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This study investigates the response to spinal cord injury in the gray short-tailed
opossum (Monodelphis domestica). In opossums spinal injury early in development
results in spontaneous axon growth through the injury, but this regenerative poten-
tial diminishes with maturity until it is lost entirely. The mechanisms underlying this
regeneration remain unknown. RNA sequencing was used to identify differential
gene expression in regenerating (SCI at postnatal Day 7, P7SCI) and nonregenerating
(SCI at Day 28, P28SClI) cords +1d, +3d, and +7d after complete spinal transection,
compared to age-matched controls. Genes showing significant differential expression
(log2FC = 1, Padj < 0.05) were used for downstream analysis. Across all time-points
233 genes altered expression after P7SCI, and 472 genes altered expression after
P28SCI. One hundred and forty-seven genes altered expression in both injury ages
(63% of P7SCI data set). The majority of changes were gene upregulations. Gene
ontology overrepresentation analysis in P7SCI gene-sets showed significant overrep-
resentations only in immune-associated categories, while P28SCI gene-sets showed
overrepresentations in these same immune categories, along with other categories
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such as “cell proliferation,” “cell adhesion,” and “apoptosis.” Cell-type-association
analysis suggested that, regardless of injury age, injury-associated gene transcripts
were most strongly associated with microglia and endothelial cells, with strikingly
fewer astrocyte, oligodendrocyte and neuron-related genes, the notable exception
being a cluster of mostly downregulated oligodendrocyte-associated genes in the
P7SCI + 7d gene-set. Our findings demonstrate a more complex transcriptomic
response in nonregenerating cords, suggesting a strong influence of non-neuronal
cells in the outcome after injury and providing the largest survey yet of the trans-

criptomic changes occurring after SCI in this model.
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1 | INTRODUCTION

Injuries to the adult central nervous system (CNS), especially to the spi-
nal cord, yield a poor prognosis for recovery. Depending on the injury's
severity, the resulting loss of function below the level of the injury is
usually permanent and leaves the patient with debilitating disabilities
and susceptible to a range of related secondary maladies. These prob-
lems, combined with the absence of an effective treatment, present a
difficult outlook for spinal cord injured patients. Underlying this clinical
situation is a failure of severed axons to regenerate, at least over suffi-
cient distances or with sufficient reconnections to be of benefit.

In contrast to the adult, the immature nervous system retains a
considerable ability to regenerate following injury. This has been dem-
onstrated extensively using marsupials, whose young are born at a
very immature stage of neural development, similar to an embryonic
Day 13 (E13) rodent (Saunders et al., 1992; Saunders, Deal, Knott,
Varga, & Nicholls, 1995).

In these models, for a short period after birth (approximately
1-3 weeks, depending on the species), injury to the spinal cord is
followed by pronounced outgrowth of axons through the injury site
(Fry, Stolp, Lane, Dziegielewska, & Saunders, 2003; Lane et al., 2007;
Saunders et al, 1995; Wheaton, Callaway, Ek, Dziegielewska, &
Saunders, 2011). This axonal outgrowth is able to span the injury site
and connect the disrupted ends of the transected spinal cord as early
as 5 days postinjury (Lane et al., 2007) and is composed of a combina-
tion of regenerating axons and newly growing axons, both of which
are able to grow across the injury site (Fry et al., 2003; X. M. Wang,
Terman, & Martin, 1998).

This robust regrowth after early-age injury is maintained through
to adulthood and has been demonstrated in the gray short-tailed
opossum (Monodelphis domestica; Saunders et al., 1992; Saunders
et al., 1995), the North American opossum (Didelphis virginiana; Mar-
tin, Terman, & Wang, 2000; X. M. Wang, Terman, & Martin, 1996) and
the tammar wallaby (Macropus eugenii; Saunders et al., 2017). In all
three species it is accompanied by supraspinally mediated functional
recovery of coordinated hindlimb locomotion by adulthood (Saunders
et al, 1998; Saunders et al.,, 2017; X. M. Wang, Basso, Terman,
Bresnahan, & Martin, 1998; Wheaton et al, 2011; Wheaton
et al., 2013). The regenerative response diminishes if injuries are made
later in development (Lane et al., 2007) until no regrowth occurs, simi-
lar to adult injuries (Wheaton et al., 2011). This uniqgue mammalian
model, in which spinal cord regrowth occurs following complete spinal
transection in the absence of any external interventions has the
capacity to demonstrate key processes and events that underlie suc-
cessful axon regeneration.

The exact mechanisms underlying this axon regeneration remain

unknown. Early work showed a positive role for cAMP in regenerating

injuries (Mladinic, 2007), and that increased annexin-1 expression was
associated with the loss of regenerative capacity (Mladinic, Del Bel, &
Nicholls, 2007). Proteomic studies implicated ubiquitin, among other
proteins, in the response (Noor et al., 2011; Noor et al., 2013).

Few large-scale postinjury gene analysis studies have been per-
formed in this model. Those that havehighlighted the complexity of the
responses and demonstrated that there are substantial age-dependent
differences. Microarray analysis of ex vivo opossum spinal cords
maintained under culture conditions showed an increase in genes relat-
ing to cell proliferation and antiapoptotic functions in regenerating
cords, and an increase in proapoptotic and cell adhesion genes in non-
regenerating cords (Mladinic, Lefevre, Del Bel, Nicholls, & Digby, 2010).
Using RNA sequencing of injured spinal cords in an in vivo model,
Saunders et al. (2014) found that regenerating injuries only resulted in a
comparatively small number of significant gene changes, almost all of
which were related to immune/inflammatory functions, but in non-
regenerating injuries, the genetic response involved a larger number of
genes from a much wider range of categories. These studies focused
on very short term changes, limiting their scope to 1 day postinjury and
although many gene-sequencing studies of spinal cord injury have been
performed over longer time periods postinjury (e.g., Aimone, Leasure,
Perreau, & Thallmair, 2004; K. Chen et al., 2013), none has examined
the time-course of gene regulation following injuries in the mammalian
nervous system where regeneration occurs.

Therefore, in the present study we have applied an RNA-
sequencing approach to identify the gene expression profiles of reg-
enerating and nonregenerating mammalian spinal cords in
M. domestica and sought to characterize the injury's progression by
examining the transcriptomes from multiple time-points after injury at
either age.

Our study demonstrated a dynamic and multifaceted response to
injury that was more complex in nonregenerating cords than reg-
enerating cords, possibly resulting from the relative maturity of a
number of systems, including the adaptive immune system, mye-
lination and apoptosis. At its most basic level, this study provides a list
of genes that respond to spinal cord injury in cords that regenerate
and those that do not and therefore may be a useful resource from
which one can determine genes that play important roles in driving

spinal cord regeneration.

2 | MATERIALS AND METHODS

21 | Ethics statement

All animals for experimental use were sourced from an in-house

breeding program at the Department of Biology, University of New
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Mexico. All M. domestica breeding and experimental work was con-
ducted under protocols approved by the Institutional Animal Care and
Use Committee of the University of New Mexico, protocol numbers
15-200334-B-MC and 15-200330-HSC.

2.2 | Spinal cord injuries and tissue collection

Complete spinal cord transections were performed on opossum pups at
either postnatal Day 7 or 28 (P7SCl and P28SCl). Cords were collected
for RNA sequencing analysis +1, +3 or +7 days later, along with age-
matched control tissues. Detailed procedures for completely trans-
ecting the lower thoracic (T10) spinal cord in these pups have been
described previously (Wheaton et al, 2011; Wheaton et al., 2013;
Wheaton, Noor, Dziegielewska, Whish, & Saunders, 2015). Briefly,
opossum pups were anesthetized to a surgical level using inhaled iso-
flurane (3% in Oz-enriched air), either while still attached at the teat to
the anesthetized mother (in the case of P7SCl pups) or individually
(in the case of the more mature P28SCl pups). A longitudinal incision
was made in the shaved skin overlying the lower thoracic spine and,
using blunt dissection of the underlying musculature, the T10 vertebra
was exposed. Spinal cord transection was performed by first dissecting
between the vertebrae, opening the membranous intervertebral con-
nective tissue with a fine ophthalmic scalpel (Eagle Labs, 15° stab blade)
before completely transecting the spinal cord using fine spring scissors
(Fine Science Tools). The point of a fine ophthalmic blade was then
repeatedly passed through the lesion site in contact with the underlying
bone in order to sever any remaining axons and confirm the complete-
ness of the transection. Once the transection was complete, the skin
incision was closed and sealed using surgical tissue glue (Vetbond, 3M).

Animals were maintained under surgical anesthesia on a heated
pad (25-28°C) for the duration of the surgery and recovery. Postoper-
ative pain was managed with intraperitoneal injections of
buprenorphine (0.06 mg/kg). No postoperative infections were
observed.

After 1, 3, or 7 days postinjury pups were killed by isoflurane
overdose and decapitation. Spinal cord tissue (1 c¢cm of cord
encompassing the injury site) was collected for RNA sequencing, along
with age-matched control tissue from the same spinal levels, in
RNase-free tubes, snap frozen in liquid nitrogen and stored at —80°C
until RNA extraction.

2.3 | RNA preparation and sequencing

RNA sequencing was performed on 3-4 samples per experimental
group. At some ages it was necessary to pool spinal cords in order to
attain the required RNA concentration for library preparation. To pro-
duce a single biological replicate, cords from three animals were
pooled for groups P7SCI + 1d, P8 control, P7SCl + 3d and P10 con-
trol; cords from two animals were pooled for groups P7SCl + 7d and
P14 control. Cords from all P28SCI groups and their corresponding
controls did not require pooling.
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RNA was extracted using the Trizol method (Chomczynski &
Sacchi, 1987) and washed, purified and eluted using the PureLink RNA
Mini Kit (Ambion) according to the manufacturer's instructions. Briefly,
spinal cords were manually homogenized in TRIzol reagent (Ambion)
using a dounce glass tissue grinder (Wheaton) followed by chloroform
extraction and centrifugation (12,000xg, 15 min at 4°C). The aqueous,
RNA-containing phase was retained and precipitated with 70% ethanol.
The RNA in the resultant mix was bound to a spin cartridge and washed
repeatedly, as per the manufacturers instructions. RNA was eluted in
RNase-free water. Quality was assessed using the Agilent 2100 Bio-
analyzer (RRID:SCR_013575); all samples used for RNA sequencing had
RIN > 9. Quantity was determined using a Qubit 2.0 Fluorometer.

Library preparation and RNA sequencing was performed at the
National Centre for Genome Resources (NCGR, Santa Fe, NM) using
the lllumina TruSeq library preparation protocol. The poly-adenylated
coding mRNA was isolated and fragmented before the strands were
reverse transcribed to produce cDNA libraries. Libraries were
sequenced using the HiSeq 2000 instrument (lllumina; RRID:
SCR_010233). Contaminants (e.g., adaptors, dimers, etc.) were
removed from the samples using NCGR's custom filtering pipeline,
resulting in an average of 17.8 M single-end 50 bp postprocessed

reads generated per sample.

24 | Read mapping, transcript identification, and
differential expression analysis

RNA-seq data were analyzed using the Lumenogix Bioinformatics-in-
a-Box platform, a web-based bioinformatics interface offering a vari-
ety of tools (Lumenogix, NCGR, Santa Fe, NM; www.ncgr.org/;
Umylny & Weisburd, 2011; National Center for Genome Resources,
RRID:SCR_012416). Quality assessment was performed using FastQC
(RRID:SCR_014583). Since all samples displayed reads with Phred
scores greater than 25, no further quality-based trimming was
required. Two pipelines were used in parallel in the present study.
Pipeline 1 invoked the tuxedo suit package of algorithms where reads
were mapped to the M. domestica reference genome using Tophat2
(v. 2.0.11; RRID:SCR_013035) producing gene-based FPKM (frag-
ments per kilobase mapped reads) intensities that were quantified
using Cufflinks (v. 2.2.1; RRID:SCR_014597). Differences in gene
abundance were assessed with CuffDiff (v. 2.2.1; RRID:SCR_001647).
In pipeline 2, reads were mapped using GSNAP (RRID:SCR_005483)
which produces simple gene-based raw hit counts, which were quanti-
fied using HTSeq (v. 0.6.0; RRID:SCR_005514). Differential gene
expression was performed using EdgeR (v. 2.0.5; RRID:SCR_012802)
and DESeq (v. 1.2.1; RRID:SCR_000154), differential expression anal-
ysis tools that use built-in upperquartile and geometric mean normali-
zation functions, respectively. All analyses were performed using
default algorithm thresholds and parameters. In both pipelines the
reads were mapped and quantified with reference to the M. domestica
reference genome (assembly: MonDom5; annotation: Ensembl release
76), which yielded reads for 23,899 genes for pipeline 1 (using Top-
hat2) or 19,311 genes for pipeline 2 (using GSNAP).
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Two types of biological comparisons were performed. SCI sam-
ples at each injury age were compared with age-matched control tis-
sue to examine injury-induced genes. Uninjured control tissue at P8
and P29 was also compared to examine developmentally regulated
gene expression. Within each of the three algorithms, the genes
whose abundance changed in response to injury or development were
identified by selecting those with a Padj value (false discovery rate-
adjusted p value, accounting for multiple comparisons) less than 0.05
and log2FC greater than 1 in either direction, relative to their control
comparison. Next, the final gene-set was determined by overlaying
these individual lists using Venn diagrams and selecting only those
genes that had been identified by two or more algorithms (see
Figure 1a for graphical representation of this workflow). The validity
of this somewhat conservative approach was tested by mining the

developmental comparisons for neurodevelopmental genes.

2.5 | Gene-set overrepresentation

To determine functional gene categories that were involved in the

response to spinal injury at the two ages, Gene Ontology Overrepre-

database (www.pantherdb.org; Mi, Muruganujan, & Thomas, 2013).
This tool compares a test gene list to a reference gene list, and uses a
simple binomial statistical test in order to determine whether any par-
ticular ontology class is over- or underrepresented in the input gene
list. Here, the test gene list comprised all differentially expressed
genes (both up- and down-regulated) in each time-point's data set,
compared with a reference gene list encompassing all genes in the
M. domestica genome. Overrepresentation analysis was performed for
the GO terms classified in the GO Slim Biological Process subclass.
GO Slim terms with p < .05 (Bonferroni correction for multiple com-
parisons) were considered significant, and graphed. The “unclassified”
category was not shown in all analyses. Individual genes comprising
each significant GO category were then extracted, and heatmaps of
each gene's fold change were constructed in order to further examine

the composition of the functional groups.

2.6 | Cell-type association analysis

To understand the likely cell source of the differentially expressed

genes in this study, we used a publicly available CNS cell-type-specific

sentation analysis was performed using the online PANTHER transcriptome to determine whether injury-induced genes
(a)
RNA-sequencing
1x50 lllumina HiSeq2000 ‘(\0\’{\ 50'9
o R
Alignment | Quantification | Diff. Exp.
EdgeR
GSNAP HTSeq sort Avb
Padj<0.05
TopHat2 Cufflinks CuffDiff log,FC > 1
DESeq
(b)
P7SCl+1d P7SCl+3d P7SCl+7d P28SCl+1d P28SCl+3d  P28SCI+7d
EdeeR 238 164 471 288 133
ge (AN227/N11)  (M61/¥3)  (M106/822) | (A434/N37)  (A277/N11)  (A129/V4)
DES 119 51 354 149 39
eq (117/2) (50/1) (40/6) (333/21) (142/7) (38/1)
CuffDiff 157 156 394 221 118
SR (148/9) (150/6) (63/17) (359/35) (203/18) (109/9)
Total 159 113 389 205 84
ota (157/2) (11211) (59/10) (364/25) (196/9) (81/3)

FIGURE 1

Pipeline for identifying differentially expressed genes. (a) Multiple bioinformatic algorithms were used to identify differentially

regulated genes following spinal cord injury. Identified genes were sorted (Padj < 0.05; log2FC = 1 differential expression in either direction) and
the resulting gene-sets were overlaid. Genes that were identified as differentially expressed by at least two algorithms were used for downstream
analysis. Venn diagram shows data for P7SCI + 1d, where genes contained in gray triangle were considered differentially expressed. (b) Summary
of differentially expressed genes from all differential expression algorithms at all ages analyzed. Numbers in brackets represent the numbers of up
—/down-regulated genes. Total represents the number of genes for each age identified by at least two algorithms, taken forward into the

remaining analyses
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demonstrated any bias toward a particular cell type. Single-cell-type
data representing transcriptomes from individual cell populations
derived from mouse brain tissue was downloaded from The Barres
Lab webpage (http://web.stanford.edu/group/barres_lab/brain_rnaseq.
html; Y. Zhang et al., 2014). This data set provides the expression level
for every gene transcribed in seven different CNS cell types: astrocytes,
neurons, endothelial cells, microglia, oligodendrocyte progenitor cells
(OPCs), newly formed oligodendrocytes and myelinating oligodendro-
cytes. Here it provided the background expression information to
which M. domestica spinal injury-induced genes were compared. Since
we were interested in the proportion of a gene's expression that could
be attributed to a particular cell type, rather than its raw expression
level, each gene's cellular expression level was shown as a percentage
of its sum expression across all cell types. Opossum Ensembl gene
codes were converted to common gene identifiers that were then used
to extract the specific expression data from the cell population data set.
Any gene with an identifier not found in the mouse data set was
excluded along with any identified gene whose expression level did not
rise above background level (FPKM = 0.1 in the background single cell
type study data). For each remaining injury-induced gene of interest
the expression level in each of the cell-types imposed from the back-
ground data set was recorded and heatmaps were constructed.
Resulting data were first separated by time-point then clustered hierar-
chically based on the commonality of their expression patterns in the
cell types using the Morpheus tool (Broad Institute; https://software.
broadinstitute.org/morpheus; RRID:SCR_017386).

2.7 | Analysis

All bioinformatics processing and analyses were performed using the
Lumenogix Bioinformatics-in-a-Box web platform (Umylny &
Weisburd, 2011) and GO term overrepresentation analysis was
performed using the Panther database (www.pantherdb.org; Mi
et al., 2013). Venn diagrams were created using the online tool Gene-
Venn (genevenn.sourceforge.net; RRID:SCR_012117). Heat maps
were constructed and clustering was performed using the Broad Insti-
tute's Morpheus tool (https://software.broadinstitute.org/morpheus;
RRID:SCR_017386), available online. For analysis of regeneration-
associated genes (RAGs) and neurodevelopmental genes, FPKM
values resulting from the cufflinks package were used to assess
expression levels and gene expression heatmaps were constructed in
Morpheus. All graphs were produced using GraphPad Prism v5.0b
(RRID:SCR_002798). All figures were produced using the Adobe Crea-

tive Suite (RRID:SCR_010279; RRID:SCR_014199).

3 | RESULTS

3.1 | Identifying differentially expressed genes

In order to study transcriptional changes occurring during successful

regeneration we performed a large-scale, multi-time-point RNA
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sequencing study encompassing three postinjury time-points (+1, +3,
+7 days) after injuries made at P7 (where regrowth occurs) and inju-
ries made at P28 (where no regrowth occurs). Three differential
expression algorithms (EdgeR, DESeq, and CuffDiff) were used to
identify genes whose abundance changed in response to spinal injury
(Figure 1).

Since these algorithms each identified a slightly different subset
of genes at each time-point we employed a conservative method
whereby only genes that were identified as significantly different
(Padj < 0.05; log2FC 2 1 in either direction) by at least two out of the
three algorithms were considered for further analysis (Hansen,
Schilkey, & Miller, 2016). An example of this workflow for identifying
DE genes in the P7SCI + 1d data set is shown in Figure 1a.

In all time-points studied, EdgeR consistently identified the larg-
est number of genes, while DESeq proved to be the most conserva-
tive, identifying on average, less than half the genes compared to
EdgeR (Figure 1b). In all cases this more conservative DESeq data set
was nearly entirely captured by the other algorithms whereas genes
identified by both EdgeR and CuffDiff contained many unique genes
not identified by either of the other algorithms, which resulted in
>30% of their data sets not being included in the final analysis.

The transcriptomic response to spinal injury changed considerably
depending on the postinjury regenerative outcome or postinjury time-
point (Figure 2). In total, injury altered the transcript abundance of
558 genes (Padj < 0.05; log2FC 2 1 in either direction) at one or more
time-points after either lesion (Figure 2a), with the majority of these
being upregulations relative to control. Over 60% of the genes found
in the P7SCI groups were also found in P28SCI groups, demonstrating
significant transcript overlap between regenerating and non-
regenerating spinal cords. However, a large number of genes with
changed abundance were identified uniquely in regenerating or non-
regenerating cords only (Figure 2a,b). A complete list of injury-induced
differentially expressed genes and fold changes is shown in Appen-
dix 1.

At both injury ages (P7SCI and P28SClI) the greatest number of
differentially expressed genes was found acutely after injury, before
decreasing as time progressed. This was evident in gene-sets resulting
from individual algorithms (as shown in Figure 1b) as well as for the
combined gene-set.

To investigate whether this was simply a turning off of the gene
response, we overlaid the genes identified at each time-point to
assess common and distinct elements of the transcriptome after injury
(Figure 2c,d and Appendix 1). In both injury groups a small subset of
genes (approximately 10% at both injury ages) were consistently iden-
tified at all postinjury time-points. These included, for example, the
complement factors C1S, C1QA, C1QB, and C1QC and other immune-
related genes including LBP, CSF2RB, CSF1R, MPEG1, and IL1R1.
Although the magnitude of differential expression changed with time,
the direction, up- or down-regulation, was identical in all cases.

The earliest time-point (+1d postinjury) contained the greatest
number of distinct genes whose abundances changed due to injury.
This was a particularly prominent feature in the P28SCI group, where

251 genes, well over half of the total genes that were differentially
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expressed in the P28SCI group, were differentially expressed only at
+1d after injury. Gene-sets identified in the early phase (+1 and +3d)
had many more elements in common than either did with the gene-
sets identified at the later phase (Figure 2c,d). Interestingly, in both
injury groups, a small number of genes were differentially expressed
in both +1d and +7d cords.

3.2 | Injury-associated gene function

In order to characterize the genes that are regulated after injury we
sought to classify them according to functional category. The genes
identified at each time-point were used for overrepresentation analy-
sis of GO Slim categories in the Biological Process parent category
(Figure 3).

Apparent is that injury at P28 elicited a much more complex
array of response categories than at P7. Gene categories overrepre-
sented in the P7SCI data were limited almost entirely to immune-
related functions at all ages studied (e.g., “Immune system process,”
“Macrophage activation,” “Cytokine-mediated Signaling,” “Comple-
ment activation”). These immune categories were also overrepre-
sented at P28SCl, particularly early after injury. However, categories

such as “Cell proliferation,” “Cell locomotion,” “Cell adhesion,”

o8

FIGURE 2 Differentially expressed genes
following spinal cord injury in regenerating
(P7SCI) and nonregenerating (P28SCl) spinal
cords. (a) Five hundred and fifty-eight genes
were differentially regulated at one or more
time-points after injury, the majority of which
were upregulated (red bars). Venn diagrams
display the number of differentially expressed
genes that were shared or unique to P7SCl or
P28SClI (b) and those shared or unique for
individual time-points following injury at
P7SCI (c) and P28SClI (d) [Color figure can be
viewed at wileyonlinelibrary.com]

P28SCI DE genes

P7SCI+3d DE genes

P7SCI+7d DE genes

P28SCI+3d DE genes

o8

P28SCI+7d DE genes

“Death,” “Cell Death,” and “Apoptosis” were also overrepresented in
the P28SCI data (Figure 3a). The acute time-point was also the only
time at which an underrepresentation of a category was observed,
wherein genes relating to “RNA-metabolic process” were signifi-
cantly underrepresented in both +1d injury groups (Figure 3a). As
time progressed after either injury, and as the number of differen-
tially expressed genes decreased, the number of overrepresented
categories became more simplified and by +7d postinjury, only
immune-related categories remained overrepresented (Figure 3a).
Interestingly in this latest time-point no common overrepresented
categories were identified in both P7SCl and P28SCI data (i.e., only
“Complement Activation” was significantly overrepresented at
P7SCI + 7d whereas “Immune system process,” “Immune response,”
“Antigen processing and presentation,” and “Antigen processing and
presentation of peptides” were overrepresented in P28SCl + 7d
data; Figure 3c).

Some GO Slim categories were overrepresented at stages after
injury in both regenerating and nonregenerating injuries, while others
only appeared in one or the other. To examine whether these func-
tional groups comprised similar or different gene-sets at different
time-points, the genes in our data sets that were classified in several
of the GO categories were extracted and shown individually, along

with their fold change, in Figures 4 and 5.


http://wileyonlinelibrary.com

WHEATON ET AL.

RESEARCH IN
SYSTENS NEUROSCIENCE

WILEY_L 7

P7SCI
a +1d

25 20 15 10 5 0

b +3d

20 15

c +7d

8 6 4 > 0
corrected p-val (-log,,)

FIGURE 3

Immune system process
Immune response
Response to INF-y

Macrophage activation

Cytokine-mediated signaling
Cell proliferation
Response to stimulus

_ Response to stress
Response to external stimulus
Response to biotic stimulus
Locomotion
Biological adhesion
Cell adhesion
Lipid metabolic process
Developmental process
Death
Cell death
Apoptotic process
[0 RNA metabolic process

Sensory perception chem. stim.

Immune system process
Immune response
Response to INF-y

Complement activation

B-cell mediated immunity
Macrophage activation
Cytokine-mediated signalling
Response to stimulus
Response to stress
Developmental process

Immune system process
Immune response
Complement activation
Antigen processing/presentation
Antigen process/pres of peptides

THE JOURNAL OF COMPARATIVE NEUROLOGY

P28SCI
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Functional classification of injury-induced genes. Statistically significant overrepresented (black bars) and underrepresented (white

bars) gene ontology categories for P7SClI (left sides) and P28SCI (right sides) are shown for +1d (a), +3d (b), and +7d (c) after injury. The -log10
corrected p-value for overrepresentation was plotted for all significant categories. Dashed line represents p = .05, log transformed. Note: For
graphical comparative purposes, the P7SCI has been flipped; however, these do not denote downregulations or underrepresentations

Most common elements of the response to injury in both reg-
enerating and nonregenerating cords were the overrepresentation of
some functional categories falling under the “Immune response” par-
ent category—“Response to INF-y,” “Macrophage activation,” “Com-
plement activation”—and other more general response-to-injury
categories such as “Cytokine-mediated signaling pathway” and
“Response to stress.” The genes that were contained in these catego-
ries are shown in Figure 4.

Within these categories, it was common to find genes that were
differentially expressed in both injury phenotypes but at different
times after injury. A few genes were differentially expressed earlier
in regenerating animals (e.g., S100A4, INPP5D) or earlier in

nonregenerating animals (e.g., GBP7, PTX3). Some genes were
expressed at the same time-points but were differentially expressed
for a longer period of time in regenerating animals (e.g., MRC1, C3,
CFB) or for a longer period of time in nonregenerating animals
(e.g., CCL3, CCL24, IL1B, SYK). It was rare, however, to find genes
that were only differentially expressed only in P7SCI data sets
(e.g., COLEC12, IFI35, STAT1).

Some functional categories were only overrepresented at time-
points in the nonregenerating (P28SCI) spinal cords. These were gen-
erally more wide-ranging in their classification, encompassing a wider
variety of cellular processes including the immune categories “Antigen

presentation,” “B-cell mediated immunity,” as well as cell process
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Individual genes classified in key functional categories in regenerating and nonregenerating injury groups. The genes that were

classified in GO slim categories that were significantly overrepresented at one or more time-points after injury in both P7SCl and P28SCI animals
are shown along with their fold changes. The “Unclassified immune genes” category contains genes appearing in “Immune system process”
category but not classified in any of its child categories. Bold gene names indicate those that only appear in P7SCI data sets. Note: Some genes
are classified in multiple groups [Color figure can be viewed at wileyonlinelibrary.com]

“Cell

adhesion,” and “Locomotion.” These genes are shown in Figure 5.

categories “Apoptotic  process,” proliferation,” “Cellular

Individual gene differences were obviously more striking in
these categories. Genes classified in the “Apoptotic process” cate-

gory were rarely found in P7SCI groups, but instead were primarily

found in P28SCI + 1d group. Caspase genes (CASP1/10/12 and 13),
classical markers of apoptosis, were more strongly regulated in the
nonregenerating spinal cords, although CASP4 was only upregulated
in the regenerating (P7SCl) cord. The immune category “Antigen pre-
sentation” contained few genes, but evoked a much stronger and


http://wileyonlinelibrary.com

WHEATON ET AL.

977

THE JOURNAL OF COMPARATIVE NEUROLOGY

1d 3d 7d 1d 3d 7d 1d 3d 7d 1d 3d 7d
| ADAM28
ADAM33 c ] g')o‘(g_ )
| ADAMDEC o)
CASP1 = I CXCL8
CASP10 o HCK
n CASP12 Q@ HGF
17} CASP13 = LTBR
8 CASP4 o NGRF
o CTGF o SYK
o CYR61 — TNFRSF1A
e DNASE2 o TNFRSF1B
2 GADD45B O I TNFRSF9
o) ER3 s e m e mmm e mmmm——m—— -
ot LIMK2
o) LTBR ADGRE1
Q NGRF ge] BLNK
< NMET1 Q CSF2RA
PAWR o > I CSF3R
PYCARD bl *é‘ FCER1G
TNFAIP8 [0] S FCGR2B
TNFRSF1A EE FCRL4
I TNFRSFIB = & \ IGHM
TNFRSF9 o .E [ OSMR
- WISP1 ? I SIGLEC10
om ] SIGLEC5
“““““““““““ L VAt
ADAP2 L L ____.
ANGPT2
[ ANGPTL? 5 || cTss
BARX2 o= FCER1G
[ | | C10A o8 I FCER2
c7 oc || HLA-DRA
I CD207 = TAPBP
- T CD36 < 3 Unknown
) CFB b
n || COL151A Q
Q COLEC12
% (o3 =
® — CRNNA3 I ceLz
— CYR61 CCL20
© FBLN1 CcCL24
(&) [ FCER2 - cOL3
B ccL4Lt
| ITGAL10 g CCLs
ITGAL 5 CXCL1
[ | ITGAX 8 _ CxoLs
| g;sé 9 FCER1G
HCK
TINAGL1 NGFR
?&%2 SDC4
SYK
| WISP1
- -
2 0 LogyFC 6
FIGURE 5 Individual genes classified in key functional categories in only nonregenerating injury groups. The genes that were classified in GO

slim categories that were overrepresented only after injury in P28SCI animals are shown along with their fold changes. Bold gene names indicate
those that only appear in P7SCl data sets. Note: Some genes are classified in multiple groups [Color figure can be viewed at

wileyonlinelibrary.com]

longer-lasting response in the P28 animals, and genes in the “B-cell
mediated immunity” category suggest a much more developed B-cell
response in nonregenerating cord. Genes such as BLNK, VAV1 and
IGHM are involved with B-cell development, maturation and activa-
tion, none of which was differentially expressed in the regenerating
cords. Other categories of interest here included “Cell proliferation”
and “Locomotion,” where nonregenerating cords displayed a much
stronger chemokine response, and “Cell adhesion,” where the
highest number of downregulated genes was found. Genes involved
in cell interactions such as COL15A1, CTNNAS3, ITGA10, and WISP1
were all downregulated in P28SCI cords, and were not differentially
expressed in the P7SCI cords.

Although GO category overrepresentation revealed that several
facets of the immune response (“Macrophage activation,” “Response
to INF-gamma,” and “Complement activation”) were comparable

between regenerating and nonregenerating spinal cords, the presence

of a wider range of functional categories suggests a much more com-

plex response in the nonregenerating spinal cords, injured at P28.

3.3 | Regeneration-associated genes
Although gene ontology analysis is becoming a standard tool for unbi-
ased assessment of functional gene categories in gene-sets, it still
relies on curated databases of assigned gene functions. These gene
functions may be based on published material or more complex
methods including sequence homology searches. As such, these data-
bases are ever expanding but may not reflect more novel groups of
genes thought to contribute to certain processes.

Recently, much research has aimed to identify RAGs. These can
include genes that are proregenerative or antiregenerative. In order to

assess the role of putative RAGs in our regenerating and
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nonregenerating spinal cords our transcriptomic data was analyzed for
genes known to be either proregenerative or inhibitory genes. Since
few of the identified RAGs are differentially expressed in our SCI data
sets, normalized expression values (FPKM; resulting from the tuxedo
suite analysis package) are shown for all injury groups along with their
controls. A selection of these is shown in Figure 6a.

Of the proregenerative genes, the transcription factors ATF3 and
CEBPD (Ma & Willis, 2015) were upregulated at some stage after
injury at P7SCl; however, these genes were also found to be
upregulated after injury at P28SCI to an even greater extent. Other
transcription factors such as KLFé, KLF7, and SOX11 (Blackmore
et al., 2012; Jankowski et al., 2009; Moore et al., 2009) showed no
differential expression due to injury, although developmentally these
along with others such as KFL11, CDC42, and CREB1 (Herman
et al.,, 2018; Ma & Willis, 2015) were expressed at higher levels in the
younger, regenerating-age animals (Figure 6a). Many growth factors
thought to be supportive of axonal regeneration are not annotated in
the M. domestica genome (e.g., CTNF) and several others show very
low expression (e.g., BDNF, GDNF; data not shown; Alto et al., 2009;
Blesch & Tuszynski, 2003). Interestingly, the NGF receptor (NGFR) is
upregulated 1 day after injury in P28SCl but not P7SCl animals;

Regeneration-associated genes

(a)

;SZD
AN

*

Pro-regenerative

Inhibitory

EPHA4
PTEN

row min

row max

(b)

however, it is more highly expressed during the regenerative period,
but does not change expression due to injury during this period
Another GAP43
(Benowitz & Perrone-Bizzozero, 1991), shows a similarly elevated

(Figure 6a). potent growth-related factor,
expression during the earlier time-points before its expression
decreased as time progressed; it was similarly unaffected by injury.
The expression of other putative proregenerative RAGS such as JUN,
RAC1, SMAD1, and STAT3 (Ma & Willis, 2015; Raivich et al., 2004)
were unchanged by either development or injury (Figure 6a).

Of the known inhibitory genes, few are affected significantly by
injury. The CSPGs brevican, neurocan, and versican (Silver &
Miller, 2004; Figure 6a) are not regulated by injury, although versican
and brevican's expressions increase during development. The inhibi-
tory ephrin-A4 (EFNA4; Harel & Strittmatter, 2006) and its receptor
(EPHA4) decrease with time (Figure 6a). The inhibitory transcription
factor PTEN (Liu et al., 2010) was unaffected by injury, but showed a
similar pattern with development. The myelin breakdown product
Nogo (RTN4) and its receptor (RTN4R; Fawcett, 2006) were regulated
neither by injury nor development, surprisingly (Figure 6a). Other
myelin components, however, such as MAG, ERMN, PLP1, and MOG

(Fawcett, 2006; McKerracher & Rosen, 2015) all showed dramatic
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FIGURE 6 Temporal expression of regeneration-associated genes (RAGs) and neurodevelopmental genes. FPKM values are shown for
representative RAGs, both pro- and antiregenerative (a) and developmental (b) genes. Data are expressed as relative expression values across
each row. Statistically significant gene expression changes (Padj < 0.05) for injury induced genes are denoted by *, relative to uninjured age-
matched control; statistically significant gene expression changes (Padj < 0.05) for developmentally induced genes are denoted by #, relative to P8
control. In both cases differential expression was determined by the DE expression algorithms, under the criteria explained previously [Color

figure can be viewed at wileyonlinelibrary.com]
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increases in expression with development and were significantly
downregulated 7 days after injury at P7 (Figure 6a).

Since these observations potentially point to a loss of regenera-
tive capacity (decreasing expression of proregenerative RAGs during
development) and an increase in maturation-related inhibition
(increasing expression of antiregenerative genes during development),
we also examined the data for other evidence of a changing environ-
ment relating to maturation of the spinal cord. Representative genes
are shown in Figure 6b.

Many neural progenitor/precursor genes were significantly
downregulated between P8 and P29. These included (but were not
limited to) the neural stem cell markers NES, and SOX1 and the neu-
ral progenitor genes NCAM1, DCX, CUX2, and VIM (Trawczynski, Liu,
David, & Fessler, 2019). There were also downregulations of several
homeobox genes such as LHX3 and POU4F1, which are involved in
motor neuron specification and the development of the sensory
nervous system, respectively (Erb et al., 2017; Zou, Li, Klein, &
Xiang, 2012). Some neural progenitor genes such as SOX2, SOX10
and OCLN (Trawczynski et al., 2019) appeared to increase during
development. Interestingly, vimentin and nestin were both
upregulated after injury at P28, suggesting that injury, even non-
regenerating injuries, are able to induce the expression of some stem
cell and neural precursor genes.

Additionally, and unsurprisingly, there were significant develop-
mental upregulations of many markers associated with mature

(a) P7SCI

endothelial
microglia
myel-oligo
new oligo
OPC
neuron
astrocyte
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nervous systems. Further evidence of myelination was found in the
increased expression of OLIG2 and MBP along with evidence of astro-
cyte maturation (GFAP upregulation). The mature neuronal markers
enolase (ENO2), FGF1, and CHAT generally increased expression dur-
ing development, though only FGF1 was significantly upregulated at
P29. Several neurotransmitter markers were also upregulated during
development including those from the glutamate (GRIN2C, GRIN3B),
GABA (GABRA1), dopamine (ALDH2L1, ALDH1A5) and glycine systems
(GLRA1, GLRA2) and there were similar upregulations of the synaptic
components SYPL1 and SNAP25.

3.4 | Cell-type-associations of differentially
expressed genes

We sought to determine which cells are likely to express the genes
that we identified in the regenerating and nonregenerating spinal
cords, using the published expression data for seven CNS cell-types
available  from  http://web.stanford.edu/group/barres_lab/brain_
rnaseq.html (Y. Zhang et al., 2014). First, the cellular localization data
for all genes in the P7SCl and P28SCl data sets was extracted from
the available cell-type transcriptomic database (Y. Zhang et al., 2014);
this data was then sorted based on whether the genes were present
in single or multiple time-points, then heatmaps were constructed,

and clustered hierarchically (Figure 7).

All time-
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FIGURE 7 Cell-type-association analysis showing the predicted cellular localization of the differentially expressed genes identified in this
study. Each gene's expression level in each cell type is shown as a percentage of that gene's expression across all cell types. (a) DE genes in P7SClI
data sets. (b) DE genes in P28SCI data sets. Cell-type-specific gene expression predictions were made with reference to published database in

Y. Zhang et al. (2014) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 The top unique up- and down-regulated genes and their likely cell source. Genes with the largest fold changes (log2FC) that were
uniquely identified in either the P7SCl (a) or P28SClI (b) data sets are shown alongside their cell-type expression [Color figure can be viewed at

wileyonlinelibrary.com]

Next, P7SCl and P28SCI gene lists were subtracted from one
another to identify genes that were unique to either regenerating
or nonregenerating spinal cords by eliminating all genes that
appeared in both P7SCl and P28SCl data sets. Results for the
10 most highly regulated genes uniquely expressed at each time-

point are shown in Figure 8, alongside their likely cellular source.
(Note: In most cases there were fewer than 10 downregulated
genes). A complete list of unique genes differentially expressed in
only P7SCI or P28SCI data sets can be found in Appendices 2 and
3, respectively.
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Regardless of injury age it was apparent that injury-associated
gene transcripts were expressed most strongly by microglia and endo-
thelial cells (Figure 7a,b), suggesting a strong influence of these cell
types in the response to injury regardless of regenerative outcome.
Transcripts from these cells were identified across all time-points after
injury in both regenerating and nonregenerating cords, though there
were generally fewer at later times after injury, particularly in reg-
enerating (P7SCI) cords. These cell types, particularly microglia,
accounted for the majority of injury-associated gene transcripts in this
study and the majority of the most highly upregulated genes found in
only P7SCl or P28SCI cords after injury (Figure 8).

There were markedly fewer genes whose expression was biased
toward the remaining cell types. Astrocyte clusters appeared acutely
in both injury groups, though in P7SCl cords there appeared to be
more astrocyte-associated genes at +3d postinjury whereas a large
cluster was found +1d postinjury in the P28SCI tissue. There were
strikingly few neuron-associated genes in either injury group. There
was a small cluster at P28SCI + 1d but only a small number of neuron-
associated genes were dispersed across the timeline of P7SCI cords.
Genes associated with myelin-producing cells (OPCs, newly formed
oligodendrocytes and myelinating oligodendrocytes) were similarly
rare and dispersed with the notable exception of a cluster of genes at
P7SCl + 7d (Figure 7a). Many of these oligodendrocyte-associated
genes were, in contrast to most genes identified in this study, down-
regulated by injury at this time-point (Figure 8). There was also a
group of genes expressing in oligodendrocytes in nonregenerating
cords; however, these appeared earlier after injury and comprised a

completely different set of (mostly upregulated) genes.

4 | DISCUSSION

Spinal injury in the gray short-tailed opossum (M. domestica) repre-
sents a uniqgue mammalian injury model in which endogenous axonal
regeneration can be studied in the mammalian CNS following com-
plete spinal transection and in the complete absence of any external
interventions. In the present study we document transcriptomic
changes that occur as a result of SCI in postnatal animals where axo-
nal regeneration occurs naturally after injury (injuries made at P7,
P7SCl) and those where no regeneration occurs (injuries made at P28;
P28SCl).

M. domestica is a useful model organism for these studies because
its young are born in an extremely altricial state, allowing postnatal
access to developmental stages only available in utero in other labora-
tory animals such as rodents. Complete thoracic spinal cord tran-
section in neonatal opossums during the first week of life is followed
by pronounced and rapid axonal regrowth across the lesion site (Fry
et al,, 2003; Saunders et al., 1995; Wheaton et al., 2011; Wheaton
et al, 2013), resulting in recovery of weight-bearing, coordinated
locomotion (Saunders et al., 1998; Wheaton et al., 2011; Wheaton
et al., 2013). When these injuries are made at later time-points the
regenerative response diminishes considerably until it ceases entirely
by about 1 month of age (Lane et al., 2007; Wheaton et al., 2011).

THE JOURNAL OF COMPARATIVE NEUROLOGY

Unlike in other animal models where axon regeneration is studied
using nonspinal cord systems (e.g., the peripheral nervous system, cra-
nial nerves) or the partial transections/collateral-sprouting paradigm,
the regeneration seen in M. domestica occurs in the CNS after a com-
plete transection and without any external interventions.

Since the response to spinal injury involves the interaction of mul-
tiple cell types, both native and infiltrating, injury to the spinal cord is
likely to evoke a very complex response. Each of these cell types
expresses thousands of genes (e.g., differentiated neurons express
more than 10,000; Sammeta, Yu, Bose, & McClintock, 2007) and it is
likely that the abundance of many genes in any of these cell types
may be affected by injury to the spinal cord. Consequently, studying
spinal injury using broad gene identification methods such as RNA-
seq, where hundreds or thousands of differentially expressed genes
could be identified can potentially present problems. To address this,
in our study a deliberately conservative data set was created, using a
stringent set of selection criteria where only those genes whose abun-
dance showed at least a twofold up- or downregulation (+log2FC of
>1) in expression compared to control and that were identified as
such by at least two differential expression pipelines were selected
for further study (Hansen et al., 2016). The individual algorithm pipe-
lines we used here produced data sets of different sizes (Figure 1b),
leading to the possibility that genes with subtle changes might be mis-
sed by our analysis. Although the production of a larger data set
(e.g., choosing the algorithm that identified the most differentially
expressed genes or relaxing the fold change criteria) could be useful
when performing pathway analysis, there is an increased risk of identi-
fying false positives, which may hinder further study into the roles of
genes thought to be important. This approach successfully identified
broad statistically significant decreases in the expression of neural
progenitor and neural stem cell-related genes and increases in expres-
sion of markers of spinal cord maturation (myelination, mature neu-
rons and glia) during development (Figure 6b). These gene changes
are not surprising given that the cord is developing rapidly during this
time resulting in approximately a fivefold increase in number of des-
cending axons (Fry et al., 2003) and an approximate doubling in the
cross-sectional area of the spinal cord during this developmental
period (Wheaton et al., 2015). These developmental findings are con-
sistent with our chosen methodology being sufficiently robust and
having the capacity to identify biologically relevant and important
gene expression changes.

Using this approach more than 500 gene transcripts that robustly
changed abundance after spinal injury at one or both injury ages were
identified (Figure 2). The number of identified differentially expressed
genes decreased over time but each time-point after injury did contain
a substantial portion of genes that were unique and not overlapping
with other time-points. This suggests that, regardless of regenerative
outcome, the response time-course does not simply represent a
return to the baseline transcriptome, but that temporally distinct ele-
ments are incorporated at later time-points, as has been shown previ-
ously in other regenerating SCI models (Herman et al, 2018).
Furthermore, the injuries at the two ages resulted in the transcription

of distinct gene-sets (i.e., not found in the gene-sets of the other
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injury age), particularly in the nonregenerating cords where 325 unique
genes were identified. This indicates that the loss of regenerative
capacity is not simply caused by the induction of weaker regenerative

response, but a substantially different response altogether.

4.1 | Identifying genes and processes involved in
the response to injury

So what is actually controlling the regeneration seen in the opossum
model? One candidate with the potential to either promote or inter-
fere with regeneration is the immune system, since it is an early
responder to trauma, including in the spinal cord where resident
microglia become activated and initiate innate and adaptive immune
responses (Ankeny & Popovich, 2009). In our study, there are several
notable differences in the way the immune system responds to injury
at the two different ages.

First, although it might appear that the immune responses follow-
ing injury were broadly similar since many immune-related categories
were overrepresented regardless of injury age, there are in fact many
differences when the individual genes comprising the categories are
examined (Figures 4 and 5). Few immune genes were expressed
uniquely in regenerating cords and fewer still of these have been
described in spinal cord injury. FBLN1, an extracellular matrix gene
important in cell adhesion and migration, and FCGR2B, a structural
component of the receptor for the Fc region of immunoglobulin
gamma, have both been shown to be upregulated in adult rodent spi-
nal injury (K. Chen et al., 2013; Xu et al., 2015), after which no regen-
eration occurs. STAT1 is a transcription factor with putatively negative
roles in neural survival after injury (Takagi, Harada, Chiarugi, &
Moskowitz, 2002) yet it is upregulated 1 day after injury in reg-
enerating cords, and has been previously identified as being down-
regulated 1 day after injury in nonregenerating opossum cords
(Saunders et al, 2014). Other unique genes associated with the
“regenerative” immune response have little evidence of involvement
in SCI (e.g., EIF2AK, GIMAP4, PLA2D4C, IFI35, COLEC12, IFIT1, and
RBM43). In contrast, nonregenerating injuries resulted in the expres-
sion of many unique genes in each immune category and also resulted
in the overrepresentation of “B-cell mediated immunity” and “Antigen
processing and presentation,” categories related to the adaptive
immune system. In the opossum, the adaptive immune system
develops postnatally and the ability to mount B or T cell responses
does not fully develop until after the second week of age (Parra
et al., 2009; X. Wang, Sharp, & Miller, 2012). The exact role that the
adaptive immune system plays in the response to spinal injury is still
poorly characterized, especially in the case of B-cells. B-cells produce
autoantibodies, become autoreactive and persist indefinitely after
injury McGaughy, &
Popovich, 2006) and have been shown to be detrimental to anatomi-

spinal cord (Ankeny, Lucin, Sanders,
cal repair and functional recovery (Ankeny & Popovich, 2009). Two
genes implicated in B-cell maturation and activation were identified
only in nonregenerating injuries here, BLNK and VAV1, whose roles

are not well characterized in spinal injury, although VAV1 has been

shown to have sustained upregulation in rat SCI up to 8 weeks post-
injury (H. Zhang & Wang, 2016) and is required for antigen presenta-
tion to T-cells (Malhotra, Kovats, Zhang, & Coggeshall, 2009). BLNK is
involved in B-cell differentiation (Lagresle-Peyrou et al., 2014) and is
over-expressed in B-cell lymphoma in the CNS (Akhter et al., 2015)
and may also have a role in modulating autoimmunity by regulating
the production of IL-10 (Jin et al., 2013). Nonregenerating injuries also
resulted in the differential expression of a greater number of
chemokines and the activation of two toll-like receptors (TLR2 and
TLRé; Figure 4) both of which play important roles in mediating activa-
tion of the innate and adaptive immune responses in the CNS
(Olson & Miller, 2004). Activation of TLR2 has been shown to activate
microglia and result in demyelination and axonal injury in the spinal
cord (Kigerl et al., 2007; Popovich et al., 2002).

The more complex immune response occurring in the non-
regenerating injuries might result in a greater degree of secondary
injury. There was an overrepresentation of genes related to apoptotic
processes in nonregenerating cords; in fact these genes were almost
entirely limited to differential expression in the nonregenerating spinal
cord (Figure 5). Apoptosis can be driven by inflammatory responses
by signaling through TNFa receptors, two of which were upregulated
in our nonregenerating data set, to activate intracellular caspase cas-
cades (Baker & Reddy, 1998; Keane, Davis, & Dietrich, 2006). The
activation of the greater number of apoptosis-related genes in the
nonregenerating cords (including 3 additional caspases and two addi-
tional TNFa receptor family genes), possibly resulting from the more
complex immune response, is consistent with a more coordinated and
potentially more detrimental response to injury resulting in the inhibi-
tion of axonal regrowth, as suggested previously (Mladinic
et al.,, 2010). Increased apoptotic potential coinciding with the loss of
axonal regeneration has also been shown in chick models of spinal
cord injury (Whalley, O'Neill, & Ferretti, 2006).

Second, and most strikingly, is the difference in immune persis-
tence between the two groups. Previous studies in adult spinal cord
injury suggest that the immune response may persist indefinitely
(Ankeny & Popovich, 2009). We demonstrate here that there was a
much more persistent immune response in the nonregenerating ani-
mals, with multiple immune related groups overrepresented across all
time-points studied. In contrast, in the regenerating cords, the
immune categories and the genes that comprised these categories
had almost entirely disappeared by 7 days postinjury, which coincides
with the first detectable evidence of axons regrowing across the
injury site (Lane et al., 2007). Although our analysis only covered the
first week after injury, one could hypothesize that the return to rest-
ing immune status may be critical for the promotion of regeneration
and that the longer and more complex immune response seen in the
nonregenerating cords could be detrimental.

Further studies are therefore required in order to fully elucidate
the true nature of this complex immune response, its persistence into
adulthood and its role in controlling the transition between regenera-
tion and nonregeneration in this model.

An alternative hypothesis may be that proregenerative signals are

able to promote regeneration early in development, and that either
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these signals are lost as the spinal cord matures or that they are no
longer able to produce regeneration later in development due to
increased levels of inhibitory or antiregenerative signals or processes.

Several groups have reported that CNS neurons can initiate a
regenerative response similar to the successful RAG programs seen in
the PNS (for review, see Ma & Willis, 2015) but, in contrast to the
RAG response observed in the PNS that lasts until the regenerating
axons have found their targets, in the adult mammalian CNS this pro-
(Mason, Lieberman, &
Anderson, 2003; Siebert, Middelton, & Stelzner, 2010). Long-lasting
expression of many RAGs extending into adulthood also follows SCI

cess is short-lived and abortive

in the lamprey, in which successful regeneration occurs after injury,
further supporting a pertinent role for these molecules in any regener-
ative response (Herman et al., 2018).

However, in this study few putative RAGs significantly changed
expression in response to injury. Indeed, those that did seemed to
change their expression more strongly or more persistently in non-
regenerating injuries (e.g., ATF3, CEBPD, NGFR), supporting the idea
that a transient but unsuccessful regenerative response might still be
mounted after injury but is unable to promote regeneration due to
other factors, such as the more prolonged immune response in the
nonregenerating cords, a disconnect in the response to injury that has
been demonstrated previously (Siebert et al., 2010).

Our analysis appears to support the idea that the spinal cord
develops an increasingly inhibitory and complex environment as the
cord matures, as was reflected by the broad decline of neural precur-
sor genes and broad increase of genes associated with maturation of
the cord (Figure 6éb). When injury-induced gene-sets were assessed
for likely cell source (Figure 7), a surprising observation was that very
few differentially expressed genes were shown to be expressed at
high levels in neurons, particularly the genes identified in regenerating
cords, whereas the majority were expressed at high levels in microglia
and endothelial cells, and considerably fewer highly expressed in glial
cells (astrocytes, OPCs and oligodendrocytes), suggesting that under
the conditions in this study the majority of the transcriptomic
response might be occurring extrinsic to the neurons. The expression
of proregenerative factors such as KLF7, SOX11, NGFR, CDC42,
CREB1, and GAP43 decreased significantly during development, a
decline that was accompanied by a simultaneous developmental
increase in the inhibitory (and extrinsic) factors such as the CSPGs
BCAN, VCAN and the myelin components MAG, MOG, ERMN and
PLP1 (see Figure 6a,b). These increased expression dramatically during
development, an observation supported by previous histological work
(Ghooray & Martin, 1993). On the other hand, the myelin breakdown
product and putative neurite inhibitory molecule Nogo (RTN4; M. S.
Chen et al., 2000) was unaffected by injury or development, in agree-
ment with previous work in this model (Mladinic et al., 2010; Saunders
et al., 2014). Taken together these data are consistent with axon
regeneration being negatively mediated by extrinsic factors in the
milieu of the cord, rather than any specific, developmentally regulated
regenerative response within the neurons themselves.

Most studies of the regeneration in this model have examined

regrowth of axons descending from the brainstem. Although it is
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evident that interneurons also cross the injury site following injury at
P7 (Wheaton et al., 2011), no studies have directly examined their
development and response to injury in the early stages after injury in
this model. But given the nascent developmental state of the cord at
P7, the number of interneurons in the cord may be quite small, which
could explain why some RAGs were very lowly expressed in our study
early in development (e.g., ATF3, BDNF, KLF4, KLF13, NGF) and few
changed expression in response to injury and also why the functional
and cell-type specific analyses were dominated by non-neuronal fac-
tors. Further study into the transcriptome of the brainstem after injury
might reveal a different pattern of RAG expression, as shown in the
lamprey (Herman et al., 2018). And future studies directly examining
the transcriptomes of developing M. domestica neurons following
injury, either by FACS sorting or single-cell RNA-seq, may reveal a
more substantive RAG response. Analyses such as these may identify
regenerative signals in cell bodies of axotomized axons in the absence
of potentially obfuscating influence of the immune system and other
inhibitory molecules close to the site of injury, but to date these have
not been done.

4.2 | General conclusions

This study provides a largest survey to date of the transcriptomic
changes occurring after injury that may underlie this regenerative
response seen after injury in the neonatal opossum.

So what can be concluded from the present study? Is the regener-
ative response driven by a mechanism that promotes regeneration
only early in development but is switched off or downregulated during
maturation? Or is there a process activated later in development that
prevents regeneration?

Our study potentially suggests the latter and, given the over-
whelming number of genes and ontology categories related to non-
neuronal sources and processes, supports the idea that extrinsic
(i.e., non-neuronal) factors may be key in the switch between reg-
enerating and nonregenerating injuries. Our data suggests that follow-
ing injury in the nonregenerating P28SCI animals a “regenerative”
response might still be mounted, as evinced by the fact that many
proregenerative RAGs changed expression more strongly after injury
at this time-point. However, the most striking difference that we
observed between regenerating and nonregenerating injuries was the
development of an enhanced, prolonged and potentially more damag-
ing immune response following injury that incorporated many more
elements of the adaptive immune system, persisted throughout the
acute period examined here and resulted in the increased expression
of many apoptosis-related genes. No such long-lasting immune
response persisted in the regenerating animals, which may have been
a key factor in the success of any regenerative response. We also pre-
sent evidence of a generalized loss of neurodevelopmental guidance
and specification genes and an increase in the expression of several
myelin components and other inhibitory genes throughout develop-
ment. This suggests that regardless of the ability of the neuronal pop-

ulation to mount a regenerative response, there may be a generally
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more mature and inhibitory spinal cord environment through which
they have to grow. Furthermore, no neuronal-regeneration-related
GO categories were overrepresented and the vast majority of genes
in this study were most likely predicted to be expressed by glial cells
rather than neurons. Taken together these observations point to a
powerful influence of developing extrinsic factors potentially acting as

a regeneration inhibitor in this model.

ACKNOWLEDGMENTS

This research was funded in part by a National Science Foundation
award number 10S-13531232, and the National Institute of General
Medical Sciences of the National Institutes of Health award number
P30 GM110907. NCGR and NMINBRE supported part of the
sequencing funding through the National Institute of General Medical
Sciences grant 8P20GM103451-12. The content is solely the respon-
sibility of the authors and does not necessarily represent the official

views of the National Institutes of Health.

CONFLICT OF INTEREST

No competing interests, financial or otherwise, exist.

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/cne.24994.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly available in
Genbank's (RRID:SCR_004891) Sequence Read Archive at http://
www.ncbi.nlm.nih.gov/bioproject/564188, Bioproject accession ID:
PRINA564188.

AUTHOR CONTRIBUTIONS

Benjamin J. Wheaton and Robert D. Miller conceived of and
designed the study; Pooja Umale and Benjamin J. Wheaton acquired
the data; Robert D. Miller, Anitha
Sundararajan, Johnny Sena, and Faye Schilkey analyzed the data;
Benjamin J. Wheaton and Robert D. Miller interpreted the data and

wrote the manuscript.

Benjamin J. Wheaton,

ORCID

Benjamin J. Wheaton 2 https://orcid.org/0000-0003-0619-4777

REFERENCES

Aimone, J. B., Leasure, J. L., Perreau, V. M., & Thallmair, M. (2004). Spatial
and temporal gene expression profiling of the contused rat spinal cord.
Experimental Neurology, 189(2), 204-221. https://doi.org/10.1016/j.
expneurol.2004.05.042

Akhter, A., Masir, N., Elyamany, G. Phang, K. C, Mahe, E., Al-
Zahrani, A. M., ... Mansoor, A. (2015). Differential expression of toll-
like receptor (TLR) and B cell receptor (BCR) signaling molecules in pri-
mary diffuse large B-cell lymphoma of the central nervous system.
Journal of Neuro-Oncology, 121(2), 289-296. https://doi.org/10.1007/
s11060-014-1655-3

Alto, L. T., Havton, L. A., Conner, J. M., Hollis, E. R,, 2nd, Blesch, A., &
Tuszynski, M. H. (2009). Chemotropic guidance facilitates axonal

regeneration and synapse formation after spinal cord injury. Nature
Neuroscience, 12(9), 1106-1113. https://doi.org/10.1038/nn.2365

Ankeny, D. P., Lucin, K. M, Sanders, V. M., McGaughy, V. M., &
Popovich, P. G. (2006). Spinal cord injury triggers systemic autoimmu-
nity: Evidence for chronic B lymphocyte activation and lupus-like
autoantibody synthesis. Journal of Neurochemistry, 99(4), 1073-1087.
https://doi.org/10.1111/j.1471-4159.2006.04147 .x

Ankeny, D. P., & Popovich, P. G. (2009). Mechanisms and implications of
adaptive immune responses after traumatic spinal cord injury. Neuro-
science, 158(3), 1112-1121. https://doi.org/10.1016/j.neuroscience.
2008.07.001

Baker, S. J., & Reddy, E. P. (1998). Modulation of life and death by the TNF
receptor superfamily. Oncogene, 17(25), 3261-3270. https://doi.org/
10.1038/sj.0nc.1202568

Benowitz, L. I., & Perrone-Bizzozero, N. I. (1991). The relationship of GAP-
43 to the development and plasticity of synaptic connections. Annals
of the New York Academy of Sciences, 627, 58-74. https://doi.org/10.
1111/j.1749-6632.1991.th25914 x

Blackmore, M. G., Wang, Z., Lerch, J. K, Motti, D., Zhang, Y. P,
Shields, C. B., ... Bixby, J. L. (2012). Kruppel-like Factor 7 engineered
for transcriptional activation promotes axon regeneration in the adult
corticospinal tract. Proceedings of the National Academy of Sciences of
the United States of America, 109(19), 7517-7522. https://doi.org/10.
1073/pnas.1120684109

Blesch, A., & Tuszynski, M. H. (2003). Cellular GDNF delivery promotes
growth of motor and dorsal column sensory axons after partial and
complete spinal cord transections and induces remyelination. The Jour-
nal of Comparative Neurology, 467(3), 403-417. https://doi.org/10.
1002/cne.10934

Chen, K., Deng, S., Lu, H., Zheng, Y., Yang, G., Kim, D., ... Wu, J. Q. (2013).
RNA-seq characterization of spinal cord injury transcriptome in
acute/subacute phases: A resource for understanding the pathology at
the systems level. PLoS One, 8(8), €72567. https://doi.org/10.1371/
journal.pone.0072567

Chen, M. S., Huber, A. B, van der Haar, M. E., Frank, M., Schnell, L.,
Spillmann, A. A, .. Schwab, M. E. (2000). Nogo-A is a myelin-
associated neurite outgrowth inhibitor and an antigen for monoclonal
antibody IN-1. Nature, 403(6768), 434-439. https://doi.org/10.1038/
35000219

Chomczynski, P., & Sacchi, N. (1987). Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction. Ana-
lytical Biochemistry, 162(1), 156-159. https://doi.org/10.1006/abio.
1987.9999

Erb, M., Lee, B., Yeon Seo, S., Lee, J. W, Lee, S., & Lee, S. K. (2017). The
Isl1-Lhx3 complex promotes motor neuron specification by activating
transcriptional pathways that enhance its own expression and forma-
tion. eNeuro, 4(2), ENEURO.0349-ENEU16.2017. https://doi.org/10.
1523/ENEURO.0349-16.2017

Fawcett, J. W. (2006). Overcoming inhibition in the damaged spinal cord.
Journal of Neurotrauma, 23(3-4), 371-383. https://doi.org/10.1089/
neu.2006.23.371

Fry, E. J., Stolp, H. B., Lane, M. A, Dziegielewska, K. M., & Saunders, N. R.
(2003). Regeneration of supraspinal axons after complete tran-
section of the thoracic spinal cord in neonatal opossums (Monodelphis
domestica). The Journal of Comparative Neurology, 466(3), 422-444.
https://doi.org/10.1002/cne.10904

Ghooray, G. T., & Martin, G. F. (1993). The development of myelin in the
spinal cord of the North American opossum and its possible role in loss
of rubrospinal plasticity. A study using myelin basic protein and gal-
actocerebroside immuno-histochemistry. Brain Research. Developmen-
tal Brain Research, 72(1), 67-74.

Hansen, V. L., Schilkey, F. D., & Miller, R. D. (2016). Transcriptomic
changes associated with pregnancy in a marsupial, the gray short-
tailed opossum Monodelphis domestica. PLoS One, 11(9), e0161608.
https://doi.org/10.1371/journal.pone.0161608


https://publons.com/publon/10.1002/cne.24994
https://publons.com/publon/10.1002/cne.24994
https://orcid.org/0000-0003-0619-4777
https://orcid.org/0000-0003-0619-4777
https://doi.org/10.1016/j.expneurol.2004.05.042
https://doi.org/10.1016/j.expneurol.2004.05.042
https://doi.org/10.1007/s11060-014-1655-3
https://doi.org/10.1007/s11060-014-1655-3
https://doi.org/10.1038/nn.2365
https://doi.org/10.1111/j.1471-4159.2006.04147.x
https://doi.org/10.1016/j.neuroscience.2008.07.001
https://doi.org/10.1016/j.neuroscience.2008.07.001
https://doi.org/10.1038/sj.onc.1202568
https://doi.org/10.1038/sj.onc.1202568
https://doi.org/10.1111/j.1749-6632.1991.tb25914.x
https://doi.org/10.1111/j.1749-6632.1991.tb25914.x
https://doi.org/10.1073/pnas.1120684109
https://doi.org/10.1073/pnas.1120684109
https://doi.org/10.1002/cne.10934
https://doi.org/10.1002/cne.10934
https://doi.org/10.1371/journal.pone.0072567
https://doi.org/10.1371/journal.pone.0072567
https://doi.org/10.1038/35000219
https://doi.org/10.1038/35000219
https://doi.org/10.1006/abio.1987.9999
https://doi.org/10.1006/abio.1987.9999
https://doi.org/10.1523/ENEURO.0349-16.2017
https://doi.org/10.1523/ENEURO.0349-16.2017
https://doi.org/10.1089/neu.2006.23.371
https://doi.org/10.1089/neu.2006.23.371
https://doi.org/10.1002/cne.10904
https://doi.org/10.1371/journal.pone.0161608

WHEATON ET AL.

LR — W l L E Y 985

Harel, N. Y., & Strittmatter, S. M. (2006). Can regenerating axons recapitu-
late developmental guidance during recovery from spinal cord injury?
Nature Reviews. Neuroscience, 7(8), 603-616. https://doi.org/10.1038/
nrn1957

Herman, P. E., Papatheodorou, A., Bryant, S. A., Waterbury, C. K. M,,
Herdy, J. R., Arcese, A. A, ... Bloom, O. (2018). Highly conserved
molecular pathways, including Wnt signaling, promote functional
recovery from spinal cord injury in lampreys. Scientific Reports, 8(1),
742. https://doi.org/10.1038/s41598-017-18757-1

Jankowski, M. P., Mcllwrath, S. L., Jing, X., Cornuet, P. K., Salerno, K. M.,
Koerber, H. R., & Albers, K. M. (2009). Sox11 transcription factor mod-
ulates peripheral nerve regeneration in adult mice. Brain Research,
1256, 43-54. https://doi.org/10.1016/j.brainres.2008.12.032

Jin, G., Hamaguchi, Y., Matsushita, T., Hasegawa, M., Le Huu, D.,
Ishiura, N., ... Fujimoto, M. (2013). B-cell linker protein expression con-
tributes to controlling allergic and autoimmune diseases by mediating
IL-10 production in regulatory B cells. The Journal of Allergy and Clinical
Immunology, 131(6), 1674-1682. https://doi.org/10.1016/j.jaci.2013.
01.044

Keane, R. W., Davis, A. R., & Dietrich, W. D. (2006). Inflammatory and apo-
ptotic signaling after spinal cord injury. Journal of Neurotrauma, 23
(3-4), 335-344. https://doi.org/10.1089/neu.2006.23.335

Kigerl, K. A, Lai, W, Rivest, S., Hart, R. P, Satoskar, A. R, &
Popovich, P. G. (2007). Toll-like receptor (TLR)-2 and TLR-4 regulate
inflammation, gliosis, and myelin sparing after spinal cord injury. Jour-
nal of Neurochemistry, 102(1), 37-50. https://doi.org/10.1111/j.1471-
4159.2007.04524.x

Lagresle-Peyrou, C., Millili, M., Luce, S., Boned, A., Sadek, H., Rouiller, J.,
... Schiff, C. (2014). The BLNK adaptor protein has a nonredundant
role in human B-cell differentiation. The Journal of Allergy and Clinical
Immunology, 134(1), 145-154. https://doi.org/10.1016/j.jaci.2013.
12.1083

Lane, M. A, Truettner, J. S., Brunschwig, J. P., Gomez, A., Bunge, M. B,
Dietrich, W. D., ... Saunders, N. R. (2007). Age-related differences in
the local cellular and molecular responses to injury in developing spinal
cord of the opossum, Monodelphis domestica. The European Journal of
Neuroscience, 25(6), 1725-1742. https://doi.org/10.1111/j.1460-
9568.2007.05439.x

Liu, K., Lu, Y., Lee, J. K, Samara, R., Willenberg, R., Sears-Kraxberger, 1., ...
He, Z. (2010). PTEN deletion enhances the regenerative ability of adult
corticospinal neurons. Nature Neuroscience, 13(9), 1075-1081.
https://doi.org/10.1038/nn.2603

Ma, T. C.,, & Willis, D. E. (2015). What makes a RAG regeneration associ-
ated? Frontiers in Molecular Neuroscience, 8, 43. https://doi.org/10.
3389/fnmol.2015.00043

Malhotra, S., Kovats, S., Zhang, W., & Coggeshall, K. M. (2009). Vav and
Rac activation in B cell antigen receptor endocytosis involves Vav
recruitment to the adapter protein LAB. The Journal of Biological Chem-
istry, 284(52), 36202-36212. https://doi.org/10.1074/jbc.M109.
040089

Martin, G. F., Terman, J. R,, & Wang, X. M. (2000). Regeneration of des-
cending spinal axons after transection of the thoracic spinal cord dur-
ing early development in the North American opossum, Didelphis
virginiana. Brain Research Bulletin, 53(5), 677-687.

Mason, M. R,, Lieberman, A. R., & Anderson, P. N. (2003). Corticospinal
neurons up-regulate a range of growth-associated genes following
intracortical, but not spinal, axotomy. The European Journal of Neurosci-
ence, 18(4), 789-802.

McKerracher, L., & Rosen, K. M. (2015). MAG, myelin and overcoming
growth inhibition in the CNS. Frontiers in Molecular Neuroscience, 8,
51. https://doi.org/10.3389/fnmol.2015.00051

Mi, H., Muruganujan, A., & Thomas, P. D. (2013). PANTHER in 2013:
Modeling the evolution of gene function, and other gene attributes, in
the context of phylogenetic trees. Nucleic Acids Research, 41((Database
issue), D377-D386. https://doi.org/10.1093/nar/gks1118

THE JOURNAL OF COMPARATIVE NEUROLOGY

Mladinic, M. (2007). Changes in cyclic AMP levels in the developing opos-
sum spinal cord at the time when regeneration stops being possible.
Cellular and Molecular Neurobiology, 27(7), 883-888. https://doi.org/
10.1007/s10571-007-9208-3

Miladinic, M., Del Bel, E., & Nicholls, J. (2007). Increase of annexin 1 immu-
noreactivity in spinal cord of newborn opossum (Monodelphis dome-
stica) at the time when regeneration after injury stops being possible.
Histology and Histopathology, 22(11), 1205-1211. https://doi.org/10.
14670/HH-22.1205

Mladinic, M., Lefevre, C., Del Bel, E., Nicholls, J., & Digby, M. (2010).
Developmental changes of gene expression after spinal cord injury in
neonatal opossums. Brain Research, 1363, 20-39. https://doi.org/10.
1016/j.brainres.2010.09.024

Moore, D. L., Blackmore, M. G., Hu, Y., Kaestner, K. H., Bixby, J. L,
Lemmon, V. P., & Goldberg, J. L. (2009). KLF family members regulate
intrinsic axon regeneration ability. Science, 326(5950), 298-301.
https://doi.org/10.1126/science.1175737

Noor, N. M., Mollgard, K., Wheaton, B. J., Steer, D. L., Truettner, J. S.,
Dziegielewska, K. M., ... Saunders, N. R. (2013). Expression and cellular
distribution of ubiquitin in response to injury in the developing spinal
cord of Monodelphis domestica. PLoS One, 8(4), e62120. https://doi.
org/10.1371/journal.pone.0062120

Noor, N. M., Steer, D. L, Wheaton, B. J., Ek, C. J., Truettner, J. S.,
Dietrich, W. D., ... Saunders, N. R. (2011). Age-dependent changes in
the proteome following complete spinal cord transection in a postnatal
South American opossum (Monodelphis domestica). PLoS One, 6(11),
e27465. https://doi.org/10.1371/journal.pone.0027465

Olson, J. K., & Miller, S. D. (2004). Microglia initiate central nervous system
innate and adaptive immune responses through multiple TLRs. Journal
of Immunology, 173(6), 3916-3924.

Parra, Z. E., Baker, M. L., Lopez, A. M., Truijillo, J., Volpe, J. M., &
Miller, R. D. (2009). TCR mu recombination and transcription relative
to the conventional TCR during postnatal development in opossums.
Journal of Immunology, 182(1), 154-163.

Popovich, P. G., Guan, Z., McGaughy, V., Fisher, L., Hickey, W. F., &
Basso, D. M. (2002). The neuropathological and behavioral conse-
quences of intraspinal microglial/macrophage activation. Journal of
Neuropathology and Experimental Neurology, 61(7), 623-633.

Raivich, G., Bohatschek, M., Da Costa, C. lwata, O., Galiano, M,
Hristova, M., ... Behrens, A. (2004). The AP-1 transcription factor c-
Jun is required for efficient axonal regeneration. Neuron, 43(1), 57-67.
https://doi.org/10.1016/j.neuron.2004.06.005

Sammeta, N., Yu, T. T, Bose, S. C., & McClintock, T. S. (2007). Mouse
olfactory sensory neurons express 10,000 genes. The Journal of Com-
parative Neurology, 502(6), 1138-1156. https://doi.org/10.1002/cne.
21365

Saunders, N. R., Balkwill, P., Knott, G., Habgood, M. D., Mollgard, K.,
Treherne, J. M., & Nicholls, J. G. (1992). Growth of axons through a
lesion in the intact CNS of fetal rat maintained in long-term culture.
Proceedings of the Biological Sciences, 250(1329), 171-180. https://doi.
org/10.1098/rspb.1992.0146

Saunders, N. R., Deal, A., Knott, G. W., Varga, Z. M., & Nicholls, J. G.
(1995). Repair and recovery following spinal cord injury in a neonatal
marsupial (Monodelphis domestica). Clinical and Experimental Pharmacol-
ogy & Physiology, 22(8), 518-526.

Saunders, N. R., Dziegielewska, K. M., Whish, S. C., Hinds, L. A,
Wheaton, B. J., Huang, Y., ... Habgood, M. D. (2017). A bipedal
mammalian model for spinal cord injury research: The tammar wal-
laby. F1000Res, 6, 921. https://doi.org/10.12688/f1000research.
11712.1

Saunders, N. R, Kitchener, P., Knott, G. W., Nicholls, J. G., Potter, A., &
Smith, T. J. (1998). Development of walking, swimming and neuronal
connections after complete spinal cord transection in the neonatal
opossum, Monodelphis domestica. The Journal of Neuroscience, 18(1),
339-355.


https://doi.org/10.1038/nrn1957
https://doi.org/10.1038/nrn1957
https://doi.org/10.1038/s41598-017-18757-1
https://doi.org/10.1016/j.brainres.2008.12.032
https://doi.org/10.1016/j.jaci.2013.01.044
https://doi.org/10.1016/j.jaci.2013.01.044
https://doi.org/10.1089/neu.2006.23.335
https://doi.org/10.1111/j.1471-4159.2007.04524.x
https://doi.org/10.1111/j.1471-4159.2007.04524.x
https://doi.org/10.1016/j.jaci.2013.12.1083
https://doi.org/10.1016/j.jaci.2013.12.1083
https://doi.org/10.1111/j.1460-9568.2007.05439.x
https://doi.org/10.1111/j.1460-9568.2007.05439.x
https://doi.org/10.1038/nn.2603
https://doi.org/10.3389/fnmol.2015.00043
https://doi.org/10.3389/fnmol.2015.00043
https://doi.org/10.1074/jbc.M109.040089
https://doi.org/10.1074/jbc.M109.040089
https://doi.org/10.3389/fnmol.2015.00051
https://doi.org/10.1093/nar/gks1118
https://doi.org/10.1007/s10571-007-9208-3
https://doi.org/10.1007/s10571-007-9208-3
https://doi.org/10.14670/HH-22.1205
https://doi.org/10.14670/HH-22.1205
https://doi.org/10.1016/j.brainres.2010.09.024
https://doi.org/10.1016/j.brainres.2010.09.024
https://doi.org/10.1126/science.1175737
https://doi.org/10.1371/journal.pone.0062120
https://doi.org/10.1371/journal.pone.0062120
https://doi.org/10.1371/journal.pone.0027465
https://doi.org/10.1016/j.neuron.2004.06.005
https://doi.org/10.1002/cne.21365
https://doi.org/10.1002/cne.21365
https://doi.org/10.1098/rspb.1992.0146
https://doi.org/10.1098/rspb.1992.0146
https://doi.org/10.12688/f1000research.11712.1
https://doi.org/10.12688/f1000research.11712.1

WHEATON ET AL.

986 W e
TRV O GNPV FEURGORT

Saunders, N. R., Noor, N. M., Dziegielewska, K. M., Wheaton, B. J.,
Liddelow, S. A, Steer, D. L., ... Dietrich, W. D. (2014). Age-dependent
transcriptome and proteome following transection of neonatal spinal
cord of Monodelphis domestica (South American grey short-tailed
opossum). PLoS One, 9(6), €99080. https://doi.org/10.1371/journal.
pone.0099080

Siebert, J. R., Middelton, F. A., & Stelzner, D. J. (2010). Intrinsic response
of thoracic propriospinal neurons to axotomy. BMC Neuroscience, 11,
69. https://doi.org/10.1186/1471-2202-11-69

Silver, J., & Miller, J. H. (2004). Regeneration beyond the glial scar. Nature
Reviews. Neuroscience, 5(2), 146-156. https://doi.org/10.1038/
nrn1326

Takagi, Y., Harada, J., Chiarugi, A., & Moskowitz, M. A. (2002). STAT1 is acti-
vated in neurons after ischemia and contributes to ischemic brain injury.
Journal of Cerebral Blood Flow and Metabolism, 22(11), 1311-1318.
https://doi.org/10.1097/01.WCB.0000034148.72481.F4

Trawczynski, M., Liu, G., David, B. T., & Fessler, R. G. (2019). Restoring
motor neurons in spinal cord injury with induced pluripotent stem
cells. Frontiers in Cellular Neuroscience, 13, 369. https://doi.org/10.
3389/fncel.2019.00369

Umylny, B., & Weisburd, R. S. J. (2011). Beyond the pipelines: Cloud com-
puting facilitates management, distribution, security, and analysis of
high-speed sequencer data. In M. Harbers & G. Kahl (Eds.), Tag-based
next generation sequencing. Weinheim, Germany: Wiley-VCH Verlag
GmbH & Co.

Wang, X., Sharp, A. R., & Miller, R. D. (2012). Early postnatal B cell ontog-
eny and antibody repertoire maturation in the opossum, Monodelphis
domestica. PLoS One, 7(9), e45931. https://doi.org/10.1371/journal.
pone.0045931

Wang, X. M., Basso, D. M., Terman, J. R, Bresnahan, J. C., & Martin, G. F.
(1998). Adult opossums (Didelphis virginiana) demonstrate near normal
locomotion after spinal cord transection as neonates. Experimental
Neurology, 151(1), 50-69. https://doi.org/10.1006/exnr.1998.6795

Wang, X. M., Terman, J. R., & Martin, G. F. (1996). Evidence for
growth of supraspinal axons through the lesion after transection of
the thoracic spinal cord in the developing opossum Didelphis
virginiana. The Journal of Comparative Neurology, 371(1), 104-115.
https://doi.org/10.1002/(SICI)1096-9861(19960715)371:1<104::
AID-CNE6>3.0.CO;2-7

Wang, X. M., Terman, J. R.,, & Martin, G. F. (1998). Regeneration of sup-
raspinal axons after transection of the thoracic spinal cord in the
developing opossum, Didelphis virginiana. The Journal of Comparative
Neurology, 398(1), 83-97. https://doi.org/10.1002/(SIC1)1096-9861
(19980817)398:1<83::AID-CNE5>3.0.CO;2-5

Whalley, K., O'Neill, P., & Ferretti, P. (2006). Changes in response to spinal
cord injury with development: Vascularization, hemorrhage and apo-
ptosis. Neuroscience, 137(3), 821-832. https://doi.org/10.1016/j.
neuroscience.2005.07.064

Wheaton, B. J., Callaway, J. K, Ek, C. J., Dziegielewska, K. M. &
Saunders, N. R. (2011). Spontaneous development of full weight-
supported stepping after complete spinal cord transection in the neo-
natal opossum, Monodelphis domestica. PLoS One, 6(11), e26826.
https://doi.org/10.1371/journal.pone.0026826

Wheaton, B. J., Noor, N. M., Dziegielewska, K. M., Whish, S., &
Saunders, N. R. (2015). Arrested development of the dorsal column
following neonatal spinal cord injury in the opossum, Monodelphis
domestica. Cell and Tissue Research, 359(3), 699-713. https://doi.org/
10.1007/s00441-014-2067-6

Wheaton, B. J., Noor, N. M., Whish, S. C., Truettner, J. S., Dietrich, W. D.,
Zhang, M., ... Saunders, N. R. (2013). Weight-bearing locomotion in
the developing opossum, Monodelphis domestica following spinal tran-
section: Remodeling of neuronal circuits caudal to lesion. PLoS One, 8
(8), €71181. https://doi.org/10.1371/journal.pone.0071181

Xu, G,, Cui, Y., Wang, L., Zhang, J., Shen, A, Li, W., ... Cui, Z. (2015). Tem-
porospatial expression of fibulin-1 after acute spinal cord injury in rats.
The Journal of Spinal Cord Medicine, 38(6), 709-716. https://doi.org/
10.1179/2045772314Y.0000000228

Zhang, H., & Wang, Y. (2016). Identification of molecular pathway changes
after spinal cord injury by microarray analysis. Journal of Orthopaedic
Surgery and Research, 11(1), 101. https://doi.org/10.1186/s13018-
016-0437-3

Zhang, Y., Chen, K, Sloan, S. A,, Bennett, M. L., Scholze, A. R., O'Keeffe, S.,
... Wy, J. Q. (2014). An RNA-sequencing transcriptome and splicing
database of glia, neurons, and vascular cells of the cerebral cortex. The
Journal of Neuroscience, 34(36), 11929-11947. https://doi.org/10.
1523/JNEUROSCI.1860-14.2014

Zou, M., Li, S., Klein, W. H., & Xiang, M. (2012). Brn3a/Pou4f1 regulates
dorsal root ganglion sensory neuron specification and axonal projec-
tion into the spinal cord. Developmental Biology, 364(2), 114-127.
https://doi.org/10.1016/j.ydbio.2012.01.021

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of this article.

How to cite this article: Wheaton BJ, Sena J, Sundararajan A,
Umale P, Schilkey F, Miller RD. Identification of regenerative
processes in neonatal spinal cord injury in the opossum
(Monodelphis domestica): A transcriptomic study. J Comp
Neurol. 2021;529:969-986. https://doi.org/10.1002/cne.
24994



https://doi.org/10.1371/journal.pone.0099080
https://doi.org/10.1371/journal.pone.0099080
https://doi.org/10.1186/1471-2202-11-69
https://doi.org/10.1038/nrn1326
https://doi.org/10.1038/nrn1326
https://doi.org/10.1097/01.WCB.0000034148.72481.F4
https://doi.org/10.3389/fncel.2019.00369
https://doi.org/10.3389/fncel.2019.00369
https://doi.org/10.1371/journal.pone.0045931
https://doi.org/10.1371/journal.pone.0045931
https://doi.org/10.1006/exnr.1998.6795
https://doi.org/10.1002/(SICI)1096-9861(19960715)371:1%3C104::AID-CNE6%3E3.0.CO;2-7
https://doi.org/10.1002/(SICI)1096-9861(19960715)371:1%3C104::AID-CNE6%3E3.0.CO;2-7
https://doi.org/10.1002/(SICI)1096-9861(19980817)398:1%3C83::AID-CNE5%3E3.0.CO;2-5
https://doi.org/10.1002/(SICI)1096-9861(19980817)398:1%3C83::AID-CNE5%3E3.0.CO;2-5
https://doi.org/10.1016/j.neuroscience.2005.07.064
https://doi.org/10.1016/j.neuroscience.2005.07.064
https://doi.org/10.1371/journal.pone.0026826
https://doi.org/10.1007/s00441-014-2067-6
https://doi.org/10.1007/s00441-014-2067-6
https://doi.org/10.1371/journal.pone.0071181
https://doi.org/10.1179/2045772314Y.0000000228
https://doi.org/10.1179/2045772314Y.0000000228
https://doi.org/10.1186/s13018-016-0437-3
https://doi.org/10.1186/s13018-016-0437-3
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1016/j.ydbio.2012.01.021
https://doi.org/10.1002/cne.24994
https://doi.org/10.1002/cne.24994

	Identification of regenerative processes in neonatal spinal cord injury in the opossum (Monodelphis domestica): A transcrip...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Ethics statement
	2.2  Spinal cord injuries and tissue collection
	2.3  RNA preparation and sequencing
	2.4  Read mapping, transcript identification, and differential expression analysis
	2.5  Gene-set overrepresentation
	2.6  Cell-type association analysis
	2.7  Analysis

	3  RESULTS
	3.1  Identifying differentially expressed genes
	3.2  Injury-associated gene function
	3.3  Regeneration-associated genes
	3.4  Cell-type-associations of differentially expressed genes

	4  DISCUSSION
	4.1  Identifying genes and processes involved in the response to injury
	4.2  General conclusions

	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  PEER REVIEW
	  DATA AVAILABILITY STATEMENT

	  AUTHOR CONTRIBUTIONS
	REFERENCES


