 
is compatible with a variety of applications and offers the potential for clinical translation. As depicted in the 
schematic diagram presented in Fig. 8, our method consists essentially of the following basic steps: (1) Removal 
of the epineurium, extensive mechanical teasing of the nerve fibers, and enzymatic dissociation with a mixture 
of collagenase/dispase immediately after tissue harvesting (Day 0); (2) Plating the resultant cell suspensions 
as small droplets onto a highly adhesive PLL/laminin substrate to separate adherent SCs from floating myelin  
(Day 1); (3) Collection of the adherent cells for analysis or continued culture in medium containing chemical 
mitogens for the fast amplification of the SC population (Day 3); (4) Purification of the cultures by indirect mag-
netic cell sorting based on immunolabeling with p75NGFR (positive selection) or Thy-1 (negative selection) anti-
bodies, followed by direct analysis or continued culture; and (5) An optional cryo-preservation step for storage  
of the excess of cells.

It has been previously argued that enzymatic digestion of fresh intact tissue results in poor initial cell 
yields10,11,37. This argument has provided the basis for using a lengthy step of nerve tissue pre-degeneration prior 
to the enzymatic release of the cells. Pre-degeneration greatly facilitates myelin removal, as the products of axon 
degeneration induce active SC proliferation, dedifferentiation, and myelin clearance within the nerve explants, an 
advantage that can be further exploited for increased cell yield and survival after dissociation6. The time required 
for pre-degeneration ranges from 7 to 14 days14,38 and can be extended to up to 30 days depending on the protocol 

Figure 7. Analysis of proliferation and differentiation of isolated adult SCs obtained after cryopreservation. 
(a,b) Determination of the mitogenic responses to serum and soluble growth factors. Cells were plated as 
described in Fig. 6 in DMEM containing a non-mitogenic concentration (1%) of FBS (D1), 10% FBS (D10), 
10% FBS supplemented with neuregulin and forskolin (Mitogens) or D10 in the presence of 250 µ M CPT-
cAMP (cAMP). Cells were monitored by phase contrast microscopy (upper panels) to reveal changes in cell 
morphology, alignment and density in each experimental condition. Treatment was carried out for 3 days. 
Results from EdU incorporation assays are shown in (a) (lower panels) and (b) (quantification of fluorescence 
microscopy data). (c,d) Determination of the differentiating responses to prolonged treatment with cell 
permeable cAMP analogs. Cells were plated as described in (a,b) with the exception of using D1 medium 
containing vehicle (control, − cAMP) or CPT-cAMP (250 µ M) as inducer of differentiation (+ cAMP). Cells 
were analyzed for the expression of the indicated markers by immunofluorescence microscopy 4 days after 
stimulation (bars =  mean ±  SD, * * * p <  0.001).



www.nature.com/scientificreports/

1 2Scientific RepoRts | 6:31781 | DOI: 10.1038/srep31781

used6. A setback in this process is that an additional purification step for fibroblast removal may be required due 
to the fact that cultures typically become contaminated with hard-to-eliminate fibroblasts. Our method incor-
porated the following three key steps that are essential in order to successfully isolate myelin-free, pure adult SC 
cultures and eliminate the need for a pre-degeneration step. First, the removal of the epineurium as a single layer 
prior to enzymatic digestion eliminates the most prevalent source of fibroblasts and other potentially contami-
nating cells of high proliferative potential. Second, the extensive teasing of the nerve fibers allows for complete 
digestion of the tissue and the release of highly viable individual cells. Third, the drop plating method onto a 
laminin substrate allows rapid cell attachment and concomitant separation of myelin debris.

Even though the initial SC populations are nearly devoid of contaminating cells, prolonged in vitro culture 
inevitably leads to the concurrent expansion of highly proliferative fibroblast-like cells exhibiting a Thy-1 positive 
phenotype. The high growth rate of fibroblasts and their potential to overpopulate the glial cell populations has 
been one of the most common problems seen in adult SC culture18. Contaminant fibroblasts represent an impor-
tant concern that should be minimized in the short-term, as they may induce a bias for interpretation of results 
of any particular study and increase scar tissue formation resulting in fibrosis if the intended use of the cells is 
transplantation12,39. We confirmed that the removal of epineurium layer was the first step needed to minimize 
fibroblast contamination. The use of forskolin-supplemented medium contributed to reduce the impact of fibro-
blast growth though it did not prevent the initial rapid expansion of the fibroblast population. In most published 
protocols fibroblast elimination has been achieved through various methods that exploit the differential biological 
properties of SCs and fibroblasts. These methods have used selective growth media10,13,40–43, anti-mitotic drugs2,31, 
differential adhesion to a plastic substrate3,11,12,44, and immunoselection26,27,31,45. Here, we have optimized two 
independent protocols for SC purification by either positive or negative MACS based on cell surface labeling with 
p75NGFR or Thy-1 antibodies, respectively. High purity (> 98%) of SCs over that of fibroblasts was achieved in less 
than 2 hours with the additional advantage to recover viable SCs and fibroblasts in independent fractions regard-
less of the protocol used. Each of these populations can in turn be used in experimentation, further expanded 
or cryopreserved without loss of viability or biological activity. Despite O4 immunolabeling provides valuable 
information for adult SC identification, it has limited use for MACS and purity determinations due to the intrin-
sic variability of O4 expression in populations of different origin and potential changing levels in response to 
factors present in the culture medium28. Of note, there is only one published protocol that has applied immediate 
adult nerve dissociation together with a selective growth medium containing D-valine for fibroblast depletion42. 
While this method eliminates the pre-degeneration step, it differs from ours in that a significant amount of time  
(19 days) is required to obtain SC cultures of enough purity. Moreover, our method offers the possibility to 
recover pure populations of fibroblasts, which may be prove beneficial for certain applications. It is becoming 
increasingly clear that peripheral nerve fibroblasts have a role in nerve regeneration by promoting neurite out-
growth46,47 and SC migration through secretion of growth factors such as neuregulin46,48 and the expression of 
extracellular matrix proteins47.

One important advantage of using an immediate dissociation protocol is that the impact of cell selection in 
culture and/or departure of the nerve cells from their original phenotype may be minimized. To address the 
maintenance of the SC phenotype in culture we performed a stepwise description of the prevalent phenotypes in 
the original and expanded populations. On the one hand, we characterized the expression of phenotypic markers 
and the proliferative potential of the freshly isolated endogenous SCs. On the other hand, we compared these 
naïve cells with those derived by short-term expansion in medium containing chemical mitogens both before 
and after subjecting them to purification and cryopreservation. Our studies revealed that both the initial and 
expanded SC populations were relatively homogeneous based on the expression of various SC-specific markers 
and that the cells retained basic SC-specific attributes such as the capacity to align with one another to form typ-
ical bundles of cells at confluency, a strict dependency on neuregulin for proliferation, and the ability to induce 
myelin-specific gene expression upon cAMP stimulation.

The collective methodological implementations were adjusted for use with adult rat sciatic nerve biopsies. 
Nevertheless, the method is flexible enough to be modified accordingly for use with other types of nerves, other 
species and stages of nerve development. We have already validated the reliability of the drop plating method, 
MACS purification and cryopreservation by using postnatal rat sciatic nerves. We also provide the first detailed 

Figure 8. A rapid and versatile method for the isolation, expansion, purification and cryogenic storage of 
adult nerve-derived SCs. The schematic diagram summarizes the sequence of events in the method described 
in this study. The immediate dissociation of teased nerve fibers allows for an effective isolation of highly viable 
naïve SC populations that separate from myelin by differential adhesion to a laminin substrate. The naïve or 
expanded SCs, with or without purification, can be used for experimentation essentially at any step of the 
process. High cell yields in the order of 107 cells/nerve can be obtained is less than 2 weeks of tissue harvesting.
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description of a straightforward cryogenic storage method that guarantees recovery of highly viable, biologically 
competent cells. Cryopreservation has many advantages for delayed analysis, comparison of cells derived from 
independent batches, transfer and commercialization.

The adult SCs can suit the needs of wide variety of applications in studying their role in nervous system 
regeneration, demyelinating neuropathies, and uses in cell therapy for the treatment of spinal cord and periph-
eral nerve injuries49–53. In particular, the method used to separate the cellular versus the myelin components is 
simple, cost-effective, and clinically relevant. Our protocol is also compatible with methods and reagents already 
approved by the Food and Drug Administration (FDA) of the US for the manufacturing of autologous human 
SCs intended for use in the clinical treatment of spinal cord injury52. In envisioning a future translation of our 
methods to generate clinical grade human SCs we should point out that the conditions used for enzymatic diges-
tion, plating, and growth in neuregulin- and forskolin-supplemented medium have previously been approved 
by the FDA for use in human subjects52,54. Clinically approved strategies for improving purity, such as selective 
adhesion of fibroblasts to plastic substrate, can be implemented when necessary. Despite MACS technology has 
not been used previously in the clinical production of SCs, there is at least one precedent for its use in clinically 
grade cellular products55. While most of the available methods for SC culture have focused on purity, viability 
and yields through optimization of the pre-degeneration step, these methods have disregarded factors such as the 
time needed to procure large enough cell populations at passage zero and the potentially adverse impact of this 
phase on the quality and biological activity of the cells. Some applications that use adult nerve-derived SCs, such 
as transplantation strategies in the spinal cord, may greatly benefit from the possibility of accelerating the isola-
tion and purification of SCs so as to match the engrafting of autologous cells with the time when optimal axonal 
regeneration can be achieved.

To conclude, our protocol is, to our knowledge, the first optimized method that allows the rapid isolation of 
naïve SC populations that can be rapidly expanded, purified, or cryopreserved essentially at any stage without a 
loss in biological activity. Our method is suitable in diverse applications, such as cell therapy or drug discovery, 
and can be scaled up or down as needed in a variety of culture formats. A main advantage is the procurement of 
pure and homogeneous SC populations with as low as possible in vitro manipulation. Future directions include 
adaptation and optimization of this protocol for use with adult nerves from humans and other species used as 
models for human diseases.

Methods

Cultures of adult and postnatal rat Schwann cells. Tissue harvesting, removal of the epineurium 
and teasing of the fibers. The study protocol was approved by the University of Miami Animal Care and Use 
Committee. Experiments were conducted in accordance with the regulations and guidelines of The University 
of Miami Animal Care and Use Committee (IACUC), which supervises the work and acts in compliance with 
all USDA and NIH regulations governing the use of vertebrate animals for experimentation. Adult and neo-
natal sciatic nerves were obtained from adult female (3-month-old) and postnatal day-2 (P2) Sprague-Dawley 
rats, respectively. Sciatic nerves were dissected out immediately under aseptic conditions and placed in ice-cold 
Leibovitz’s L-15 Medium (L-15) medium containing gentamicin.

Each adult sciatic nerve was cleaned off excess tissue including muscle, fat and blood vessels while work-
ing under a Stemi 305 Stereo dissecting microscope (Carl Zeiss Microscopy GmbH, Germany) placed inside a 
horizontal laminar flow hood. After the removal of non-peripheral nerve tissue, each nerve biopsy was weighed 
and measured. Adult nerve fragments (~ 2.5 cm in length) weighed 33.9 ±  5.2 mg on average after cleaning. 
Subsequently, starting at the most proximal end to the spinal cord and with the help of fine forceps, the epineu-
rium was mechanically removed as one single sheath. The epineurium and nerve fibers were individually col-
lected and placed into fresh L-15-containing dishes. The nerve fascicles were extensively teased to the level of 
individual fibers using Dumont N° 4 and N° 5 fine forceps (Biology tips) with visualization through a dissecting 
microscope.

The teasing step consisted of repeated pulling of the individual nerve fascicles until fibers of the least possible 
caliber were obtained. On average, dissection and teasing of one nerve biopsy was completed within 30–45 min-
utes, depending on the operator’s technical skills. Tissues were transferred regularly to new dishes containing 
ice-cold L-15 medium for increased safety throughout the process of cleaning, removal of the epineurium and 
teasing of the fibers. Images of all these steps were acquired using an AxioCam ERc 5s camera coupled to the 
dissecting microscope and ZEN 2 lite Imaging software 2.0 (Carl Zeizz Microscopy GmbH).

Postnatal nerve fragments were cleaned off non-peripheral nerve tissues essentially as described above with 
the exception that the tissue was cut into small fragments using fine scissors, rinsed in cold L-15, and immediately 
subjected to enzymatic dissociation.

Enzymatic dissociation and initial plating. The teased adult sciatic nerve fibers, along with the respective epineu-
rium layers collected in individual 60 mm plates, were subjected to enzymatic dissociation using a mixture of 
0.25% Dispase II (Roche Diagnostics) and 0.05% type I collagenase (Worthington Biochemical Corp.) prepared 
in high-glucose DMEM (Thermo-Fisher). Tissue digestion was allowed to proceed overnight (average 15–18 h) 
at 37 °C in a 9% CO2 incubator. Digestion was regularly monitored under the phase contrast microscope fol-
lowing the addition of the enzymatic cocktail to confirm the progression of tissue digestion. Postnatal rat sciatic 
nerve fragments were dissociated by sequential treatment with 0.1% type I collagenase and 0.25% trypsin TRL3 
(Worthington Biochemical Corp.). Incubation with each digestive enzyme was performed for 30 minutes at 37 °C 
inside a CO2 incubator. Enzymatic treatment was stopped in all cases by the addition of 40% FBS in Hanks’ 
Balanced Salt Solution (HBSS) followed by low speed centrifugation (188 ×  g, 10 min, 4 °C). The resultant cell 
pellets were resuspended in DMEM containing 10% FBS (GE Healthcare). Next, resuspended cells were gen-
tly passed through a small-bore fire polished borosilicate glass pipet, collected by low speed centrifugation and 
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resuspended in DMEM-10% FBS containing antibiotics. Cells were plated as regularly dispersed drops (30 µ l each) 
onto air-dried PLL-laminin-coated 10-cm dishes (for expansion) or 24-well plates (for image analysis). Cells were 
incubated overnight at 37 °C in a CO2 incubator without disturbing the droplets. Plastic cell culture dishes were 
coated by sequential incubation with 0.02% PLL solution prepared in distilled water (1 h at room temperature, RT)  
and 1 µ g/cm2 of mouse laminin solution (Sigma) prepared in Dulbecco’s phosphate-buffered saline (DPBS) (over-
night at 4 °C).

Characterization of the initial cell populations and determination of viability. The temporal progression of the 
digestion of the fibers and epineurium and the viability of the plated cells was determined by a combination 
of phase contrast and fluorescence microscopy analysis. Cell viability assays were performed immediately after 
dissociation and at different time points after plating. Dead cells were discriminated from total cells by staining 
with a combination of 1 µ g/ml PI and 1 µ g/ml Hoechst 33342, respectively. Alternatively, the fluorescent green dye 
Syto24 (Thermo-Fisher) was used at 1 µ M to label total cell nuclei in samples containing abundant myelin debris. 
Fluoromyelin red (Thermo-Fisher) was used to label myelin in suspension and in cultures of adherent cells.

Cell expansion, cell counting and preparation of growth curves. Medium composed of DMEM- supplemented 
with 10% FBS, 10 nM neuregulin (recombinant heregulin-β 1177–244 from PreproTech) and 2 µ M forskolin (Sigma) 
was used for the growth and expansion of both adult and postnatal SCs unless otherwise noted. Medium was typi-
cally replaced every 2–3 days. Washes with L-15 or DMEM prior to feeding were carried out when abundant mye-
lin debris was observed in suspension. Determination of cell number and viability was carried out to assess the 
temporal course of cell expansion. Briefly, cells were collected from their respective dishes by mild trypsinization. 
Trypan blue exclusion assay was then performed to discriminate live versus dead cells. Estimation of the total 
number of live/dead cells was done using a Bio-Rad TC20™  automated cell counter (Bio-Rad, Hercules, CA),  
according to the manufacturer’s instructions. In turn, quantitative data was used to construct growth curves and 
calculate the doubling time using the algorithm provided by http://www.doubling-time.com/compute.php33.

Purification of SC cultures by magnetic cell separation. Two alternative, yet equally efficient methods 
for SC purification were developed. These methods were based on the selective expression of cell surface mark-
ers in SCs (p75NGFR) and fibroblasts (Thy-1), respectively. Fibroblast depletion was carried out through Thy-1 
cell labeling via a protocol for negative selection whereas SC enrichment was carried out through the positive 
selection of p75NGFR-expressing cells. Indirect magnetic cell labeling and separation were performed essentially 
as recommended by the manufacturer (Miltenyi Biotec GmbH, Germany). Cells maintained in culture for 7–12 
days after the initial plating (10 cm dishes) were used for purification using MACS.

Indirect magnetic labeling with Thy-1 and p75NGFR antibodies. Briefly, the cells were detached from their 
PLL-laminin plates using 0.05% trypsin-EDTA (Thermo-Fisher), counted, and collected by centrifugation 
(188 ×  g, 8 min at 4 °C) prior to being labeled with Thy-1 or p75NGFR antibodies. Typically, 5 ×  106 cells were 
labeled by resuspending them in 5 ml of Thy-1 or p75NGFR hybridoma culture supernatant. Cell surface labeling 
was carried out for 20 minutes at 4 °C. The cells were collected by centrifugation and rinsed twice with buffer 
consisting of 0.5% bovine serum albumin (BSA) and 2 mM EDTA in phosphate-buffered saline (PBS) (pH 
7.2), using 1–2 ml of buffer per 107 cells. Subsequently, the cells were incubated for 15 minutes at 4 °C in 80 µ l of 
BSA-EDTA-PBS buffer containing 20 µ l of magnetic microbead-conjugated IgM or IgG anti-mouse antibodies 
(Miltenyi Biotec, GmbH) for Thy-1 and p75NGFR labeled cells, respectively. Cells were washed, collected by centrif-
ugation, and resuspended in BSA-EDTA-PBS buffer, according to the manufacturer’s recommendations.

Magnetic separation and plating. The magnetically labeled cell fractions were separated from unlabeled cells 
using pre-equilibrated MS columns (Miltenyi Biotec) placed in the magnetic field of a MACS Separator (Miltenyi 
Biotec). Each cell suspension was applied onto the column to separate the unlabeled cells (eluted fraction) from 
the labeled cells (retained fraction). Both the eluted and the retained cell fractions were counted and subsequently 
plated onto PLL-laminin-coated dishes for analysis of purity and identity. A sample of unpurified, non-labeled 
cells was used as a reference control for the identification of the total initial population.

Cryopreservation of cell stocks. Purified or non-purified SCs were trypsinized, resuspended in DMEM-
10% FBS, counted, and collected via centrifugation. A single cell suspension containing 1–2 ×  106 cells was 
resuspended in 1–1.5 ml of cold Recovery™  Cell Culture Freezing Medium (Thermo-Fisher), according to 
the manufacturer’s instructions. Cryogenic vials containing cell suspensions were placed inside a Mr FrostyTM 
Freezing Container (Thermo-Fisher) and immediately transferred to − 80 °C for 24 hours before being moved to 
liquid nitrogen for long-term storage. The viability of cell stocks after thawing using this method was typically  
≥ 90% as determined by Trypan blue exclusion assays.

Hybridoma cell culture. Conditioned culture supernatant produced in house from Thy-1, p75NGFR, O4 and 
O1 hybridoma cells was used as a source of monoclonal antibodies for all cell labeling and purification exper-
iments. Hybridoma cell lines were grown in Iscove’s Modified Dulbecco’s Medium (IMDM, Thermo-Fisher), 
containing 10% FBS, 1% GlutaMAXTM Supplement, 1% penicillin/streptomycin and 0.1% gentamycin.

Proliferation and differentiation assays. Proliferation of cultured adherent cells was detected by means of 
the Click-iT®  Plus EdU Alexa Fluor®  594 Imaging Kit (Thermo-Fisher)56. The ratio of proliferating (Edu positive)  
to total (Hoechst positive) cells was determined by fluorescence microscopy analysis.
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Differentiation of isolated SCs was determined after treatment with phosphodiesterase-resistant cell per-
meable analogs of cAMP (Adenosine 3ʹ ,5ʹ -cyclic monophosphate, 8-(4-Chlorophenylthio or CPT-cAMP, from 
EMD Millipore). For proliferation, cells were exposed for 3 days to the following conditions: DMEM-1% FBS 
(non-mitogenic medium used as a control for basal levels of proliferation), DMEM-10% FBS (medium that sup-
ports SC survival and moderately induces proliferation), DMEM-10% FBS containing 10 nM neuregulin, and 2 µ M  
forskolin (medium that renders maximal levels of SC proliferation) and DMEM-10% FBS containing 250 µ M  
CPT-cAMP (medium that induces cell cycle arrest and promotes SC differentiation). For differentiation, cells 
were incubated in the absence (control) or presence of CPT-cAMP (250 µ M) in DMEM-1% FBS for 3–5 days. 
Cells were analyzed for morphological changes by phase contrast microscopy, proliferation (EdU incorporation), 
and expression of differentiation markers by immunofluorescence microscopy.

Immunofluorescence microscopy. For live cell labeling of adherent cells, cultures were incubated with 
hybridoma conditioned medium (20 min, RT), rinsed three times with DPBS, and fixed with 4% paraformalde-
hyde (PF) prior to incubation with Alexa-conjugated secondary antibodies. For immunofluorescence micros-
copy of fixed cells, cultures were treated with 4% PF (20 min, RT) followed by treatment with − 20 °C methanol 
(10 min). After three wash steps and blocking in 5% normal goat serum, cultures were incubated overnight at 4 °C 
with the appropriate dilution of the primary antibody (or conditioned medium), washed, and labeled with sec-
ondary antibodies as above. DAPI (4′ -6-diamino-2-phenylindole, dihydrochloride, Thermo Fisher) or Hoechst 
33342 (Sigma) at a dilution of 1 μg/ml in PBS were used as nuclear stains.

Conventional fluorescence microscopy image analysis was performed using an Olympus IX70 inverted fluo-
rescence microscope equipped with a cooled digital CCD camera (SensiCam QE, Cooke Corp.). Panoramic views 
of cell cultures were obtained via automated fluorescence microscopy using a High Content Screening System 
(Cellomics ArrayScan VTI HCS Reader, Thermo-Scientific) equipped with a Hamamatsu ORCA® -ER cooled 
12 bit grayscale digital CCD Camera. All images were digitally processed and arranged for presentation using 
Adobe Photoshop CS6 and Adobe Illustrator CS6. For cell quantification analysis, pictures from random fields 
in independent wells were taken at low magnification using 4X or 10X magnification objectives, and the number 
of cells labeled positive for each marker was determined in reference to the total number of cells based on DAPI 
or Hoechst staining. O1, O4, p75NGFR and Thy-1 positive cells were classified as such when evident homogeneous 
membrane staining was appreciated. For proliferation and survival assays, the percentage of red stained nuclei 
with EdU or PI, respectively, was calculated in reference to the total number of cells counterstained with Hoechst.

Western-blots. Protein samples were prepared by resuspending cells growing in 24-well plates in lysis buffer 
(50 mM Tris,150 mM NaCl, 1% SDS, 0.5 mM dithiothreitol) containing protease and phosphatase inhibitors. 
Protein concentration was quantified using the Pierce™  660nm Protein Assay Reagent (Thermo Fisher Scientific). 
Samples were combined with SDS buffer (400 mM Tris/HCl, pH 6.8, 10% SDS, 50% glycerol, 500 mM dithioth-
reitol, 2 µ g/ml bromphenol blue) and denatured by boiling. Equal protein samples containing 5 µ g total protein 
were loaded and resolved in 10% polyacrylamide SDS gels. Fractionated proteins were transferred to PVDF mem-
branes using Trans-Blot®  TurboTM Transfer System (Bio-Rad). Membranes were blocked with 2% Amersham 
ECL Prime Blocking Reagent (GE Healthcare) in Tris-Buffer saline containing 0.05% Tween-20 and incubated 
overnight with each primary antibody (1:1,000). Horseradish peroxidase-conjugated antibodies, 1:5,000 (Santa 
Cruz) were used as secondary antibodies to detect immunoreactive protein bands by enhanced chemilumines-
cence using ECL Prime Western Blotting Detection Reagent (GE HealthCare) and Amersham Hyperfilm ECL 
(GE HealthCare).

Antibodies. Anti-CNPase (catalog number C5922), was from Sigma (St. Louis, MO). Mouse anti-Nestin (cat-
alog number MAB353) was from EMD Millipore (Darmstadt, Germany). Polyclonal rabbit S100 (catalog number 
Z0311) and GFAP (catalog number Z0334) antibodies were from DAKO (Carpinteria, CA). β -actin rabbit mon-
oclonal antibody (catalog number 8457S) was from Cell Signaling Technology (Beverly, MA). MCM2 rabbit poly-
clonal antibody (catalog number A300-191A) was from Bethyl Laboratories. Anti-mouse IgM (catalog number 
130-047-301) and IgG MicroBeads (catalog number 130-048-401) were from Miltenyi Biotec GmbH (Bergisch 
Gladbach, Germany). The O1 and O4 hybridoma cell lines were kindly provided by Dr. M. Schachner (Rutgers, 
Piscataway, NJ). Periaxin antibodies were a kind donation of Dr. Peter Brophy (University of Edinburgh, UK).  
The Thy-1 hybridoma cell line T11D7e2 (TIB-103™ ), and the p75NGFR (clone 192) were from American Type 
Culture Collection (ATCC, Manassas, VA, USA).

Statistical analysis. Statistical analysis was performed with SigmaPlot 12.0 software. Experimental data 
are expressed as the mean ±  standard deviation (SD) of a representative experiment out of at least 3 independent 
experiments performed, unless otherwise noted. Statistical significance of the different conditions was evaluated 
by the Student t-Test or one-way ANOVA. For multiple comparisons, Bonferroni post-test was used. P values  
<  0.05 were considered statistically significant. Values of all significant correlations (p <  0.05) are given with their 
degree of significance (* p <  0.05, * * p <  0.01 and * * p <  0.001).
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