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SUMMARY

In addition to neuroprotective strategies, neuroregenerative processes could provide targets

for stroke recovery. However, the upregulation of inhibitory chondroitin sulfate proteoglycans
(CSPGs) impedes innate regenerative efforts. Here, we examine the regulatory role of PTPo (a
major proteoglycan receptor) in dampening post-stroke recovery. Use of a receptor modulatory
peptide (ISP) or Ptprs gene deletion leads to increased neurite outgrowth and enhanced NSCs
migration upon inhibitory CSPG substrates. Post-stroke ISP treatment results in increased axonal
sprouting as well as neuroblast migration deeply into the lesion scar with a transcriptional
signature reflective of repair. Lastly, peptide treatment post-stroke (initiated acutely or more
chronically at 7 days) results in improved behavioral recovery in both motor and cognitive
functions. Therefore, we propose that CSPGs induced by stroke play a predominant role in the
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regulation of neural repair and that blocking CSPG signaling pathways will lead to enhanced

neurorepair and functional recovery in stroke.
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In brief

ECM molecules called chondroitin sulfate proteoglycans are barriers to axonal plasticity and
precursor cell migration after stroke. Luo et al. use a peptide to block PTPa, a receptor that
mediates the inhibition. Peptide treatment results in significant behavioral recovery accompanied
by neuroprotection, axonal sprouting, and neuroblast migration into the lesion.

INTRODUCTION

Stroke profoundly alters the lives of affected individuals and is one of the leading causes
of death and disability worldwide (Benjamin et al., 2017). Current treatment strategies

are largely neuroprotective and all are limited by narrow time windows (Gilman, 2006;
Goldstein, 2007). However, the potential for regeneration/plasticity in the post-stroke CNS
is still possible for weeks or even longer, which may provide an extended opportunity for
treatment (Zhang et al., 2016). Two potential processes for repair are axonal sprouting

and neurogenesis (Carmichael, 2008; Wiersma et al., 2017). Understanding how these
endogenous mechanisms may be further stimulated to contribute to recovery will help in
the development of novel therapeutic interventions.
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Ablation studies have suggested that newly born neuroblasts may contribute to functional
recovery after stroke, despite the low numbers that can survive as maturing neurons (Jin

et al., 2010; Sun et al., 2012). Although stroke stimulates this process, the endogenous
response is inadequate (Chopp and Li, 2008). Due to the hostile environment in the damaged
brain, many of the newly born neurons approach but cannot invade the stroke peri-infarct
region to intermingle with surviving neuropil and they mostly die within 1 week after their
birth (Dempsey et al., 2003). This indicates the need for strategies that can enhance both

the survival and migration of newly born neuroblasts. Stroke also induces axonal sprouting
in the brain in the form of new ipsilateral local circuits as well as expanded intercortical
connections and descending projection reorganizations (Wiersma et al., 2017). However,
sprouting is also insufficient in the lesioned mammalian CNS. One critical repair-limiting
factor for both neurons and neural stem cells (NSCs) is the family of potently inhibitory
ECM molecules known as chondroitin sulfate proteoglycans (CSPGs) (Tran et al., 2018b).
Certain CSPGs are upregulated in abundance in glial scars after brain or spinal cord

injury (SCI) (McKeon et al., 1991; Silver and Miller, 2004; Tran et al., 2018b). CSPGs

in the scar limit regeneration through the lesion but they also severely restrain potential
neuroplasticity around and beyond the lesion perimeter (Tran et al., 2022). CSPGs have also
been suggested to curtail the access of progenitor cells to remyelinate cord and multiple
sclerosis (MS) lesions (Dyck et al., 2015; Dyck and Karimi-Abdolrezaee, 2015; Kazanis and
ffrench-Constant, 2011; Lau et al., 2012; Siebert and Osterhout, 2021).

In models of stroke (Carmichael, 2010; Chen et al., 2014; Soleman et al., 2012; Wiersma et
al., 2017), chondroitinase ABC (ChABC) has been used therapeutically by targeted injection
into the spinal cord. While results were encouraging, the effects were limited likely due

to minimal spread of the enzyme. To overcome the limitations of native ChABC, several
labs have shown successful long-term and/or widespread delivery and efficacy in stroke and
SCI models using thermostabilized (Hettiaratchi et al., 2019, 2020; Lee et al., 2010) and
viral-mediated formulations of chondroitinase (Bartus et al., 2014; Burnside et al., 2018),
although the potential complications of direct /7 vivo administration remained.

The transmembrane receptor protein tyrosine phosphatase-sigma (PTPao) has been identified
as a major receptor for the inhibitory actions of CSPGs (Shen et al., 2009). To modulate
proteoglycan-mediated inhibition over large regions, we have used systemic agents

that could block chondroitin sulfate-glycosaminoglycan (CS-GAG) interactions with this
receptor in the presence of any evolving lesion without the need to directly impale the CNS
parenchyma. Intracellular sigma peptide (ISP), a peptide mimetic of the PTPo regulatory
wedge region with a TAT domain to facilitate membrane and CNS penetration (Lang et al.,
2015), was designed for this purpose. ISP has very high specificity for PTPo (Sakamoto

et al., 2019). Importantly, after systemic delivery, ISP rapidly enters the CNS and leads to
significant axonal sprouting with restored sensory motor and bladder function after acute
contusive cord injury in adult rats (Lang et al., 2015; Rink et al., 2018) and has also led

to the enhanced migration, differentiation, and remyelination by oligodendrocyte precursor
cells (OPCs) with functional recovery in mouse models of MS (Luo et al., 2018) and SCI
(Dyck et al., 2018, 2019).
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Whether CSPG-PTPa signaling may play a role in a large injury such as stroke has not
been investigated. By genetically and pharmacologically restricting the inhibitory properties
of sulfated proteoglycans, we investigated the untoward effects of CSPGs on two major
neurorepair mechanisms—axonal sprouting and the generation of new neuroblasts as well
as their migration after stroke. We also explored the potential molecular pathways through
which CSPGs modulate adult NSC biology.

CSPGs are upregulated in the glial scar after stroke

To examine whether CSPGs are enriched in the glial scar after ischemic stroke, we stained
sections containing the infarct with the CS56 antibody during the acute (2 days), subacute (7
days), and more chronic stages (14 and 30 days) post-stroke. Indeed, Figures 1A-1L show
that CSPGs are enriched near the border of the lesion both in the cortex (white dashed

box with higher magnification images in a’-I’) and striatum (pink dashed box with higher
magnification images in a”—il”) compared to levels in the non-stroke brain (Figures 1M-10),
with peak upregulation at day 7 but sustained until day 30, especially near the glial scar. The
pattern of CS56 staining in the lesion penumbra is consistent with the CSPG accumulation
that occurs in humans (Huang et al., 2014) and in scar astrocytes described previously
(Okuda, 2018) and with the observations of others who have described CSPG upregulation
in the stroke penumbra of rodents (Carmichael, 2010; Gherardini et al., 2015). This indicates
that CSPGs may play a role in stroke recovery.

CSPGs are expressed in neurosphere cultures and enriched in the subventricular zone
(SVZ) in vivo

The regulatory role of CSPGs in neuronal migration and axonal growth has been well
established (Tran et al., 2018b); however, whether this family of extracellular matrix
(ECM) molecules also plays a role in constraining the migration of adult neural progenitor
cells after stroke is not known. We examined the expression patterns of CSPGs in

cultured neurospheres derived from the adult SVZ (Figures 1S-1U), as well as in vivo,
within neurogenic regions in 3-month-old mice (Figures 1P-1R). CSPGs are abundant in
neurosphere cultures and in the SVZ where the adult neural stem cells reside (Gates et al.,
1995). We detected CSPGs in the conditioned media derived from cultured neurospheres
with mass spectrometry, suggesting that they produce and secrete CSPGs 7 vitro (full list
of top proteins included in Table S1). Within the SVZ, the CS56 staining is evident at the
laterodorsal corner of the lateral ventricle and extending along the length of the ventricular
wall adjacent to the striatum. Co-immunostaining for doublecortin (DCX), a neuroblast and
immature neuron marker, shows that the newly born neuroblasts in the SVZ are embedded
within a CSPG-containing matrix. These results suggest that CSPGs could play a role in the
regulation of adult neural stem cells in the SVZ and, importantly, that the NSCs themselves
can produce a CSPG-laden matrix (Gates et al., 1995; Ida et al., 2006; Sirko et al., 2010).
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CSPG-PTPge signaling leads to increased neurite outgrowth in SVZ NSC-

differentiated neurons

CSPG-PTPo
CSPGs

To test the regulatory role of the CSPG receptor, adult neural stem cells were dissociated and
differentiated for 5 days in the presence of ISP. Inhibition of PTPo by ISP led to increased
neurite outgrowth in differentiated NSCs /7 vitro, while the scrambled peptide had no

effect (Figures 2A and 2B). Interestingly, genetic knockout (KO) of RPTPa in adult NSCs
showed similar growth-promoting effects (Figures 2C and 2D), confirming and extending
the previous work (Kirkham et al., 2006) that inhibition of PTPo signaling enhances neurite
outgrowth in adult differentiated NSC-derived neurons /n vitro. Also, NSCs produce CSPGs
themselves (Figure 1), which explains why the inhibition of PTPa enhances NSC neurite
elongation without an aggrecan substrate. Therefore, both pharmacological and genetic
inhibition of the PTPo receptor leads to increased neurite growth of adult NSCs /n vitro.

inhibition leads to enhanced migration of NSCs in the presence of exogenous

Since neuroblast migration is critical during adult neurogenesis after CNS injury, we
examined the movements of SVZ NSC-derived neuroblasts in the absence or presence

of additional CSPGs. Individual neurospheres that were similar in size were picked from
neurosphere cultures (days /n vitro [DIV] 5-6) and plated upon different concentrations

of aggrecan and the translocation of cells from the individual neurospheres was quantified
by the migration index. CSPG-containing neurospheres treated with ISP showed increased
migration on poly-L-lysine-coated culture surfaces (Figures 2E and 2F and Video S1 for
time lapse of the migration). In the injured brain, because reactive astrocytes produce
additional CSPGs within the substrate around the lesion (Filous and Silver, 2016), we

also tested the migration of NSCs in the presence of an extra aggrecan substrate coating
(Figures 2E and 2F). We observed further decreases in the migration of NSCs with increased
aggrecan concentration, suggesting that CSPGs potently inhibit the migration of NSCs but,
more interestingly, we observed the increased migration of NSCs with ISP treatment even
with increasing aggrecan concentrations, demonstrating that ISP can reverse the inhibitory
effects of CSPGs on adult NSC migration. To further validate our results, we also measured
the migration of wild-type (WT) or Piprs conditional KO (cKO) NSCs in the absence or
presence of aggrecan (Figures 2G and 2H). To avoid potential compensatory effects during
the development of the Piprs KO, we cultured adult NSCs from floxed Piprs animals and
infected the WT cells and the floxed cells with AAV-CMV-Cre one passage before they were
harvested for the neurosphere migration assay (deletion of the floxed Ptors is validated in
Figure S1). Piprs KO NSCs demonstrated enhanced migration compared to WT NSCs both
in the absence and presence of aggrecan (Figures 2G and 2H).

ISP mediates enhanced migration of adult NSCs by modulating the ERK pathway and
production of matrix metalloproteinase 2 (MMP2)

CSPG-PTPa binding is known to modulate multiple signaling events in cells including
pathways such as AKT and ERK as well as the recently identified ISP-induced production
of the CSPG degrading enzyme, matrix metalloproteinase 2 (MMP2) (Luo et al., 2018;
Ohtake et al., 2016). To examine the molecular pathways that play a role in mediating 1SP-
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induced migration enhancement, we incubated neurospheres with control media, ChABC

(5 mU/mL), ISP containing media (2.5 uM) alone or with inhibitors for the AKT pathway
(LY294002, 10 uM), ERK pathway (PD 98059, 10 uM), and the MMP?2 inhibitor (OA-

Hy, 100 nM). We observed a similar effect of enhanced migration of neuroblasts out of
neurospheres with ChABC treatment (Figures 21 and 2J), which further supports the role

of CSPGs in the inhibition of adult NSC migration. Interestingly, the inhibition of ERK
signaling reversed the effect of ISP on NSC migration, while the AKT inhibitor had no
effect (Figures 21 and 2J). In addition, our results show that MMP2 inhibition is able to
reverse the effect of ISP on NSC migration, consistent with our previous findings (Luo et al.,
2018) that ISP increases MMP2 production in OPCs while expanding this mechanism to a
new type of cell, adult NSC-derived neuroblasts (Figures 21 and 2J). Importantly, treatment
with the specific inhibitors by themselves when ISP peptide was absent did not affect cell
exodus from neurospheres (Figure 2J), suggesting that ERK inhibitors and MMP2 inhibitors
specifically reverse the activation of ERK signaling and MMP2 upregulation caused by

ISP treatment. Western blot and gRT-PCR analyses confirmed that ISP treatment in NSCs
activates the phosphorylation of ERK (Figures 2L and 20) without affecting p-Akt levels
(Figures 2K and 2N). ISP treatment also increased the mRNA level of MmpZ2 (Figures 2M
and 2P).

Post-stroke ISP treatment enhances the number and migration of DCX* neuroblasts into
the stroke lesion epicenter

To examine whether our /n vitrofindings translate to a stroke model, we investigated
whether post-stroke ISP treatment would enhance SVZ and striatal neuroblast numbers and
the migration of neuroblasts into the infarct area. To examine whether ISP treatment could
enhance proliferation, migration, differentiation, and survival of NSCs and their progeny,
we used an NSC-specific inducible cell labeling system (Jin et al., 2015; Lagace et al.,
2007; Li et al., 2010), using the Ai9 tdTomato reporter. The nestin creERT2-YFP mouse
has been previously used by us and others to label newly born cells after stroke (Jin et

al., 2017; Li et al., 2010) and has successfully labeled multilineage progeny from nestin*
NSCs post-stroke. However, the Ai9 tdTomato reporter line has not been tested in a stroke
model. Two cohorts of mice were used to examine the generation of new neuroblasts and
their migration from the SVZ with WT C57BL/6J mice or the nestin creERT2-tdTomato
mice. To ensure the specific labeling of SVZ-derived NSCs but not reactive astrocytes,
which also upregulate nestin after stroke, we treated the nestin creERT2-tdTomato mice with
tamoxifen (TAM) for 5 days starting 22 days before stroke (Figure 3). The waiting period
of 17 days after TAM treatment allowed the clearing of TAM from the brain and did not
label any reactive astrocytes at 2 days post-stroke in the striatum while it maintained the
labeling of SVZ NSCs (Figure S2). Using this mouse line and consistent with our previous
observations (Jin et al., 2017), migrations of DCX* and tdTomato* cells penetrated into
the lesioned striatum at 30 days after stroke (Figure 3). There was minimal migration of
DCX or tdTomato* cells in the striatum on the contralateral side (Figures 3A and 3E).
Scrambled or ISP peptides were administered starting 1 day post-stroke and then daily for
30 days. At 30 days post-stroke, on the ischemic side of the brain, ISP treatment resulted
in clearly increased numbers of DCX™ cells as well as their enhanced migration toward
the stroke penumbra but had no effect on the contralateral side (Figures 3B, 3C, 3F, and
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3G, quantification in 3I). This lack of a contralateral effect is consistent with the results

that 30 days of ISP treatment in non-stroke mice does not change total DCX™* or tdTomato
cells in the SVZ (Figure S3). Interestingly, total DCX* cells that had migrated well into

the reactive astroglial infarct area also increased with ISP treatment, suggesting enhanced
migration deep into the glial scar surrounding the injured area in the brain (Figures 3K-30).
Indeed, not only did the total number of DCX* cells increase in ISP-treated mice (Figures
3K-30) but also the total area covered by the DCX™ cells (quantification in Figure 3P), the
furthest distance migrated from the lateral ventricular wall (quantification in Figure 3Q), and
the furthest distance migrated from the medial glial scar border (quantification in Figure 3R)
significantly increased in ISP-treated mice.

Different from the nestin creERT2-R26YFP reporter mice in which 30% of the DCX*

were also yellow fluorescent protein positive (YFP*) (Jin et al., 2017; Li et al., 2010), our
results using the nestin creERT2-tdTomato (Ai9) mice showed that the vast majority of the
tdTomato cells that had migrated into the striatum from the SVZ were clearly differentiating
as glia, since they were doubly labeled with GFAP (Figures 3D and 3H, arrows; single
channel images are included in Figure S4). Interestingly, the average number of migrated
tdTomato* cells in the striatum did not differ between control and 1SP-treated mice (Figure
3J). However, within the SVZ proper and closely adjacent to its lateral wall, many cells

that did contain tdTomato were also DCX* (Figures 3B and 3F). Thus, primarily, the
migration of DCX* neuroblasts is being inhibited by CSPG-PTPa interactions in the vicinity
of the scar. The lack of abundant tdTomato expression in migrated neuroblasts deeper

into the infarct zone could be due to downregulated activity of the promoter driving the
reporter (tdTomato), which could, in turn, downregulate the reporter allele specifically in
differentiating/migrating neuroblasts.

To further identify whether the increased number of DCX™* cells in the ipsilateral side of

the brain as well as those that migrated into the glial scar area were due to increased
proliferation of NSCs, in a different cohort, we harvested stroke mice that were subjected

to scrambled peptide or ISP treatment after 14 days, a time when NSC cell proliferation
peaks in response to stroke (Arvidsson et al., 2002; Palma-Tortosa et al., 2017). As before
(Jin etal., 2017), NSCs were labeled at 17 days pre-stroke by TAM, and control or ISP
peptides were given daily starting at 1 day after stroke. Mice were harvested at 14 days
post-stroke and DCX™, tdTomato*, and Ki67* (proliferating cells) along the SVZ were
quantified (Figure S5). There were no differences in the total number of Ki677 cells along
the SVZ at 14 days post-stroke and there were similar numbers of DCX* and tdTomato™*
cells within the same regions (Figure S5). This suggests that ISP treatment does not increase
the proliferation of NSCs within the SVZ but, rather, the increased total DCX* cells in
ISP-treated mice at a later time point (day 30, Figure 3) may be the result of enhanced
survival of DCX* neuroblasts that migrate into the infarct area. Indeed, when we compared
the day 14 and day 30 stroke brains, we observed further migration of tdTomato* and DCX™*
cells toward the infarct area at day 30 compared to day 14, with increased DCX™* cells
navigating more deeply into the striatum in ISP-treated mice (Figure S6, white arrows in B,
E, H, and K). In addition, we observed chain-like tdTomato*/DCX* newly born neuroblasts
migrating from the lateral wall of the SVZ toward the infarct area, which were associated
with astrocytes and blood vessels (Figures S6M-S6R), consistent with previous reports on
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the SVZ origin of neuroblasts in the stroke striatum (Jin et al., 2003; Parent et al., 2002) and
the migration pattern of SVZ-derived neuroblasts after stroke (Jin et al., 2003; Ohab et al.,
2006).

Inhibition of CSPG-PTPo signaling by ISP increases axonal sprouting

To examine whether post-stroke ISP treatment was also able to enhance axonal sprouting,
another main mechanism of potential neurorepair after stroke, we examined axonal
projections and sprouting from the contralateral motor-sensory cortex. The axonal tracer
biotinylated dextran amine (BDA) (10,000 molecular weight [MW]) was injected in the
contralateral intact primary motor-sensory cortex at 14 days post-stroke. Brains were
harvested at 2 weeks after BDA injection and axonal projections to the peri-infarct area

of the opposite hemisphere via the callosum were evaluated. Our results (Figures 4C, 4C’,
4F, and 4F’, quantification in 4H) revealed substantially increased axonal projections in
the peri-infarct area in the stroke hemisphere originating from the contralateral cortex in
ISP-treated mice. Consistent with this, labeled fiber intensity in the corpus callosum was
increased by ISP treatment (Figures 4D and 4G, quantification in 41). Interestingly, while
this type of BDA tends to preferentially label anterogradely, in ISP-treated animals, we
also observed some labeled neuronal cell bodies within the peri-infarct area in the stroke
hemisphere but not in vehicle (Veh)-treated stroke mice (Figures 4C” and 4F"), suggesting
enhanced survival of peri-stroke neurons that normally project to the contralateral cortex.
Naive non-stroke mice receiving BDA injection on one side of the cortex also showed
similar retrogradely labeled neurons on the contralateral side in both Veh or ISP-treated
mice following the same experimental timeline (Figure S7), suggesting that the preserved
peri-stroke neurons in the ISP-treated group were not likely labeled due to the peptide
somehow altering/enhancing retrograde uptake of BDA by cross-callosal neurons since they
are also present in non-treated and treated naive mice. Focusing on the spinal cord, the
recrossed contingent of BDA* corticospinal axon terminals within the C3-C5 segments
originating from the non-lesioned cortex was also significantly increased (Figures 4J, 4)°,
4K, and 4K’ with quantification in 4L). Injection volumes of BDA in the contralateral cortex
were equal in Veh and ISP-treated stroke mice (Figure 4M).

Serotonergic fiber sprouting is well known to increase the tone and excitability of the
injured CNS (Ghosh and Pearse, 2014). We, therefore, examined the 5-HT positive nerve
terminals near the peri-infarct area at 4 weeks after stroke. Our data demonstrate that, in
control animals, 5-HT fibers were present in the vicinity of the peri-infarct zone but were
mainly stopped at the edge of the glial scar (Figure 4N). However, in ISP treated stroke
mice, the intensity of 5-hydroxytryptamine-positive (5-HT™) fibers was increased within the
peri-infarct zone and, in addition, serotonergic axons penetrated more deeply into the lesion
epicenter, using the reactive scar astrocytes as their substrate (Figures 40-4Q). We also
examined the immunoreactive density of excitatory synaptic markers (presynaptic marker
VGlut2 and postsynaptic marker Homer) at the peri-infarct cortex and found increased
immunoreactivity of both VGlut2 and Homer in ISP-treated stroke mice (Figure S8), but
no changes in ISP-treated naive mice (Figure S8), suggesting that post-stroke ISP treatment
enhances the post-stroke peri-infarct zone synapse density without affecting the stability of
synapses in naive non-stroke mice.
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We also examined chronic atrophy (evaluated at 30 days post-stroke), which normally occurs
within the lesioned side of the brain, in mice treated with either scrambled or ISP peptide
started at either 1 day or 7 days after stroke. Compared to vehicle-treated stroke mice, ISP
treatment started at either 1 day or 7 days post-stroke significantly decreased the extent of
atrophy at 30 days after injury (Figure S9). The end of day 1 post-stroke-initiated treatment
resulted in a more substantial decrease in brain atrophy compared to post-stroke treatment
begun after 1 week. In addition, we noticed more lesion volume variation in day 7-treated
mice compared to day 1-treated mice (Figure S9).

ISP treatment alters the gene expression profile within the peri-stroke cortex

Given that ISP treatment improved axonal sprouting and the migration of new neuroblasts,
preserved the integrity of peri-infarct-associated cortical neurons, and decreased overall
atrophy of the stroke brain, we further explored the potential mechanism of ISP on
promoting neuronal survival and function by examining the transcriptome changes in the
peri-infarct cortical regions. We conducted RNA sequencing (RNA-seq) on tissue from
motor cortex near the infarct zone on the stroke side from animals that received ISP or
scrambled peptide starting at 1 day post-stroke. Cortical tissues were collected at day 14
post-stroke, a time point that has previously revealed transcriptomic differences in either
behaviorally spontaneously recovered or non-recovered mice (Ito et al., 2018). RNA-seq
showed that there were 217 genes upregulated and 185 genes downregulated within the
motor cortex in ISP-treated mice (Figure 5A, complete list of differentially expressed genes
are provided in Table S2). Gene Ontology (GO) term analysis suggests that the pathways
that changed include multiple genes upregulated in the negative regulators of apoptotic
pathways (Rffl/Ivnslabp/Nrd4aZ/BelZ, Figure 5B) and downregulated genes in the positive
regulators of apoptotic pathways (Pcgfe/Bok/Mit/Prr7/Ndufal3/Wnt4/Wis1, Figure 5B).
Interestingly, several genes related to axon development (Semadad/Tnfrsf21/Cadh2/Nrda2/
Dixdc1/Spg20/Picalm/Bcl2, Figure 5B) were also enriched, which is consistent with the
enhanced axonal sprouting in ISP-treated mice. Compared to the RNA-seq data comparing
mice that showed spontaneous behavioral recovery to the ones that do not recover after
stroke (Ito et al., 2018), we found three overlapping genes from our dataset that underwent
similar changes in direction and extent of mMRNA levels (cited4, Sag, and Tpbg). We
examined the changes in mMRNA levels by gRT-PCR in vehicle or ISP-treated peri-infarct
cortex of the top 5 differentially expressed genes (/gfnl, Penk, Rasgefic, DactZ, and Grm2),
in addition to cited4, Sag, Tpbg, and genes implicated in cell survival and axon development
(Nr4a2, also known as Nurrl, BcelZ, and Sema4d). A majority of the target genes were
validated by gRT-PCR, with the exception of lowly abundant mMRNAs (Sag and 7pbg) and
Bc/l2 (Figure 5C). We tested commercially available antibodies for these genes and found
that NR4A2 (NURRZ1) expression is downregulated in \eh-treated stroke mice in the peri-
infarct cortex, but it is preserved in ISP-treated mice (Figures 5D-5G). NURR1* cells were
mainly NeuN™ neurons (Figures 5E and 5F). Interestingly, although Bcl2 expression changes
were not validated by qRT-PCR, they were validated by immunostaining. B cell lymphoma 2
(BCL-2) immunostaining was substantially increased in the ISP-treated peri-infarct area and
was mainly colocalized with Ibal™ microglia or infiltrating macrophages (Figures 5H-5J).
The expression of BCL-2 in microglial cells is consistent with previous characterizations

of BCL-2 expression patterns in the adult rodent brain (Merry et al., 1994; Sassone et al.,
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2013). We recently reported an effect of PTPo inhibition on promoting a beneficial M2-like
alternative neuroinflammatory response after SCI (Dyck et al., 2018). The upregulation

of BCL-2 expression in microglia may facilitate this beneficial inflammatory profile post-
stroke. The detailed mechanisms of these target genes warrant further investigation.

Post-stroke ISP treatment (1 or 7 days after stroke) promotes functional recovery

Given the positive effects mediated by ISP treatment in multiple neurorepair-related
phenomena, we conducted a series of behavioral experiments to examine whether peptide
treatment could enhance functional recovery in stroke animals. We tested the efficacy of
continuous post-stroke ISP treatment (1 mg/kg/day, subcutaneously [s.c.], starting at 24

h post-stroke) using our proximal middle cerebral artery occlusion (MCAo0) model. Two
independent cohorts of young adult (10-12 weeks old) C57bl/6J male mice (total of n =

20 each group) were subjected to transient proximal MCAo surgery (45 min) to induce a
large stroke in both striatal and cortical tissue (Figures 6A and 6B), mimicking a human
“malignant” stroke (Carmichael, 2005). Stroke mice were subjected to T2-weighted MRI
scanning to determine the size of the lesion epicenter and were comingled blindly into

two equally distributed groups that either received daily vehicle or ISP treatment starting
from 24 h post-stroke onset for 4 weeks. Just before the treatment was started, T2-weighted
MRI showed that the two groups of mice had no differences in the extent and location

of ischemic injury (Figures 6B and 6C). Using computer-monitored automated open field
analysis, we found that ISP treatment significantly increased locomotor function at 2—4
weeks after stroke in multiple parameters (Figure 6D). Since the most common functional
deficits following MCAOo stroke are motor impairments of the contralateral upper limb, we
also examined the effect of post-stroke ISP treatment on performance in a fine forelimb
sensory-motor function test, “adhesive tape removal.” The results showed that post-stroke
ISP treatment significantly improved the speed (Figure 6E) that mice were able to remove
the tape from the contralateral affected paw (right front paw in our model) without any
obvious effects on the time to remove the tape from the ipsilateral unaffected paw (left
front paw in our model [Figure S10], showing the removal time on the unaffected left paw),
suggesting that the result of ISP treatment is specifically related to stroke-induced deficits
without untoward side effects in sensory and motor function. Importantly, at the 1-week
pre-stroke time point and at post-stroke day 3, the control and the ISP-treated groups showed
no differences in behavioral tests (post-stroke days 3 and 7 for open field and post-stroke
day 7 for tape removal; Figures 6D and 6E), validating the equal grouping of animals
according to stroke lesion size and supporting a neurorestorative mechanism through ISP
treatment.

Since cognitive decline is also a major cause of disability in stroke survivors, we also
examined the effect of ISP treatment on cognitive function. The Barnes maze test was

used to evaluate learning/memory function, and our data showed that ISP-treated mice

used significantly less time as well as fewer error trials to find the escape hole at 4

weeks post-stroke (Figure 6F). This demonstrates that systemic ISP treatment is able to
improve multiple aspects of functional recovery, including general locomotor function,
specific upper limb fine motor control, as well as cognitive function. To examine the
potential effective time window of post-stroke ISP treatment, in a separate group of animals,
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we tested the efficacy of post-stroke treatment with ISP starting at day 7 after stroke.

Our data (Figure 7) show that even when started 1 week after stroke, ISP treatment still
effectively improved general locomotor function, specific upper limb sensorimotor function,
and cognitive function. Note that in the locomotor function test, and especially in the

fine motor tape removal test, the day that ISP-treated animals started to show significant
improvements after delayed administration was equally shifted by approximately 1 week
(Figure 7). However, the extent of functional recovery was only slightly reduced with
delayed peptide administration, suggesting that the potential for neural recovery in stroke
animals is still possible with a delayed onset of delivery of our regenerative peptide.
Notably, for all three behavioral tests, significant improvements in ISP-treated mice in either
post-day 1 or post-day 7 treatment paradigms all reached large effect sizes based on Cohen’s
d and coefficient r (Cohen, 1988), especially toward more chronic time points (3—4 weeks
post-stroke; statistical details on effect size provided in Tables S3 and S4), suggesting that
the observed functional improvements due to ISP treatment are also biologically meaningful.
Interestingly, when tested in non-stroke mice, ISP treatment in general did not result in
significantly increased locomotor function as was observed in treated stroke mice (Figure
S11A). At 3 weeks, for the total horizontal movement, the naive ISP group did show a
slightly decreased range, which returned to the vehicle group level at 4 weeks. In the
adhesive and cognitive functional tests (Figures S11B-S11D), there were no significant
differences between the Veh-treated or ISP-treated naive groups.

DISCUSSION

PTPao, along with its sister phosphatase, leukocyte common antigen-related (LAR) have
been identified as receptors for the inhibitory actions of CSPGs (Dickendesher et al., 2012;
Fisher et al., 2011; Shen et al., 2009). The Lar family of receptors upregulates on neurons
as well as certain types of NPCs after injury (Cregg et al., 2014; Dickendesher et al.,

2012; Fisher et al., 2011; Gardner and Habecker, 2013; Kirkham et al., 2006; Lang et al.,
2015; Shen et al., 2009). Upon lengthy interactions with CSPGs, PTPa converts newly
formed growth cones at the tips of severed axons or the leading processes of moving cells
into a highly adhered and entrapped state (Lang et al., 2015). Thus, the biological effect

of ISP, which specifically interferes with the function of PTPo (Lang et al., 2015), could
be far ranging and potentially efficacious in stroke by promoting regeneration/ sprouting
or enhancing cell migrations over wide regions. Previous work by our group (Jin et al.,
2017; Luo et al., 2009, 2013) and others (Jin et al., 2002; Zhang et al., 2001, 2006) has
demonstrated that modulating endogenous neurogenesis is also a promising therapeutic
paradigm for the treatment of stroke. While CSPGs have again been suggested to constrain
the migrations of a variety of cell types, including oligodendrocyte progenitor cells (Lau et
al., 2012), the role of CSPGs on repopulating NSCs in stroke remained unclear.

In this study, using a sizable CNS injury model (MCAO0), we examined the role of the
CSPG-PTPo signaling pathway not only on axonal sprouting but also on injury-stimulated
new neuroblast generation and migration, a phenomenon that has been much less explored.
We have shown that post-stroke treatment with ISP improves behavioral recovery even in
the delayed phase. Moreover, ISP treatment increased the total number of newly generated
neuroblasts migrating well into the peri-infarct area. The peptide also enhanced serotonergic,
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callosal, and corticospinal tract (CST) regeneration/sprouting while increasing the density of
excitatory synaptic markers at the peri-infarct zone. There was also significantly decreased
cortical and striatal atrophy. Therefore, alleviating CSPG-mediated inhibition of a variety of
neurorepair mechanisms is likely to be the molecular and cellular event that is allowing for
enhanced recovery after stroke. Also, ISP may promote recovery from stroke by yet other
mechanisms in addition to neuroprotection, neuroblast migration, or neuronal sprouting. It is
known that members of the LAR family are important regulators of synaptic plasticity and
neuronal physiology (Horn et al., 2012; Sclip and Sudhof, 2020), and they are important in
the process of remyelination (Luo et al., 2018) phenomena that were not evaluated in this
study.

Delayed secondary neuronal death contributes to the global tissue atrophy that occurs post-
stroke (Sayed et al., 2020). Interestingly, we observed less atrophy in ISP-treated stroke
animals, which was reflected at the cellular level by the survival of callosal neurons as well
as NURRL1™* neurons in the vicinity of the lesion penumbra. Multiple potential mechanisms
could contribute to the diminished atrophy, including decreased delayed neuronal death,
enhanced axonal remodeling, and altered neuroinflammation. Recent evidence has suggested
that the chronic modulation of CSPG signaling via chondroitinase (Bartus et al., 2014;
Didangelos et al., 2014) or the administration of our LAR family receptor blocking peptides
in models of compressive SCI drives an anti-inflammatory and potently neuroprotective
immune response (Dyck et al., 2018). It is likely that a similar pro-regenerative, ISP-induced
immune phenotype may develop during ischemia brought on by stroke. The reduction in
secondary damage also correlates well with the transcriptome profiling of the I1SP-treated
mice, such as enrichment of genes that negatively regulate apoptotic pathways as well

as genes that are involved in axonal development. Interestingly, a recent study showed

that a small pharmacological inhibitor of PTPo also led to the upregulation of an anti-
apoptotic gene BCL-X,_ in hematopoietic stem cells (Zhang et al., 2019), suggesting a
shared anti-apoptotic mechanism across different cell types. Our data suggest that BCL-2
protein expression is upregulated in Ibal*™ microglia/macrophage cells near the peri-infarct
zone, which agrees with previous reports of CNS BCL-2 expression patterns in adult

brains (Merry et al., 1994; Sassone et al., 2013) and further supports that ISP may have

a modulatory role in neuroinflammation after injury. Interestingly, our data showed that

the same 30-day treatment of ISP in non-stroke mice did not affect the synaptic density

in the cortex, suggesting that ISP treatment likely does not affect synaptic stability in the
non-stroke brain. It is known that stroke injury stimulates a transcriptomic program in
cortical neurons that facilitates synaptic reorganizations and plasticity (Joy and Carmichael,
2021), and this could explain why the effects of ISPs on synaptic density and sprouting of
axons are more evident after injury.

It has been well established that CSPGs are enriched in NSCs and that they regulate
neural stem cell proliferation and differentiation (Faissner and Reinhard, 2015; Galindo et
al., 2018; Gates et al., 1995; Sirko et al., 2007; Yamada et al., 2018). However, the role

of PTPo on adult neural stem cells 7n vivois not known, especially after a large injury
such as an MCAo stroke. Our study provides evidence that post-stroke treatment with a
PTPa selective inhibitor enhanced the total number and migration of DCX* neuroblasts
well into the glial-scarred infarct area. DCX™ neurablasts have been shown to contribute
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to functional recovery after stroke by ablation studies, despite the low numbers that can
survive as maturing neurons (Jin et al., 2010; Sun et al., 2012), suggesting a mechanism
beyond neuronal circuitry replacement. Newly born neuroblasts that migrate into the infarct
zone could contribute to improved functional recovery by releasing neurotrophic factors
that protect existing neuronal circuits or enhance tissue repair (Butti et al., 2012; Cuartero
etal., 2021). An especially intriguing observation was that tdTomato* stem cells, that
appeared to differentiate toward an astroglial fate could migrate out of the SVZ and well
into the lesion core laden with CSPGs, and their numbers did not increase in treated
animals. However, DCX + neuron precursors were blocked at the edge of the scar only

in the controls. It has been known that the infarct area in stroke upregulates several
chemokines such as stromal-derived factor 1a (SDF-1a) (Ohab et al., 2006; Robin et

al., 2006) and monocyte chemoattractant protein -1 (MCP-1) (Yan et al., 2007) that can
attract the migration of neuroblasts through their expression of corresponding receptors
CXR4 and CCR2. Meanwhile, differentiating neurons may upregulate the CSPG receptor
more extensively or rapidly than their precursors. Thus, the mechanisms that differentially
allow for lengthy migrations of stem cells but not neurons within a purportedly inhibitory
environment likely depend on the balance of inhibitory versus growth-stimulating ECMs as
well as the dynamics of the specific receptors that the cells produce as they encounter a
variety of different terrains.

Another strategy that migrating cells or extending axons use to invade inhibitory regions is
to produce matrix-degrading enzymes. MMPs have been implicated to guide neuroblast
migration post-stroke (Grade et al., 2013; Lee et al., 2006). We recently reported a
downstream pathway in OPCs regulated by PTPo that involves specific CSPG-degrading
enzymes (Tran et al., 2018a). Thus, ISP treatment upregulated the release of MMP2

in OPCs, which allows them to digest their way into CSPG-filled plaques, enhancing

their remyelination potential in models of MS (Luo et al., 2018). Interestingly, here, we
also report the upregulation of Mmp2 RNAs in adult NSCs by ISP treatment, and the
stimulatory effect of ISP on NSC migration is reversed by an MMP2 inhibitor. We have
also documented that genetic deletion or ISP blockade of PTPo in adult DRGs leads to
the secretion of cathepsin B, which allows them to degrade and cross a strongly inhibitory
gradient of CSPG (Tran et al., 2018a). Thus, a conserved signaling pathway in a variety of
cell types appears to exist that links PTPa to very particular matrix-digesting mechanisms
that we have shown can be amplified experimentally to enhance the ability of cells or axonal
growth cones to navigate within an inhibitory environment.

In summary, our data using both pharmacological and genetic PTPao inhibition confirms and
expands the inhibitory role of CSPGs in axonal plasticity and, in addition, demonstrates

a critical role of the CSPG-PTPo signaling cascade in the regulation of adult neural stem
cell migration into regions undergoing scar formation and proteoglycan deposition. Such
biological reparations may have implications in both normal physiological function and the
regenerative response of the brain after injury.
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Limitations of the study

Our study has revealed multiple potential mechanisms that may mediate the beneficial
regenerative effects of modulating the CSPG receptor PTPa in post-stroke recovery. It

is also possible that there are combined effects of neuroprotection and neural repair.

It is difficult to rule out either or to determine whether one particular mechanism is a
“primary” cause of functional recovery. At early time points post-stroke (day 3 after MCA0),
there were no differences in behavioral deficits in Veh or ISP-treated mice (functional
improvements become apparent at later time points), which suggests that recovery could

at least be partly due to neural repair. Surely, the robust sprouting or regeneration of
serotonergic axons into the lesion penumbra and deep into the lesion core along with
spouting of the callosal and corticospinal systems could also be possible repair mechanisms
in addition to neuroprotection. Our study was not able to determine whether there is a
“primary” mechanism of the beneficial effects of ISP treatment in stroke mice. In addition,
our study mainly focused on the generation, survival, and migration of neuroblasts, not new
mature functional neurons. Previous studies have suggested that newly born neuroblasts may
be critical for functional recovery after stroke and, therefore, their contribution may not fully
depend on full maturation into functional neurons after stroke.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Yu Luo (luoy2@ucmail.uc.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. RNA-seq data have been deposited at GEO and are publicly available as of the
date of publication. Accession numbers are listed in the key resources table.
Microscopy data and behavioral test data reported in this paper will be shared by
the lead contact upon request.

. No original code was generated in this study.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All animal protocols were approved by the IACUC of University of Cincinnati.
C57BL/6J male mice were purchased from Jackson Laboratory and housed in the animal
facility of the University of Cincinnati. Mice were maintained with a 12-hour light/dark
cycle and fed ad libitum. To evaluate neurogenesis in stroke mice, both female and
malenestin-CreERT2-Ai9 (inducible-tdTomato) strain was used in this study. The Nestin-
CreERT2 mouse line was previously reported by Lagace et al. (Lagace et al., 2007) and

was crossed with the Ai9 line (Madisen et al., 2010) to generate cre-inducible tdTomato
expression in nestin+ neural stem cells (NSCs) and their progeny. No animals were excluded
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from data analysis. To generate Ptprs KO neural stem cells (NSCs), we obtained the
Ptrps<tmla(KOMP)Mbp (RRID:MGI:5797751) mouse line from KOMP (Bunin et al.,
2015; Kim et al., 2020). The Prprs loxP/loxP mouse line was generated by crossing
C57BL/6N-Tg(CAG-FIpo)1Afst/Mmucd mouse with Ptrps<tmla (KOMP)Mbp mice to get
the conditional floxed Piprsallele (Figure S1). The resulting mice were then outcrossed

to remove the FLP allele. In this Pfprs loxP/loxP mouse line, exon 4 (3rd Open reading
frame-containing exon) is deleted in the presence of cre recombinase, leading to an open
reading frame shift that results in a pre-mature stop codon at the 96th aa. The recombined
allele generates a 96 aa protein that is approximately 10KD instead of ~200KD of the
wildtype protein (1805aa), thus leading to loss of function of the Pirps gene. The loss of
PTPo protein from this Pirps floxed allele upon cre expression has previously been validated
(Kim et al., 2020).

Tamoxifen treatment in vivo—Nestin-CreERT2-R26R-Ai9 tdTomato mice (8-10 weeks
old) were given tamoxifen dissolved in 10% EtOH/90% sunflower oil by gavage feeding

at a dose of 180 mg/kg daily for 5 consecutive days. This dosing regimen was previously
demonstrated to provide maximal recombination with minimal mortality and successfully
monitored the activated SVZ NSCs stimulated by stroke (Jin et al., 2015; Lagace et al.,
2007; Li et al., 2010). For NSC fate mapping, TAM treated mice received MCAo surgery
17 days after the last TAM administration and mice were perfused at 30 days post stroke to
harvest brain for immunostaining. The time frame was chosen to specifically label NSCs in
adult mice before the introduction of MCAo but also allow the clearance of TAM from mice
at the time of MCAo to prevent labeling of reactive astrocytes which also upregulate nestin
expression after stroke (Jin et al., 2015). To ensure this specific labeling we also examined
whether the reactive astrocytes are labeled by reporter gene expression at 2 days post-stroke
(Figure S2). To examine the effect of ISP in non-stroke mice, Tamoxifen was administered
in the same timeline with the exception that mice were not subjected to MCAO surgery.

METHOD DETAILS

Peptides synthesis—Peptides were purchased from CS-Bio (CA, USA) with >98%
purity. Lyophilized peptides were dissolved in sterile water and stored at —80°C until use.
Peptide sequences are as follows:

ISP: GRKKRRQRRRCDMAEHMERLKANDSLKLSQEYESI

Scrambled ISP (SISP): GRKKRRQRRRCIREDDSLMLYALAQEKKESNMHES

Neural stem cell culture—Primary neural stem cells were obtained from C57BL/6J mice
at 5-6 weeks of age and neurosphere cultures were established as described previously
(Reynolds and Weiss, 1992). After euthanization, whole brains were immediately harvested
and dissected under the microscope to obtain the subventricular zone (SVZ) tissue. After
mechanical dissociation with a knife, the tissue fragments were processed using trypsin and
resuspended as individual cells at a density of 10 cell/cm? in neurobasal media and B27
with growth factors (epidermal growth factor and basic fibroblast growth factor). Subsequent
passaging of cells was performed using Accutase® (innovative #AT-104, CA, USA) every

7 days until the cells established viable lines, and cellular debris was naturally diminished
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after each passage. At day 4 of each passage, the proliferating spheres were fed with media
containing fresh growth factors. We used neurospheres at passage P3-P8 in this study. For
Ptrps cKO NSCs, to avoid potential /in7 vivo compensatory effects of Pirps gene deletion, we
prepared SVZ NSCs from Ptrps loxP/loxP mice (5-6 weeks old) (Bunin et al., 2015; Kim

et al., 2020), and infected Pirps loxP/loxP NSCs with AAV-CMV-Cre (Addgene) to delete
Ptrps one passage before the differentiation and migration assay. Deletion of the floxed exon
was confirmed by PCR (Figure S1).

Identification of secreted CSPGs from conditioned media of SVZ
neurospheres—To measure secreted CSPGs by neurospheres, control or conditioned
media were collected after SVZ spheres had been in culture for 3—4 days and subjected

to concentration and mass spectrum (MS) analysis. Protocol (Table S1): The media (about
2mL) was filtered through a 100kDa filter (88523) by centrifuging at 4000 x g for 15 min
according to the manufacturer’s instructions. The retentate was about 40ul. 10ul (25%) was
mixed with 30ul of Invitrogen LDS sample buffer and run on a 4-12% Bis-Tris gel using
MOPS buffer. The gel was silver stained. The sections chosen (roughly above 70K) were
excised, destained, reduced with DTT and alkylated with IAA and digested with trypsin
overnight. The resulting peptides were extracted and dried by speed vac. They were then
resuspended in 7 ul of 0.1% Formic acid (FA). 5.5 uL of each sample was analyzed by
nanoLC-MS/MS (Orbitrap Eclipse) and was searched against the mus musculus (uniprot
10090) and all entries database using Proteome discoverer ver 2.4 with the Sequest HT
search algorithm. (Thermo scientific). Some representative CSPGs were shown in Figure 1
and the complete list of identified proteins is included in the Table S1. The only protein
detected in control growth media was BSA which is a component of the B27 supplement.

Neural stem cell differentiation assay—-Briefly, glass coverslips were coated with
poly-ornithine and laminin. After dissociating neurospheres during passaging, individual
cells were plated at a density of 1 x 10% cells/cm? in 500uL of growth media (Neurobasal
media+ growth factors). Every other day, 250uL of media was removed from each well

and 250uL of fresh NBM-GF was added. When the attached cells reached approximately
70% confluency (around day 5), all NBM-GF within each well was gently removed and
immediately replaced with neurobasal media without growth factors (NBM) with ISP
peptide (2.5uM) or scrambled peptide (2.5uM). Each well was fed daily by removing 250uL
of the media and adding 250puL of the media containing ISP or scrambled peptide without
growth factors. On Day 5 after complete replacement of the NBM-GF, the wells were

fixed with 4% paraformaldehyde for 15 min at room temperature and stored in phosphate-
buffered saline at 4°C until staining. Neuronally differentiated cells were identified by
immunostaining using MAP2 or B-111 tubulin and neurite length was quantified. Three
coverslips were analyzed per condition. Random selections of fields in each coverslip were
chosen and imaged by Stereo Investigator Software (MBF Bioscience, Williston, VT, USA),
and a total of 50 cells (from 3 coverslips) were quantified by using NIH ImageJ software.
Each experiment was repeated twice with similar results and representative results are
presented.
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Migration of neural stem cells on CSPGs—To determine the effects of CSPGs on
the migration of neural stem cells /n vitro, flat-bottom 48-well plates were coated with
poly-L-lysine and various concentrations (1ug/mL and 10ug/mL) of Aggrecan (A1960,
sigma). The control wells contained poly-L-lysine alone. Neurospheres of similar size were
seeded in each well in NBM-GF medium with 2.5uM ISP peptide or scrambled peptide

(n = 7 neurospheres per condition), and the plates were incubated at 37°C for 21 hours.
Thereafter, images of each well were taken using a Leica DMi8 widefield microscope.

The Migration Index was defined as dividing the total area of migrated cells by the inner
area of neurospheres. The inner area and total area of neurospheres were measured using
ImageJ software. Time lapse analyses (duration 21 hours) of the migration process (Video
S1, Supplementary data) was taken using a Leica DMi8 widefield microscope equipped
with an on-stage incubator. For application of signaling pathway inhibitors, neurospheres
were treated with LY 294002 (10uM, AKT inhibition), PD98059 (10uM, ERK inhibition) or
OA-Hy (100nM, MMP?2 inhibition) for 30min followed by exposure to 2.5uM ISP peptide
or scrambled peptide. For ChABC treatment, neurospheres were incubated with 5 mU/mL
ChABC (Sigma, # C2905) for 21 hours and then NSCs migration was measured. Each
experiment was repeated twice with similar results and representative results are presented.

Western blot analysis—About 10 neurospheres were plated in a 60mm dish and
subjected to ISP or scrambled peptide for 21 hours. NSCs were homogenized with RIPA
lysis buffer and protein concentration was determined by Pierce BCA protein assay

kit according to the manufacturer’s instructions (#23227, Thermo Fisher). Then, equal
amounts of protein were loaded onto 15% or 12% SDS-PAGE gels, and electrophoretically
transferred to PVDF membranes (Millipore). The membranes were blocked in 0.1% TPBS
buffer with 5% BSA for 1 h at room temperature and incubated with indicated primary
antibodies overnight at 4°C and followed by secondary antibodies conjugated to horseradish
peroxidase. The following primary antibodies were used: AKT (#60203-2-1g, Proteintech),
ERK1/2 (#16443-1-AP, Proteintech), p-Akt (Ser473) (# 4060S, Cell signaling), GAPDH
(#60004-1-1g, Proteintech), p-ERK1/2 (Thr202/Tyr204) (# 4370S, Cell signaling). Enhanced
chemiluminescence was performed with a West Pico Kit (Thermo Fisher). The density of
bands was quantified using ImageJ software (NIH). This experiment was repeated three
times and each pair of protein samples (scrambled peptide or ISP) were used for Western
blot quantification.

Murine model of transient focal ischemia—Transient middle cerebral artery
occlusion (tMCA0) was induced in male C57BL/6J or Nestin-creER-Ai9 mice (10-12
weeks old, 25-30g) by intraluminal occlusion of the left MCA for 45 min with a

silicone rubber-coated monofilament (Cat.602212PK10Re and 602312PK10Re, Doccol
Corporation). Briefly, mice were anesthetized with isoflurane. Body temperature was
monitored and maintained at 37 + 0.5°C by a homeothermic blanket control unit (Harvard
apparatus). To minimize pain, mice were subcutaneously injected with buprenorphine. A
midline incision was made in the skin overlying the calvarium and the skin was pulled
laterally to fix a flexible microtip on the surface of the left parietal bone of the skull of the
mice (0.5 mm posterior and 3.5 mm lateral to the bregma). Next, a midline neck incision
was made to isolate the left common carotid artery (CCA), external carotid artery (ECA),

Cell Rep. Author manuscript; available in PMC 2022 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Luo et al.

Page 18

and internal carotid artery (ICA). A silicone rubber-coated monofilament was introduced
via the arteriotomy in ECA and advanced slowly through ICA toward the origin of the

MCA according to Longa’s method (Longa et al., 1989). To ensure consistent and successful
blockage of the MCA, regional cerebral blood flow was monitored in all stroke animals by
Laser Doppler flowmetry (PeriFlux system 5000, Perimed, Sweden). After incision closure,
mice were subcutaneously given ImL warm saline and placed in a heated animal intensive
care unit until recovery. T2-weighted MRI imaging at 18 hours post stroke before any
treatment was given to ensure equal grouping.

Magnetic resonance imaging (MRI)—Infarct volumes were measured using a
horizontal biospec 9.4T scanner with a 3-cm birdcage coil (Bruker Inc., Billerica, MA)23h
after induction of brain ischemia. During MRI scanning procedures, mice were anesthetized
with a 1.5% isoflurane/oxygen mixture and placed in the cradle in a prone position.

The body temperature of the mouse was maintained at 33°C by blowing warm air into

the scanner through a feedback control system (SA Instruments, Stony Brook, NY). The
respiration rate was also monitored during the experiments. To quantify ischemic edema
volume, multi-slice, T2-weighted, axial images were acquired using a rapid acquisition with
relaxation enhancement (RARE) sequence with the following parameters: TE/TR, 15/2000
ms; RARE factor, 8; NAV, 4; matrix size, 256 x 256; slice thickness, 1mm; number of slices,
13; field of view, 2.4 x 2.4cm. Image reconstruction and analyses were performed using
in-house developed, MATLAB-based software (Natick, MA, USA). ROIs of ischemic edema
volume and brain tissue were drawn manually from T2-weighted images. Consequently,

the percentage of ischemic infarct volume was calculated as following formula to correct
for edema in infarct: = (contralateral area — ipsilateral non-infarct area)/~contralateral area
X100% as described previously (Lin et al., 1993).

Systemic peptide treatment—After MRI scanning, ischemic mice were divided into
two equally distributed groups according to the size of the stroke injury and the two groups
were randomly assigned as either control or treatment cohort by flipping a coin. At 24h

or 7 d post ischemia and each afternoon thereafter until 4 weeks after stroke, mice were
subcutaneously injected under the skin of the lower back with ISP (1pg/g/day) or vehicle
(same volume of 5% DMSO in saline). Subsequent analyses were carried out in a blinded
manner and the treatment groups were revealed after the data analysis.

Quantification of brain atrophy in stroke animals using Giemsa staining—4
weeks post stroke, brains were harvested and subjected to Giemsa staining as described
previously (Turcato et al., 2018). Briefly, post-stroke 4-week brain sections (25 um) were
mounted on PLL-coated slides. The sections were rehydrated in KH2PO4 buffer (pH 4.5)
for 10 min, and then stained in pre-warmed 10% Giemsa solution for 30 min at 42°C. After
a brief rinse with KH2PO4 buffer, sections were dehydrated in absolute ethanol, cleared in
xylene and mounted with Histoseal. A set of serial sections was imaged by a Path Scan
Enabler 1V slide scanner. Contralateral and ipsilateral brain areas were quantified using
ImageJ software. The calculation formula of atrophy rate is as follows: X (contralateral brain
area — ipsilateral brain area)/Zcontralateral brain area X100%.
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Anterograde tracing and quantification of axonal sprouting—Two weeks after
tMCAOo0, mice were injected with 1.5 pL (0.5ul per site) of the biotin dextran amine (BDA,
MW10,000; 10% in PBS, Invitrogen) at three sites in the contralesional cortex (coordinates:
1. A/P 0.0 mm, M/L =2mm, D/V —=1mm; 2.A/P 0.5mm, M/L -1.5mm, D/V -1mm; 3. A/P
0.5mm, M/L -2mm, D/V —1mm). Two weeks after injection (4 weeks after stroke), the
brain and cervical spinal cord were harvested after cardiac perfusion with PBS followed

by 4% paraformaldehyde. An additional cohort of naive non-stroke mice were subjected to
daily Veh or ISP treatment received BDA injection following the same timeline. After post-
fixation overnight in 4% paraformaldehyde and cryoprotection in 20% and 30% sucrose,
coronal brain sections and transverse spinal cord sections were cut at 30 um thickness. For
the detection of BDA, sections were rinsed in 0.1M PB and incubated in 0.3% H202 for

30 min to inactivate endogenous peroxidase, followed by incubation for 2 hours with a
Vectastain ® ABC kit (Vector Laboratories, Burlingame, CA, USA). Staining was developed
with 2,3” diaminobenziine tetrahydrochloride (0.5mg/mL in 0.1M PB). The numbers and
lengths of spinal cord midline-crossing BDA + fibers and callosal fibers were assessed by

an experimenter that was blinded to the treatment information. Sections were analyzed with
ImagelJ software. At least three sections at similar coronal levels in the immediate vicinity of
the peri-infarct cortex (between AP 0.0-0.5mm) and at spinal cord segments (C3-C5) were
chosen for each animal. All immunohistochemical measurements were done by blinded
observers.

Immunohistochemistry—Mice were anesthetized and perfused with PBS and 4%
paraformaldehyde (PFA). The brain was dissected and post-fixed in 4% PFA overnight

at 4°C and equilibrated in 20% and 30% sucrose. 30 pm-thick sections were blocked

in 4% BSA/0.3% Triton-x100 for 1 hour. After blocking, sections were incubated with
primary antibodies overnight at 4°C and followed by appropriate secondary antibodies
conjugated with Alexa fluorescence 488, 555 or 647. For Nurrl staining, tissue sections
were incubated with citrate buffer at 80°C for 30 minutes and followed by normal
immunostaining protocols. The following primary antibodies were used in this study:
5-HT (1:500, Immunostar, Hudson, WI), CS56 (1:500, C8035, Sigma), DCX (1:1000,

Cell Signaling), Ki67 (1:200, Invitrogen), GFAP (1:1000 Sigma), NURR1 (1:100 R&D
systems), VGlut2 (1:1000 Millipore), Homer1 (1:1000 Millipore), BCL-2 (1:100 Santa
Cruz) and IBA1 (1:1000 Wako). Omission of primary or secondary antibodies resulted

in no staining and served as negative controls. Group and treatment information was all
blinded to the image analyzer. Images were acquired by a motorized stage-equipped Leica
DMS5000B microscope (Leica Microsystems, Bannockburn, IL) and a Zeiss LSM710 LIVE
Duo confocal microscope. Unbiased quantification was performed with Stereo Investigator
image software (MBF Bioscience, Williston, VT). Quantification of cell proliferation and
number of newly born neuroblasts was carried out as described in our previous publication
(Jinetal., 2017; Luo et al., 2020). In brief, SVZ region Ki67 or DCX+ or tdTomato positive
cells were quantified on both the ipsilateral and contralateral sides. For quantification of
newly-born neuroblasts and migration of SVZ NSC-derived cells into the infarct area, total
tdTomato+ or DCX+ cells were quantified in the GFAP+ astrocyte containing area. For
quantification of synaptic puncta, immunoreactivity of VGIut2 or Homerl positive puncta
at 3 adjacent locations within the peri-infraction cortex region and corresponding area in
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non-stroke mice on each section for 3 sections per animal were measured with ImageJ
software. For quantification of NURRL1 positive cells, NURR1 positive cells within the
peri-infraction cortex area and corresponding area on the contralateral side on each section
for 3 sections per animal were counted by ImageJ software. At least 3 sections containing
the region of interest at the similar coronal location were quantified for all studies and values
(total or average) for each animal were considered as one data point for statistical analysis.
Omission of primary or secondary antibodies resulted in no staining and served as negative
controls. Group and treatment information was all blinded to the image analyzer.

RNAseq analysis of peri-infarct cortical tissue and gRT-PCR validation in Veh
and ISP treated stroke mice—Stroke mice received either vehicle or ISP peptide (n =4
for each group) starting from post stroke day 1 (psdl) and daily for 14 days. At 14 days post
stroke, mouse brains were quickly extracted and snap frozen. The frozen tissues were stored
at —80°C until further processing. Peri-infarct cortex (2mm range: sensorimotor cortex and
motor cortex) were micro-punched using a Harris Micro-punch 1 mm in diameter and 1

mm in depth. Total RNA was isolated using an RNeasy micro kit (Qiagen, Germany). The
extracted RNA that passes the quality control by Novogene was processed for cDNA library
preparation. The cDNA product was amplified, and sequencing adapters and barcodes were
ligated onto the fragments for each sample to create cDNA libraries ready for sequencing.
Library preparation and sequencing was performed by Novogene Corporation Inc. (USA)
using state-of-the-art Illumina NovaSeq platform. Downstream analysis was performed
using a combination of programs including Hisat2, HTseq, and R package DESeq2.
Alignments were parsed using Hisat2 program and mapped to mouse reference genome
(mm10) (Kim et al., 2019). Mouse genes annotation was obtained from GENCODE. Read
counts matrix for each gene in each sample was calculated by HTseq program with default
parameters and differentially expressed were determined through DESeq2 (Anders et al.,
2015; Love et al., 2014). GO and KEGG enrichment were implemented by the g:Profiler and
ClusterProfiler (Raudvere et al., 2019). Gene fusion and differences in alternative splicing
events were detected by Star-fusion and rMATS software. Differential Expression Analysis
Results were performed by using the DESeq2 R package, while the significant criterion is
padj <0.1 and log2 fold change >0.5. Complete sequencing results have been uploaded to the
NCBI Gene Expression Omnibus (GEO) repository and can be downloaded with accession
number GSE168934. RNA expression levels were validated in an independent cohort of
mice (n = 7 for each group) at post-stroke day 14 at the same peri-infarct cortical location.
Tissues and RNA were extracted using the same method described above. Total RNA (1

ug) was treated with RQ-1 Rnase-free Dnase | and reverse transcribed into cDNA using
random hexamers by Superscript 111 reverse transcriptase (Life Sciences). cDNA levels for
HPRT1 (hypoxanthine phosphoribosyltransferase 1), Hmbs (hydroxymethylbilane synthase)
and various target genes were determined, using specific primer/probe sets by quantitative
RT-PCR using a Roche Light Cycler 11 480. Relative expression level was calculated using
the delta Ct method compared to Hmbs as a reference gene. Primers and carboxyfluorescein
(FAM) labeled probes used in the quantitative RT-PCR for each gene are listed in the
oligonucleotide section.
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Neurobehavioral assays—All behavioral tests were performed during the light phase

in a blinded fashion. To reduce stress, mice were acclimated in the behavioral test room

1h before beginning. All apparatuses were cleaned with 75% ethanol in between animals

to avoid behavioral reactions to odorant differences between mice. Locomotor function

tests were carried out at pre (during one week before stroke) and 3, 7, 14, 21, 28 days

after tMCAo as previously described (Jin et al., 2017; Luo et al., 2009). Barnes Maze test
was carried out at 28 days post stroke as described previously (Jin et al., 2017). Adhesive
removal test was performed on days 7, 14, 21 and 28 post-stroke as described previously
(Luo et al., 2020). To achieve an optimum level of performance, mice were trained for 4
days in the week before stroke surgery to establish the baseline for the adhesive removal test.
An additional cohort of naive non-stroke mice received similar daily injection of \eh or ISP
and are subjected to same time line for all behavioral tests. Details for all behavioral tests are
listed below.

Locomotor function—Mice motor activities were assessed using automated open field
Accuscan activity monitors (Columbus, OH, USA) in the week before and 3, 7, 14, 21,

28 days after tMCAo as previously described (Jin et al., 2017; Luo et al., 2009, 2020).
There are 16 horizontal and 8 vertical infrared sensors (interval 2.5 cm) in each chamber.
Each mouse was put into a 42 x 42 x 31 cm Plexiglas open box for 1 hour with food and
water supply. To avoid observer bias, this locomotor test was automatically monitored by the
computer and software. Locomotor activity was calculated by automated Fusion software
(Accuscan, Columbus, OH, USA). The following variables were measured: (A) horizontal
activity (the total number of beam interruptions that occurred in the horizontal sensors); (B)
total distance traveled (cm, the distance traveled by the animals); (C) Vertical activity (the
total number of beam interruptions that occurred in vertical sensors).

Adhesive removal test—This test was performed on days 7, 14, 21 and 28 post-stroke in
order to examine fine motor deficits. Each mouse was placed into a transparent cylinder (15
cm diameter) during a habituation period of 1min. Thereafter, two different colored adhesive
labels (2.5mm diameter made by punch, Tough Spots) were applied with equal pressure on
each mouse’s forepaw. The time to remove the adhesive labels from each paw was measured
with a maximum of 2 min. Time to remove the tape from each forepaw was quantified by

an observer that is blinded to the treatment information. To achieve an optimum level of
performance, mice were trained for 4 days before surgery.

Barnes maze test—The spatial memory of ischemic mice was examined using a

Barnes maze (Stoelting company, WoodDale, IL, USA) 28 days after tMCAo as described
previously (Jin et al., 2017). The maze consists of a 91.5 cm diameter circular platform
with 20 holes (19 closed bottom, 1 open bottom with escape chamber) around the platform
perimeter with various colored shapes attached to the walls around the testing arena. Mice
were discouraged from being sedentary or to idle around aimlessly by the presence of noisy
overhead blowing fans and a bright light above the platform. At day 0, mice were gently
guided to enter the open bottom target hole after removing the start chamber. At day 1, mice
were trained for 4 trials in 2 sessions to find the escape tunnel placed under the target hole.
Once mice entered the target hole, the hole was covered and mice were allowed to stay in
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it for 2min. If mice could not locate the target hole within 5 min, mice were guided by the
observer to enter the target hole. At day 2, one trial was run and video-taped until the mouse
getting into the target hole or stopped at 5 mins when the mouse could not locate the target
hole. Time spent to locate the escaping hole and error numbers in finding the hiding hole
made by the mouse were measured by an observer blinded to animal treatment group.

QUANTIFICATION AND STATISTICAL ANALYSIS

All studies were analyzed using SigmaPlot. Results are expressed by mean + SEM of the
indicated number of experiments. Statistical analysis was performed using the Student’s t
test, and one- or two-way analysis of variance (ANOVA), as appropriate, with Tukey post
hoc tests or Bonferroni post hoc tests for repeated behavioral measurements. A p value equal
to or less than 0.05 was considered significant. Effect size on behavioral tests is calculated
according to Cohen’s d and Coefficient r values as described (Cohen, 1988). Effect size for
each test at each time point and p value from post-hoc analysis in RM Two-way ANOVA is
listed in Tables S3 and S4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Upregulation of CSPGs after stroke blocks neuroblast migration and axon
sprouting

RPTPo modulating peptide (ISP) overcomes the inhibition and improves
stroke recovery

DCX + neuroblasts migrate deep into the scar region after ISP treatment

Sprouting of several axon tracts is enhanced with relevant transcriptomic
changes.
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Figure 1. Accumulation of CSPGs near the infarct border at 2-30 days after stroke and NSCs
(A-L) CSPG staining in stroke brains. Higher magnification (a’—I""). Representative images

are shown with >3 mice with similar results for each time point.

(M-R) CSPGs staining in non-stroke brain within the cortex or SVZ niche (higher
magnification inp’-r’).

(S-U) CSPGs are present in ex vivo adult SVZ neurospheres. Lower right panel shows
CSPGs detected by mass spectrometry in conditioned media from neurosphere cultures (see
Table S1 for full list). Scale bar: 50 pm.
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Figure 2. Inhibition of CSPG-PTPe signaling leads to increased neurite outgrowth and migration
of SVZ NSCs

(A and B) Inhibition of PTPa by ISP shows increased neurite outgrowth compared to
controls.

(C and D) Primary Ptors cKO adult NSCs (AAV-Cre infected Prprs floxed NSCs) also
show increased neurite outgrowth compared to WT. Total of more than 50 cells were
quantified from 3 tissue culture wells. Representative data shown from at least 3 independent
experiments.

(E and F) Increased CSPG concentrations lead to decreased migration of adult NSCs grown
as neurospheres, and ISP leads to increased migration from SVZ neurospheres.

(G and H) PTPo deletion in adult NSCs also results in enhanced migration under both basal
conditions and with additional CSPG coating (aggrecan 1 or 10 pg/mL). #, p < 0.05 or ###,
p < 0.001 compared to no aggrecan; **p < 0.01 and ***p < 0.001 compared to control
peptide or WT.

(I'and J) ISP enhances NSCs migration via disinhibition of the ERK pathway and
upregulation of MMP2 activity. **p < 0.01 and ***p < 0.001.

(K-P) ISP treatment of NSCs led to increased p-ERK levels, while it had no effect on pAkt
levels. ISP increases Mmp2 mRNA levels. **p < 0.01. For neurosphere migration assays,
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each data point represents 1 neurosphere, and data were pooled from 2-3 independent
experiments. ANOVA for multiple group analysis and Student’s t test for 2 group analyses.
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Figure 3. ISP treatment increased newly born neuroblast migration deep into the striatum 1
month after stroke

For lineage tracing, Nestin creER-tdTomato mice were used. Stroke mice receiving vehicle
(A-D, K, and M) or ISP treatment (E-H, L, and N) starting from day 1 post-stroke for

30 days. Contralateral side showing minimal migration of DCX* neuroblasts (arrows) or
tdTomato* cells into the striatum (A, E, 1, and J). Stroke strongly enhances the migration

of newly born astrocytes (double-positive for tdTomato and GFAP, arrows in D and H; for
single channel images, see Figure S4), but disallows the migration of DCX* neuroblasts
deeply into the lesion (B-D, I, and J). ISP treatment enhances DCX* neuroblast migration
(G, I, L, and N) but did not change total tdTomato* cells (F, H, I, and J). ISP treatment
enhanced the total number of DCX* cells that penetrated into the glial scarred lesion area
at 30 days post-stroke (K-0O) and the migration of DCX* into the glial scarred lesion area:
(P)total DCX* cell migrated area (Q) furthest distance migrated from the lateral wall of
ventricle and (R) furthest distance migrated from the border of the glia scar in striatum. **p
<0.01 and ***p < 0.001, ANOVA for (I and J) and Student’s t test for (O-R). Each data
point represents the average of 1 animal (average for each animal is obtained by quantifying
multiple brain sections expanding the stroke infarct volume). Data were combined from 2
independent cohorts of mice.
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Figure 4. Post-stroke ISP treatment enhances axonal sprouting from the contralateral cortex
after stroke

(A) Schematic representation of the BDA injection site (contralateral to stroke side) and
corticospinal tract (CST).

(B-M) ISP enhances contralateral cross-callosal projections to the stroke side (B-D, vehicle
(\eh)-treated stroke mice; E-G, ISP-treated stroke mice). Quantification in (H) and (I).
ISP-treated mice show more callosal projecting neuronal cell bodies retrogradely labeled by
BDA directly adjacent to the lesion. (C and F and higher magnification shown in C” and
F’). ISP also enhances the corticospinal tract (CST) sprouting from the non-stroke cortex to
the contralateral side across the midline of the cervical spinal cord (J and K and J* and K’
showing higher magnification). Quantification for CST cross-midline sprouting in (L). Note
that BDA injection volume at the non-stroke cortex is similar in Veh or ISP-treated mice
(representative images in B and E and quantification in M).

(N and O) ISP treatment enhances the density of 5-HT* axons that are in the peri-infarct
area and crossing the glial scar region (quantification shown in P and Q). Scale bar: 100 pm
(n =3 mice for each group; multiple brain and spinal cord sections were analyzed for each
mouse, and average was used as a single data point for statistical analysis). **p < 0.01 and
***p < 0.001, Student’s t test.
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Figure 5. RNA-seq from the peri-infarct cortex of ISP treated versus Veh-treated stroke mice
shows differentially regulated genes
(a) DEGs that can be clustered into GO pathways (B) such as regulators of apoptotic

signaling pathways, axon development pathways, and pathways that are involved in
responses to stress.

(C) Validation of the top selected gene expression by gRT-PCR (n = 7 for each group).
(D-G) Nurrl (Nrda2) expression is decreased in peri-infarct cortex in stroke mice (arrows
in D) but partially restored in ISP-treated mice (n = 4 for each group). Nurrl expression is
mainly detected in the NeuN™ neurons in the peri-infarct zone.

(H-J) Bcl2 expression is upregulated in ISP-treated peri-infarct zone enriched in lbal* cells
not GFAP™ reactive astrocytes (n = 4 for each group). *p < 0.05, **p < 0.01, ***p < 0.001,
Student’s t test for (C) and 2-way ANOVA for (J) and (G). Scale bar=50 pm.

See Table S2 for complete list of DEGs.
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Figure 6. Post-stroke ISP treatment leads to enhanced functional recovery in mice
(A) Experimental timeline.

(B) Representative MRI images at different coronal levels.

(C) At day 1 after stroke, before any treatment, the 2 groups of animals have similar

infarct sizes and distributions. Post-stroke ISP treatment leads to enhanced general and fine
locomotor functions as well as improved cognitive skills.

(D) General locomotor performance was measured by automated open field chambers for 1
h.

(E and F) Fine motor function was measured by the adhesive tape removal test (E) and
cognitive function was measured by Barnes maze at 4 weeks after stroke (F).

*p < 0.05, **p < 0.01, ***p < 0.001, 2-way repeated-measures (RM) ANOVA for (D) and
(E) and Student’s t test for (F). Each data point represents an individual mouse, data pooled
from 2 independent cohorts.
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Figure 7. Post-stroke ISP treatment starting at post-stroke day 7 also leads to enhanced
behavioral functional recovery in mice

(A) Experimental timeline.

(B) Representative MRI images at different coronal levels.

(C) At day 1 after stroke, before any treatment, the 2 groups of animals have similar infarct
sizes and distributions.

(D-F) Post-stroke ISP treatment leads to enhanced general locomotor function measured by
automated open field chambers for 1 h (D), increased fine motor function measured by the
adhesive tape removal test (E), and improved cognitive function measured by Barnes maze
at 4 w after stroke (F).

*p < 0.05, **p < 0.01. Two-way RM ANOVA for (D) and (E) and Student’s t test for (F).
Each data point represents an individual mouse; data from 1 cohort.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit 5-HT (Serotonin) Antibody ImmunoStar Cat#20080, RRID: AB_572263
Mouse Monoclonal Anti-Chondroitin Sulfate Sigma-Aldrich Cat#C8035, RRID: AB_476879

antibody
Rabbit Doublecortin (DCX) Antibody

Mouse Monoclonal Anti-Glial Fibrillary Acidic

Protein (GFAP) antibody

Rat Ki-67 monoclonal antibody (SolA15)
Goat Nurrl Polyclonal antibody

Guinea pig VGIuT2 polyclonal antibody
Rabbit Homer1 polyclonal antibody
Mouse Bcl-2 (C-2) antibody

Rabbit Ibal antibody

Mouse AKT antibody

Rabbit ERK1/2 antibody

Rabbit p-Akt (Ser473) antibody

Mouse GAPDH antibody

Rabbit p-ERK1/2 (Thr202/Tyr204) antibody
VECTASTAIN ABC-Peroxidase Kit

Cell Signaling Technology
Sigma-Aldrich

Invitrogen

R & D Systems
Sigma-Aldrich
Sigma-Aldrich

Santa Cruz

FUJIFILM Wako
Proteintech

Proteintech

Cell Signaling Technology
Proteintech

Cell Signaling Technology

Vector Laboratories

Cat#4604, RRID:AB_561007
Cat# G3893, RRID:AB_477010

Cat#14-5698-82, RRID:AB_10854564
Car#AF2156, RRID:AB_2153894
Cat#AB2251-1, RRID:AB_2665454
Cat#ABN37, RRID:AB_11214387
Cat#sc-7382, RRID:AB_626736
Cat#019-19741, RRID:AB_839504
Cat#60203-2-1g, RRID:AB_10912803
Cat#16443-1-AP, RRID:AB_10603369
Cat#4060S, RRID:AB_2315049

Cat# 60004-1-1g, RRID:AB_2107436
Cat# 4370, RRID:AB_2315112

Cat# PK-4001, RRID:AB_2336810

Chemicals, peptides, and recombinant proteins

ISP CS-Bio N/A

Scrambled ISP (SISP) CS-Bio N/A

LY?294002 Sigma-Aldrich Cat# 19-142
PD98059 Sigma-Aldrich Cat# P215
OA-Hy Sigma-Aldrich Cat# 444244
Chondroitinase ABC Sigma-Aldrich Cat# C2905
Aggrecan Sigma-Aldrich Cat# A1960
Biotin Dextran Amine Invitrogen Cat# D1956
Deposited data

RNA-seq data This paper GEO:GES168934
Experimental models: Organisms/strains

Mouse: Ptprstm1b(KOMP)Mbp/Ptprs+ KOMP MGI Cat# 5797751, RRID:MGI:5797751

Mouse: C57BL/6-Tg(Nes-cre/ERT2)KEisc/J

Mouse: B6.Cg-Gt(ROSA)26Sortm9 (CAG-
tdTomato)Hze/J

The Jackson Laboratory

The Jackson Laboratory

IMSR Cat# JAX:016261, RRID:IMSR_JAX:016261
IMSR Cat# JAX:007909, RRID:IMSR_JAX:007909

Mouse: B6N(B6J)-Tg(CAG-Flpo) 1Afst/ MMRRC MMRRC Cat# 036512-UCD, RRID:MMRRC_036512-UCD
Mmucd

Oligonucleotides

Primers: Hprtl IDT F: TGA TAG ATC CAT TCC TAT GAC TGT AGA R: AAG

Primers: Igfnl

Applied Biosystems

ACATTCTTT CCAGTT AAAGTT GAG
Assay ID: Mm00617360_m1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primers: Penk IDT F: AAC ACC GGC AAT GGA CTG R: AAA CTC GCC TGG
ATTTTG G

Primers: Rasgeflc Applied Biosystems Assay ID: Mm01288803_m1

Primers: Dact2 Applied Biosystems Assay ID: MmO00555888_m1

Primers: Grm2 Applied Biosystems Assay ID: Mm01235831_m1

Primers: Cited4 IDT F: CCG AGA ACA CCT GCC TTG R: AGC GAG ACC CAA
CTGTCATC

Primers: Nurrl IDT F: TCA GAG CCC ACG TCG ATT R: TAG TCAGGG TTT
GCC TGG AA

Primers: Sema4d IDT F: AAG TGG GTG CGC TAC AAT G R: GGG CCT CAC
TGT CGA TAC AC

Primers: Bcl2 IDT F: GTA CCT GAA CCG GCA TCT G R: GGG GCC ATA
TAG TTC CAC AA

Primers:MMP2 IDT F: CAG GGA ATG AGT ACT GGG TCT ATT R: ACT CCA
GTT AAA GGC AGC ATC TAC

Primers:GAPDH IDT F: TGC CAA ATA TGA TGA CAT CAA GAAR: GGA GTG

GGT GTCGCTGTT G

Software and algorithms

Stereo Investigator

ImageJ

MATLAB

SigmaPlot

MBF Bioscience
NIH

Mathworks
SigmaPlot

RRID:SCR_017667
RRID:SCR_003070
RRID:SCR_001622
RRID:SCR_003210
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