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Abstract

Background: The important contribution of glia to mechanisms of injury and repair of the nervous system is increas-
ingly recognized. In stark contrast to the central nervous system (CNS), the peripheral nervous system (PNS) has a
remarkable capacity for regeneration after injury. Schwann cells are recognized as key contributors to PNS regenera-
tion, but the molecular underpinnings of the Schwann cell response to injury and how they interact with the inflam-
matory response remain incompletely understood.

Methods: We completed bulk RNA-sequencing of Schwann cells purified acutely using immunopanning from the
naive and injured rodent sciatic nerve at 3, 5,and 7 days post-injury. We used gRT-PCR and in situ hybridization to
assess cell purity and probe dataset integrity. Finally, we used bioinformatic analysis to probe Schwann cell-specific
injury-induced modulation of cellular pathways.

Results: Our data confirm Schwann cell purity and validate RNAseq dataset integrity. Bioinformatic analysis identifies
discrete modules of genes that follow distinct patterns of regulation in the 1st days after injury and their correspond-
ing molecular pathways. These findings enable improved differentiation of myeloid and glial components of neuro-
inflammation after peripheral nerve injury and highlight novel molecular aspects of the Schwann cell injury response
such as acute downregulation of the AGE/RAGE pathway and of secreted molecules Sparcl1 and Sema5a.

Conclusions: We provide a helpful resource for further deciphering the Schwann cell injury response and a depth
of transcriptional data that can complement the findings of recent single cell sequencing approaches. As more data
become available on the response of CNS glia to injury, we anticipate that this dataset will provide a valuable plat-
form for understanding key differences in the PNS and CNS glial responses to injury and for designing approaches to
ameliorate CNS regeneration.
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Background

Like the CNS, the peripheral nerve is protected within

several layers of connective tissue and behind a diffusion

barrier, the blood—nerve barrier. Within the epineurium,
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Following breakdown of the blood—nerve barrier the
canonical process of Wallerian degeneration ensues,
recruiting additional cell types into the nerve. Neutro-
phils occupy the nerve 1-2 days after injury followed by
invasion by hematogenous macrophages, which persist
until approximately 2 weeks after injury [12] (Fig. 1A).
Understanding the mechanisms underlying the remark-
able ability of the PNS to regenerate after injury has been
a topic of intense interest for decades. The Schwann cell,
a neural crest-derived glial cell type comprising 80%
of the cells in the uninjured nerve has long been recog-
nized as a key player in PNS regeneration, undergoing
a remarkable cellular transformation after nerve injury
and assuming multiple pro-regenerative functions during
recovery of the injured nerve [18]. While the Schwann
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cell transformation after nerve injury was long thought
to represent de-differentiation to a more immature state,
we now know that post-injury Schwann cells are distinct
from their precursors. Genetically and morphologically,
post-injury Schwann cells, or “Repair cells’, are unique,
transdifferentiated cells that facilitate tissue rebuild-
ing. Repair cells turn off genes for myelination and acti-
vate those for diverse features including upregulation
of growth-promoting proteins (GDNF, artemin, BDNF
and others), innate immune activation (secretion of
cytokines TNFa, LIF, IL1a, IL1B, and MCP-1), structural
reorganization, and myelin debris clearance [18, 20, 21].
Numerous recent studies have made considerable pro-
gress towards precisely defining the molecular changes
behind the Schwann cell injury response, implicating key
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transcriptional regulators and signaling pathways in this
transformation [1, 5, 18, 33].

Until recently, knowledge of global changes in Schwann
cell gene expression during the 1st week after injury was
largely based on data obtained from whole sciatic nerve
before and after crush or transection injury [27, 32, 44,
49]. This data, however, does not allow for distinction
between Schwann cell-specific transcriptomic changes
and gene expression in other cell types within the nerve,
particularly in hematogenous macrophages, which
flood the nerve in large numbers beginning 3 days after
injury [32]. Purification of Schwann cells away from the
other cell types of the peripheral nerve is essential to
gain a clear view of the Schwann cell response to injury.
Another valuable resource in the field has been micro-
array data from neonatal Schwann cells in which Erk
signaling is activated to mimic injury [33]. While also
instructive, this dataset depicts Schwann cells purified
at an early developmental timepoint, cultured in vitro,
and activated in an in vitro environment in the absence
of axon contact, and is thus unlikely to recapitulate all
aspects of in vivo transdifferentiation. Circumventing the
need for cell purification, several groups have recently
performed single cell transcriptomic analysis of the
rodent sciatic nerve following autoimmune and mechani-
cal injury [22, 40, 46]. These studies provide exciting
insight into heterogeneity of post-injury gene expression
changes in Schwann cells and other cell peripheral nerve
cell populations, but lack the sequencing depth to iden-
tify more subtle responses to injury. Thus, we view this
work as a fundamental new resource that will comple-
ment the excellent studies above.

Here, we provide a high-resolution RNAseq transcrip-
tome of Schwann cells acutely purified from the unin-
jured and injured rat sciatic nerve at 3, 5, and 7 days after
nerve crush injury at postnatal day (P)18 [29]. In addition,
we provide RNAseq analysis of the whole sciatic nerve at
the same timepoints. To our knowledge, this is the first
deep sequencing RNAseq dataset of purified Schwann
cells at across this timespan, a period known to involve
dynamic changes in Schwann cell structure and function.
Bioinformatics analysis of our dataset highlights dataset
integrity and the importance of purifying Schwann cells
away from other cell types in the injured nerve to iden-
tify Schwann cell-specific gene changes. We identify the
most highly up- and down-regulated transcripts at each
post-injury timepoint and further classify genes into dis-
crete modules that follow distinct patterns of regulation
with respect to time after PNS injury. Interrogation of the
genes in these modules identifies aspects of the Schwann
cell response to injury with potential for future study. We
also compare immune roles of Schwann cells with those
of invading macrophages to better differentiate injury
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responses in these two key cell types. To ensure wide-
spread distribution of our dataset, we have incorporated
these data in a user-friendly website previously created
by Ben Barres’ lab (www.BrainRNAseq.org) that pro-
vides a simple and searchable platform for browsing gene
expression data. Our dataset provides a helpful resource
for further deciphering the Schwann cell injury response.
Furthermore, as additional data become available on the
response of CNS glia to injury, we anticipate that this
dataset will provide a valuable platform for understand-
ing key differences in the PNS and CNS glial responses to
injury and for designing approaches to ameliorate CNS
regeneration.

Methods

Vertebrate animals

All procedures involving animals were conducted in
conformity with Stanford University guidelines and are
in compliance with national and state laws and poli-
cies according to APLAC protocol 10726.

Sciatic nerve crush injury

All surgical experiments were performed under 2.5% iso-
flurane on rats at postnatal day 18. Sciatic nerve crush
injury was performed as previously described [30].
Briefly, rats were anesthetized using isoflurane. Upper
thigh was shaved and sterilized using isopropanol. A
1-cm incision was made using a scalpel and nerve was
visualized via blunt dissection using forceps. The left
sciatic nerve was crushed at mid-thigh for 5 s using for-
ceps marked with sterile graphite to mark the crush site.
Carprofen (5 mg/kg subcutaneous) was administered for
analgesia. No sham operation was performed prior to the
collection of naive nerves.

Purification of Schwann cells from the naive and injured
sciatic nerve

10-20 sciatic nerves were used for the generation of
each sample of purified cells. For injured nerves, sciatic
nerve tissue was collected beginning proximally 1 mm
distal to the graphite-marked crush site and extending
distally along the tibial nerve branch as far as possible
approaching the medial calcaneus. The proximal por-
tion of the peroneal nerve branch was included when
intact dissection was possible. Schwann cells were iso-
lated from the entirety of the harvested nerve segment.
For uninjured nerves, the anatomically equivalent nerve
segment was isolated. Schwann cells were acutely puri-
fied using immunopanning from the injured or unin-
jured rat sciatic nerve according to Lutz [29]. Briefly,
following enzymatic digestion using collagenase/dis-
pase, nerves were mechanically dissociated to create a
single cell suspension. Myelin debris was removed using
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a nitex filter and BSA cushion. Sequential immunopan-
ning first depleted unwanted cell populations (CD45 and
Thy1) and then selected for Schwann cells (O4). Perform-
ing depletion of other cell populations prior to positive
selection of Schwann cells ensures optimal Schwann cell
purity. Yields per nerve ranged from 10 to 20,000 cells
for uncrushed nerves to approximately 100,000 cells per
nerve after nerve crush injury.

Immunocytochemistry of immunopanned cells

Cultured cells were fixed with 4% paraformaldehyde for
10 min at room temperature 24 h after immunopan-
ning and then permeabilized and blocked with 10% goat
serum, 0.2% TritonX-100. Cells were labeled using anti-
bodies to goat Ibal (Abcam) and mouse S100 (Sigma
$2532) as well as Cellmask (ThermoFisher H34558) and
DAPL

RNA isolation from whole nerves

RNA from whole nerves was purified according to the
RNeasy Fibrous Tissue kit. For injured nerves, only
the nerve segment distal to the site of crush injury was
included. For uninjured nerves the anatomically equiva-
lent nerve segment was isolated. A minimum of 10
nerves was used for the generation of each RNA sample.
RNA quality was verified through Bionalyzer analysis. All
samples submitted for RNASeq had a RIN of 8 or above.

RNA isolation from purified Schwann cells

RNA from purified Schwann cells was isolated at the
end of the immunopanning procedure by scraping the
O4-positive panning dish according to the instructions
of the RNeasy MICRO kit. RNA quality was verified
through Bionalyzer analysis. All samples submitted for
RNASeq had a RIN of 8 or above.

RNA-seq library construction and sequencing

Total RNA that passed QC standards (RIN>8.0 as
assessed by bioanalyzer) proceeded to library synthesis
using the Ovation® RNA-seq system V2 (Nugen 7102).
First and second-strand cDNA synthesis and SPIA ampli-
fication were performed following the manufacturer’s
instructions, and cDNA was fragmented with a sonica-
tor (Covaris S2) using the following parameters: duty
cycle 10%, intensity 5, cycles/burst 100, time 5 min. We
then used the Next Ultra RNA-seq library prep kit for
Ilumina (NEB E7530) and NEBNext® multiplex oli-
gos for Illumina® (NEB E7335 E7500) to perform end
repair, adaptor ligation, and 5-6 cycles of PCR enrich-
ment according to manufacturer’s instructions. The qual-
ity of the libraries were then assessed by bioanalyzer and
qPCR and high-quality libraries were sequenced by the
Ilumina NextSeq sequencer to obtain 150-bp pair-end
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reads to a minimum depth of 20 million reads per sam-
ple. All libraries passed standard QC metrics (average
Q-scores > 35, mapping % > 80).

Bioinformatic processing of RNAseq data

FASTQ files were first groomed using FASTQ groomer
and then mapped using TopHat2, which invokes Bow-
tie as an internal read mapper. The paired end option
was selected and rat genome Rnor_6.0 was used as the
reference genome. We then ran Cufflinks to assemble
transcripts and estimate expression level as fragments
per kilobase of transcript sequence per million mapped
fragments (FPKM). All subsequent data analysis was per-
formed using R software (https://www.r-project.org/).
We deposited all raw .fastq files from the RNA-seq data
in the National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus (GEO, Accession
number GSE177037). Unsupervised hierarchical cluster-
ing of FPKM data was performed in R using the top 2000
most variable genes with the following settings: Link-
age; average, ColumnPdistance; Spearman, standardized
aCross rows.

Differential expression and pathway analysis

To assess the functional difference of genes post-nerve
crush, we carried out pathway analysis on the top 2000
differentially expressed genes at each timepoint. FASTQ
files were aligned using STAR [8] (v2.7.1) to the Rnor
6.0 reference genome and counts were generated using
RSEM [26] (v1.3.1). Differentially expressed genes were
determined using the DEseq2 [28] (v1.26) package
within the R environment. Differences were visualized
as volcano plots using the EnhancedVolcano package [4]
(v1.80) from Bioconductor. Pathway analysis was car-
ried out using Bioconductor package pathfindR [41] with
p<0.01 for both the Gene Ontology-Molecular Function
and KEGG databases.

Weighted gene co-expression network analysis (WGCNA)
WGCNA analysis was performed using the R package
“WGCNA” [24, 25]. The power value within the block-
wise consensus module was determined by examining
the soft-threshold-mean-connectivity curve (p=21). The
minimum WGCNA module size was 30 genes. Modules
with <0.25 similarity were merged.

qRT-PCR validation

We designed primers spanning exon—exon junctions to
avoid amplification of genomic DNA. The primers used
are listed in Additional file 3. We performed 40 cycles
of amplification for all samples. The specificity and effi-
ciency of all primers were first validated using gel electro-
phoresis and qPCR. The determination of each gene’s CT
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in qPCR was performed in triplicate. When determining
fold changes in gene expression across post-injury time-
points, the CT of each gene was normalized according to
the CT of the housekeeping gene in the same sample.

In situ hybridization validation

Full-length rat cDNA expression plasmids for the genes
analyzed were linearized and transcribed with T7, Sp6,
or T3 RNA polymerases to generate fluorescein (FITC)-
labeled single-stranded anti-sense riboprobes according
to manufacturer’s instructions (11175025910; Roche) and
purified over G-50 columns (GE Healthcare) (Additional
file 4). Fresh frozen 12-pm-thick nerve cryosections from
P18 rats were processed as described [50] for in situ
hybridization and immunohistochemistry using a mouse
S100 antibody (Sigma s2532).

Results

Schwann cell RNA purification and RNAseq transcriptional
profiling

To gain insight into the Schwann cell response to periph-
eral nerve injury, we generated an RNAseq resource for
Schwann cells acutely purified from the naive and injured
rat sciatic nerve at 3, 5, and 7 days post-crush. For com-
parison, we also generated RNAseq data for the naive rat
sciatic nerve (Fig. 1B, D) (Additional file 1). We chose to
examine gene changes over the first 7 days after mouse
nerve crush injury because this time period encompasses
the key events of Wallerian degeneration including
axon degeneration, myelin debris formation, Schwann
cell transdifferentiation, Schwann cell proliferation, the
major phase of Schwann cell-mediated debris clearance,
macrophage recruitment, and the onset of macrophage-
mediated debris clearance [12]. We aimed to capture the
transcriptional changes associated with these events. The
full dataset of purified Schwann cells and whole nerve
segments can be found in Additional file 4.

To assess the purity of our O4-immunopanned
Schwann cells we used immunocytochemistry and
expression of cell type-specific genes. Immunocytochem-
istry of cells purified from uncrushed nerves using the
Schwann cell-specific marker S100 demonstrated a >95%
pure population of Schwann cells with typical spindle-
like morphology 24 h after immunopanning (Fig. 1C).
Both O4 and S100 are broadly expressed in the Schwann
cell lineage [19].

Examination of FPKM values for known cell type-
specific genes in our whole nerve and purified Schwann
cell RNAseq data revealed high enrichment for Schwann
cell-specific transcripts and depletion of transcripts
from potential contaminating cell types. Specifically,
we demonstrated the depletion of S100 expressing peri-
neurial glia and satellite glial transcripts in our purified
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Schwann cell samples (Additional file 9) [13, 39] In addi-
tion, we were able to deplete macrophage, endothelial
cell, and fibroblast cell type-specific markers at all time-
points examined (Fig. 2A). Given the large influx of
myeloid cells into the nerve after injury, we wanted to
more closely examine the possibility that our Schwann
cell samples post-injury might be contaminated by infil-
trating hematogenous myeloid cells. Based on absolute
FPKM, we confirmed that while myeloid markers indeed
increase significantly in the whole nerve transcriptome
post-injury, these were near completely depleted in our
purified Schwann cell samples (Fig. 2B).

Supporting the notion that purification of Schwann
cells away from the sciatic nerve is crucial for the analy-
sis of the Schwann cell injury response in order to avoid
confounding transcriptome changes in other cell types
after nerve injury, unsupervised hierarchical clustering
demonstrated that expression profiles of naive whole
nerve and naive Schwann cells cluster together while
profiles of injured whole nerve and injured Schwann
cells form distinct clusters (Fig. 2C). As a further quality
control measure, we examined genes known to be up- or
down-regulated in Schwann cells in the injured nerve.
As expected, our RNAseq profiles revealed persistent
expression of lineage marker Sox10, a marked downregu-
lation of myelin genes MBP and MPZ and upregulation
of immature and non-myelinating Schwann cell marker,
NGER after nerve crush injury (Fig. 2D).

Validation of RNAseq results

Next, we examined the validity of our Schwann cell
RNAseq transcriptome datasets by two orthologous
methods. We began by identifying a list of transcripts
that appeared from our RNAseq data to be highly regu-
lated after nerve injury. To be selected, transcripts had
to attain an FPKM of at least 30 FKPM at any time-
point, and were either highly upregulated (sevenfold or
more increase in FPKM) or down-regulated (sevenfold
or more decrease in FPKM) during the course of injury.
First, we used qRT-PCR to validate a subset of these top
differentially expressed Schwann cell genes in the week
following nerve crush injury. We found consistent agree-
ment between the qRT-PCR data and our RNAseq find-
ings (Fig. 3). Following qRT-PCR validation, we used
in situ hybridization to confirm Schwann cell origin for
the transcriptional changes observed. We designed fluo-
rescence in situ hybridization probes directed against
a subset of the top up- and down-regulated transcripts
(Additional file 2), selected based on (a) biological inter-
est and (b) amenability to specific probe design. We then
performed simultaneous immunohistochemistry with an
antibody directed against the Schwann cell marker, S100
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(Fig. 4A-D) to validate Schwann cell-specificity for each
in situ probe.

Our in situ hybridization confirmed the anticipated
changes in gene expression in S100-positive Schwann
cells, with putative upregulated transcripts exhibiting
no signal co-localization with S100 immunostaining in
uninjured nerves and co-localization with S100-positive
Schwann cells post-injury. Similarly, putative down-regu-
lated transcripts (SPARCL1) exhibited signal co-localized
with S100 immunostaining prior to injury and were no

longer detectable in immunolabeled Schwann cells after
injury (Fig. 4).

For a subset of up- and down-regulated transcripts,
we observed parallel trends in gene expression in
$100-negative cells, in particular macrophages. There-
fore, we wanted to further confirm that the transcrip-
tomic changes we denoted originated in Schwann cells,
and also differentiate immune responses due to Schwann
cell expression of injury-related genes from those medi-
ated by CD45-expressing myeloid cells. We sequenced
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CD45-positive myeloid cells that were depleted from
our sciatic nerve cell suspension during CD45-based
immunopanning post-injury. This data revealed that
although CD45-positive macrophages exhibit occasional
parallel trends in gene expression compared with puri-
fied Schwann cells, the level of the expression changes
for these genes in this infiltrating population (absolute
FPKM) was typically at least an order of magnitude less
than in purified Schwann cells (Fig. 4A-D). This finding
indicates that Schwann cells relative to macrophages are
the primary drivers of gene expression changes for these
differentially expressed genes post-injury.

Analysis of Schwann cell-specific gene expression

before and after peripheral nerve injury

We next used volcano plots to visualize global changes
in Schwann cell gene expression at each post-crush
timepoint relative to the naive Schwann cell tran-
scriptome (Fig. 5A—C) (calculated using the DESeq2
package). These comparisons revealed widespread
transcriptomic changes (average =5398, padj <0.05) in
Schwann cells at each time post-crush stage. The num-
ber of significant differentially expressed genes (DEGs)
was relatively consistent at each timepoint (5495, 5744,
and 4955 genes at days 3, 5, 7 after injury), although the

composition of these genes differed throughout each
stage. The full list of DEGs at each timepoint can be
found in Additional file 5.

To identify the most relevant biological pathways and
processes induced by nerve crush in Schwann cells, we
performed Gene Ontogeny (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) Pathway analysis of
the top 2000 most upregulated and downregulated genes
at each post-crush timepoint (Fig. 5D-F, all genes with
padj<0.05) (Additional files 6 and 7). Among upregu-
lated genes, to determine which biological categories
exhibit stage-dependent changes, we quantified how
many GO hits were present at each post-injury time-
points (Fig. 5G). While some categories were quite con-
sistent throughout all timepoints (motility, phagocytosis),
others displayed significant enrichment at either day 3
(cell division) or day 5 (cytoskeletal rearrangement). The
most highly downregulated GO terms at days 3, 5, and
7 after injury consistently relate to extracellular matrix
production and cell adhesion (Additional file 7). Our GO
analysis of downregulated transcripts also highlighted a
strong silencing of ion channel expression, likely reflect-
ing the dismantling of highly specialized Schwann cell
membrane regions in close proximity to axons [3, 7, 45]
(Additional file 7).
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Using WGCNA to identify co-regulated networks

in the Schwann cell injury response

Finally, we wondered whether we could identify families
of genes who displayed similar expression patterns across
all post-injury timepoints within Schwann cells. While
this analysis could include consistent up- and down-
regulated trends throughout the duration of the injury, it
could alternatively involve, for example, groups of genes
that peak at 3 days post-injury and then decay, or those
that remain low until before increasing at 7 days post-
injury. Categorizing genes by these patterns allows for a
more nuanced understanding of which pathways share
temporal characteristics during injury. Therefore, we

performed unsupervised grouping of Schwann cell-spe-
cific genes into ten distinct modules using weighted gene
co-expression network analysis (WCGNA), each defined
by a distinct pattern of gene expression over the exam-
ined timecourse (Fig. 6A, B). These clusters can be mined
individually to discover potentially novel pathways and
groups of Schwann cell genes regulated in distinct pat-
terns after nerve injury. A full list of genes belonging to
each module can be found in Additional file 8. To dem-
onstrate the feasibility of clustering injury response genes
in these groups, we sampled three modules (1, 5, and
8) that exhibit distinct temporal patterns of expression
and asked which pathways were most abundant in each
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(Fig. 6C-E). Module 1 genes, which decline rapidly after
injury, were enriched in genes associated with membrane
organization and formation of membrane sub-domains,
consistent with dismantling of myelin nodes and para-
nodes. This is in contrast to module 5 and 8 genes,
which spike rapidly after injury and are most associated
with metabolic and cell cycle processes, likely reflecting
Schwann cell proliferation after injury.

Acute regulation of PI3K/Akt/mTOR and AGE/RAGE
activation in the Schwann cell injury response

Our WCGNA analysis also highlighted the temporal reg-
ulation of specific molecular pathways that are of interest
for further study. The PI3K/Akt pathway, implicated in
multiple studies involving the Schwann cell response to
injury, Schwann cell proliferation, and in the initiation of
Schwann cell myelination, was grouped into module 8, a
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cluster of genes for which expression increases sharply by
day 3 after injury and then decreases in expression inten-
sity by day 5 and further by day 7 after injury [10, 35, 47].
WGCNA analysis also identified the AGE-RAGE path-
way within module 7, a cluster of genes sharply downreg-
ulated at 3 days post-injury that gradually increase back
towards baseline expression at days 5 and 7 after injury.

Discussion

The transformation of the Schwann cell in response to
peripheral nerve injury has long been recognized as a
key feature of the peripheral nerve’s remarkable ability to
regenerate and yet the molecular underpinnings of this
transformation have remained incompletely understood.
Here, we provide an RNAseq dataset on Schwann cells
acutely purified from rodent peripheral nerves at multi-
ple timepoints during the 1st week after nerve crush to
provide insight into the transcriptional changes underly-
ing the Schwann cell response to injury.

We used published immunopanning methods to purify
Schwann cells away from other cell types in the nerve,
including resident macrophages, hematogenous immune
cells, and endoneurial fibroblasts at postnatal day 18.
Several methodological points deserve brief discus-
sion. First, O4 is highly expressed by all Schwann cells
(both the myelinating and non-myelinating (Remak)) at
rat postnatal day 18 [20]. While it is plausible that some
Schwann cells may not bind to our O4 coated panning
for technical reasons such as incomplete tissue diges-
tion, we have no reason to believe that we have excluded
a biologically meaningful Schwann cell sub-population.
Secondly, purification of viable Schwann cells from unin-
jured whole sciatic nerves is increasingly difficult as the
nerve ages. Connective tissue becomes increasingly dif-
ficult to digest and myelinating cell processes are increas-
ingly difficult to dissociate from axons without causing
Schwann cell death. We chose postnatal day 18 as our
initial timepoint because it represents a temporal stage
at which both myelinating and unmyelinating Schwann
cells are reaching maturity and yet can still be dissociated
from the nerve in sufficient numbers [19, 29]. Nonethe-
less, potential subsequent maturational changes should
be taken into account when interpreting our data as rep-
resentative of the adult nerve. Finally, given that immu-
nopanning is performed at room temperature, we do not
anticipate significant changes in cellular gene profiles
during the cell purification process, with the exception of
immediate early genes. We have confirmed this by com-
paring transcriptomes of whole nerve with dissociated
nerve (without immunopanning).

While recent single cell expression analyses contrib-
ute unprecedented granularity to our knowledge of
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Schwann cell gene expression, they lack the sequenc-
ing depth provided by bulk RNAseq to more accurately
define and quantify the molecular changes occurring in
Schwann cells after injury (~ 1000 genes per Schwann cell
detected in Wolbert et al. vs ~8000 in this study). Thus,
both approaches are valuable tools for understanding the
Schwann cell response to injury and should be viewed as
complementary to one another. Our initial analysis of our
bulk RNAseq results underlines several familiar themes
of Schwann cell transdifferentiation, as well as potential
avenues for future study. These are outlined below.

Tissue morphogenesis

There has long been consensus that Schwann cells dis-
tal to a site of peripheral nerve injury reorganize to form
cellular columns known as Bungner’s bands. The impor-
tance of these cellular columns for successful nerve
regeneration is also well-established, yet the mechanisms
underlying the formation of these bands remains incom-
pletely understood. Elegant studies using lineage tracing
analysis have recently provided insight into the Schwann
cell sub-type contributions and changes in Schwann cell
structure that enable the formation of these columns
[2]. The molecular underpinnings of these changes,
however, remain unclear. Our GO and KEGG analysis
of highly upregulated transcripts revealed a large pro-
portion of terms related to cytoskeletal rearrangement,
tissue morphogenesis, and ECM receptor expression.
Further mining of these transcriptional changes within
our database could yield important insight into the regu-
lation of molecular pathways that direct this aspect of the
Schwann cell injury response.

Phagocytosis

Recent work has highlighted that in parallel with mac-
rophages, Schwann cells contribute to debris clearance
within the injured peripheral nerve [5, 15]. Accordingly,
our KEGG analysis of genes highly upregulated after
injury highlights endocytosis and lysosomal degradation
as key upregulated cellular processes in the 1st days after
injury. While macrophages express a broad repertoire of
phagocytic receptors in the injured nerve, Schwann cell-
mediated phagocytosis involves specific upregulation of
TAM (Tyro, Axl, Mer) receptors Axl and Mertk [5]. The
involvement of lectin-mediated phagocytosis, specifically
galectin-3, in Schwann cells debris clearance has also
been suggested [37]. The role of this pathway in periph-
eral nerve repair has however been debated, with galec-
tin-3 knock-out mice exhibiting an unexpected enhanced
capacity for peripheral nerve regeneration [34]. Galac-
tose metabolism was one of the most upregulated path-
ways revealed through our KEGG analysis, suggesting
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that this the involvement of this pathway in the Schwann
cell response to injury may merit further study.

Extracellular matrix changes

Our transcriptional profiling of the post-injury sciatic
nerve also highlights extracellular matrix changes. On
the side of infiltrating myeloid cells, we observed a strong
upregulation of glycan breakdown enzymes after injury.
Two Schwann cell transcripts, Sparcll and Semaba,
are among the most significantly downregulated genes
within the first week after injury. Sparcll, or Hevin, a
secreted non-neuronal protein is implicated in synapse
initiation and remodeling during development and after
injury [11]. Most work to date on Sparcll has been in the
CNS [6, 11, 23]. The magnitude of transcriptional regu-
lation revealed in our RNAseq dataset suggests that this
protein is likely playing a role in the Schwann cell injury
response beyond synapse regulation at the neuromus-
cular junction. Semaba, a thrombospondin repeat-con-
taining axon guidance molecule is known to contribute
to CNS axon outgrowth inhibition after injury [14]. The
effect of Schwann cell downregulation of Sema5a on PNS
axon regeneration has not yet been studied.

Regulation of PI3K/Akt/mTOR and AGE/RAGE activation
A complex interplay between the Mek/ERK1/2-MAPK
and PI3K/Akt/mTOR pathways is suggested in Schwann
cell myelination and myelin pathologies [17]. A dual
role for the PI3K/Akt/mTOR pathway in Schwann cell
development and myelination has been reported, with
activation of the pathway required for the inhibition of
premature Schwann cell differentiation during develop-
ment, and then subsequently for positive promotion of
myelin growth [10]. Whether this pathway is differen-
tially implicated in developmental myelination versus
post-injury re-myelination has not been extensively stud-
ied. Our data suggest that activation of PI3K/Akt/mTOR
following nerve injury is dramatic at the acute stage,
but rapidly declines towards baseline levels by 1 week
post-injury. Further study of the temporal regulation of
this pathway could suggest an anticipated second wave
of expression. Additionally, differential spatial regula-
tion of the PI3K/Akt/mTor signaling between proximal
and more distal portions of the regenerating nerve may
elucidate differences between developmental and post-
injury Schwann cell differentiation and myelination. In
our CD45-positive myeloid cell sequencing results, we
observed a significant upregulation of MAPK signaling,
as reported following CNS injury [48].

The AGE/RAGE pathway has to date been most heav-
ily studied in age-related vascular dysfunction where it
has been found to mediate age-related vascular stiffening.
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The accumulation of AGEs is known to be accelerated
in diabetes [9, 38]. Although the AGE receptor RAGE
is expressed in Schwann cells, its role in the peripheral
nerve has not yet been studied [42]. Recent work shows
that age-related changes in Schwann cells contribute to
failure of the aged PNS to regenerate to the same extent
as the young PNS [36]. Our observation that a decrease
in RAGE occurs in parallel with the Schwann cell repro-
gramming indicates that a silencing of this pathway is at
least involved in, if not required for a successful Schwann
cell response to injury. Such silencing may not be feasible
in the aged and diabetic nerve, where AGEs have heav-
ily accumulated. Failed downregulation of AGE-RAGE
signaling could help to explain a defective Schwann cell
response to injury in aged nerves and possibly a defec-
tive homeostatic nerve repair mechanism in diabetic
neuropathy.

Relevance to human peripheral nerve injury

The ultimate value of findings in rodent models of nerve
injury depends on their relevance to human disease.
Data on the human Schwann cell response to injury are
extremely scarce. Recent studies using degenerating
nerve fascicles in vitro, however, demonstrate impor-
tant parallels between rodent and human Schwann cells
[31, 43]. Importantly, human Schwann cells appear to
recapitulate key features of murine repair Schwann
cells. Namely, human Schwann cells demonstrate adap-
tive cellular reprogramming after injury including cJUN
upregulation and expression of immature Schwann cell
markers LICAM, NEUM and NGEFR, downregulation
of myelin-associated genes such as MBP and MYPO, and
participation in debris clearance [43]. Schwann cells in
both species demonstrate a reduction in the Schwann cell
injury response with increased age [5, 31]. Interestingly,
work on the relative timing of early events in the human
Schwann cell injury response indicates that the Schwann
cell injury response in humans is delayed in comparison
with mice [31]. Specifically, human Schwann cells exhibit
delayed myelin degradation, delayed transdifferentiation
(slower/less robust silencing of differentiation genes and
slower/less robust induction of repair genes) and reduced
adaptation of lipid metabolism. The regenerative capac-
ity of the rodent peripheral nerve (4.5 mm/day) is also
known to exceed that of the human nerve (1-1.5 mm/
day) and could be tightly linked to differences in the
Schwann cell injury response [31]. The underpinnings
of these differences are not yet well understood. This
recent work supports the relevance of work performed
in murine models of peripheral nerve injury to human
peripheral nerve repair. Additional studies in human
Schwann cells are needed to deepen our understanding
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of the similarities and differences between Schwann cell
injury responses in these two species.

Future perspectives

A fascinating aspect of Schwann cell biology is the bifur-
cation of the Schwann cell lineage during development to
form two distinct populations of mature Schwann cells,
non-myelinating (Remak) cells and myelinating Schwann
cells. Our understanding of the gene expression differ-
ences between Remak and myelinating Schwann cells has
until very recently remained rudimentary, based on small
handful of cell-subtype specific markers such as GFAP
and myelin proteins [19]. Using single cell sequencing
and genetic labeling, Gerber and colleagues have very
recently provided the first transcriptome data for the
developing Schwann cell lineage that includes separation
of the Remak and myelinating Schwann cell populations
[13]. For years, despite advances in other aspects of the
Schwann cell response to injury, how the roles of these
two Schwann cell sub-types compare during peripheral
nerve regeneration has remained elusive. Recent stud-
ies have provided the first insights into the morphologi-
cal contributions of myelinating and non-myelinating
Schwann cells after nerve transection, demonstrating
that both myelinating and non-myelinating Schwann
cells have the capacity to change their shape and trans-
form into elongated repair cells and that repair cells in
turn can shorten dramatically following axon regenera-
tion and form myelin internodes [16]. Applying single
cell sequencing technologies akin to the approach of
Suter et al. to the injured nerve’s myelinating and Remak
populations will build upon available transcriptomes, and
notably on the data we present here to further elucidate
the transcriptional basis of Schwann cell transdifferen-
tiation, heterogeneity of repair cells, maintenance of the
repair cell state, and Schwann cell re-differentiation.

Conclusions

The transcriptomic data presented here provide a val-
uable resource to peripheral nerve biologists to fuel
novel hypotheses and uncover new pathways underly-
ing the Schwann cell injury response. In addition to the
molecules highlighted above, we anticipate the discov-
ery of to date un-appreciated pathways and proteins
using our dataset that will enable mechanistic advances
in our understanding of how these remarkable cells
transform after nerve injury. Confirmation of our tran-
scription-level changes at the protein level followed
by knock-out or overexpression experiments has the
potential to yield answers to outstanding questions in
the field of Schwann cell biology. For example, to fur-
ther our understanding of why the PNS regenerates so
well, and to generate new molecular handles for both

Page 13 of 15

understanding CNS regeneration failure and designing
strategies to overcome it.
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