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ABSTRACT

Pathologies of the central nervous system (CNS) white matter often result in permanent functional deficits be-
cause mature mammalian projection neurons fail to regenerate long-distance axons after injury. A major barrier
to axonal regenerative research is that the CNS axons that regenerate in response to experimental treatments
stall growth before reaching their post-synaptic targets. Here, we test the hypothesis that premature, de novo,
myelination of regenerating axons stalls their growth, even after bypassing the glial scar. To test this hypothesis,
first, we used single cell RNA-seq (scRNA-seq) and immunohistological analysis to investigate whether post-
injury born oligodendrocytes integrate into the glial scar after optic nerve injury. Then, we used a multiple scle-
rosis model of demyelination concurrently with the stimulation of axon regeneration by Pten knockdown (KD) in
projection neurons after optic nerve injury. We found that post-injury born oligodendrocytes integrate into the
glial scar, where they are susceptible to the demyelination treatment, which prevented premature myelination,
and thereby enhanced Pten KD-stimulated axon regeneration. We also present a website for comparing the
gene expression of SCRNA-seq-profiled optic nerve oligodendrocytes under physiological and pathophysiological
conditions.

SIGNIFICANCE STATEMENT

Myelin debris from degenerating axons along with reactive astrocytes in the glial scar inhibit CNS axon regener-
ation. However, even with the recently developed experimental approaches which activate axons to regenerate
passed the glial scar, almost all axons still stall growth before reaching their post-synaptic targets. Here, we
show that post-injury born oligodendrocytes integrate into the glial scar, and that other than myelin debris, live
oligodendrocytes prematurely myelinating the regenerating axons inhibit growth, even if the axons have already
regenerated passed the glial scar.
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INTRODUCTION

Mammalian central nervous system (CNS) projection neurons’ failure to regenerate axons disrupted by white
matter injury to the brain, spinal cord, or optic nerve results in permanent disabilities. Like other CNS projection
neurons, retinal ganglion cells (RGCs) do not regenerate axons disrupted by optic nerve crush (ONC)* 2. Be-
cause molecules found to regulate regeneration of RGC axons, such as Pten and KIf73 4, also affect spinal cord
regeneration* ®, the mechanisms of axonal regeneration may be similar across CNS projection neurons, while
the mechanisms of their pathway-finding vary. A number of intracellular and extracellular factors have been
discovered to affect axon regeneration (as reviewed elsewhere, e.g.,5%?, but even with manipulation of potent
tumorigenic factors <1% of axons regenerated the full-length to their post-synaptic targets3*®. Thus, although
stimulating neuronal intrinsic mechanisms of axon regeneration was sufficient for bypassing extracellular inhibi-
tors of axon growth that are associated with the glial scar and myelin (e.g., CSPG, MAG, NogoA, OMgp, Sema-
phorins)!% 16 almost all regenerating axons stall growth far before reaching targets in the brain.

Here, we investigated why the regeneration of axons that respond to regenerative treatments stalls (e.g.,*31> -
22). We hypothesized that premature de novo myelination of the axons that are experimentally-stimulated to
regenerate stalls their growth even after the axons bypass the glial scar and grow over pre-injury myelin. During
CNS development, axon myelination is delayed until the axons have reached their postsynaptic targets in the
brain. For example, myelination of the optic nerve axons in mice begins on postnatal day 7 — over a week after
these axons have reached their targets in the brain?3 24, Then, myelination prevents sprouting and stabilizes
axons during the developmental pruning period®. However, optic nerve axons experimentally-induced to regen-
erate after injury are myelinated even while they are still growing (and eventually the growth stalls)?¢. Thus, it is
possible that primarily the premature de novo myelination, rather than the pre-existing myelin and its debris, is
what stalls experimental regeneration even after axons have bypassed the inhibitory glial scar. To test this hy-
pothesis, we used single cell RNA-seq (scRNA-seq) to analyze the effects of ONC on optic nerve oligodendro-
cytes, and a cuprizone-induced chronic demyelination (that injures oligodendrocytes to model multiple sclerosis)
during traumatic optic neuropathy (modeled by ONC), which acutely and irreversibly disrupts the neuronal axons
while modifying the extra-axonal tissue environment?.

RESULTS
Combining models of multiple sclerosis demyelination and traumatic optic nerve injury

In the multiple sclerosis model, a cuprizone diet injures or kills mature oligodendrocytes?” 28, Because the optic
nerve is amongst the least susceptible CNS regions to cuprizone-induced demyelination?®: 3¢, we added rapamy-
cin injections, which reduce spontaneous remyelination, resulting in an overall greater level of demyelination3%:
32, After the demyelination regimen is stopped, both recovered mature and newly-formed oligodendrocytes re-
myelinate axons3!: 32, Because rapamycin may reduce axon regeneration after injury®3, we discontinued rapamy-
cin injections two weeks prior to ONC3* 35 (experimental timeline in Fig. 1A). Because remyelination only be-
comes detectable about a week after discontinuation of the cuprizone diet®! 32, we stopped the diet one week
prior to euthanizing the animals. After ONC, RGC-specific knockdown (KD) of Pten (see Methods and Supple-

mentary Figure 1) was used to stimulate a subset of RGCs to re-grow axons past the glial scar and over myelin?
18, 33

Demyelination regimen remodels the glial scar after traumatic optic nerve injury

The demyelination regimen led to robust loss of myelin in the corpus callosum, as shown by a decrease of myelin
basic protein (MBP)3¢ along the corpus callosum tracts (Supplementary Figure 2A,C). Demyelination in the
corpus callosum was accompanied by a reduction in oligodendrocytes, whose soma is labeled by immunostain-
ing for the CC1 marker of mature oligodendrocytes®”-3° (Supplementary Figure 2B,D). A greater loss of myelin
in the corpus callosum compared to the optic nerve after demyelination diet was previously attributed to the optic
nerve being more resistant to cuprizone?® 3% 40, We also observed only a 10% (p < 0.01) decrease in the MBP
signal after the cuprizone diet in the uninjured optic nerve, as well as in the uninjured segment of the injured
optic nerve distal from the ONC site (where the disconnected by the injury axonal segments are degenerating).
However, even without a demyelination regimen, loss of MBP signal was apparent within the ONC site (where
the glial scar forms; Supplementary Figure 3, Fig. 1B-D, and Table 1A). It is possible that the differences in
efficiency of myelin debris clearance between corpus callosum and the optic nerve may underlie their differential
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response to the cuprizone diet. Loss of myelin in the optic nerve injury site is due to the phagocytosing immune
cells concentrating there to clear debris® 4. These immune cells do not appear to invade more distal nerve
regions where axons undergo slow Wallerian degeneration“?. Accordingly, using scRNA-seq analysis, we found
a 14-fold increase in the immune cell population (CD45%3, Ibal44, and C1qc* positive cells cluster) in the injury
site (Fig. 2A-E and Supplementary Figure 4A-C), consistent with an increase in the density of cells with normal
DAPI morphology in the injury site (Fig. 1C and Supplementary Figure 3), as the immune cells infiltrate the
injury site® and clear myelin debris*'. Spontaneous clearance of myelin debris from within the injury site suggests
that they are not major constituents of the persisting optic nerve glial scar, however, the remaining myelin sheath
still wrapping the degenerating axons by the injury site, along with myelin debris at the boundary of the glial scar,
may hinder axon regeneration? 1. Although the effect of the demyelination regimen on pre-existing myelin and
its debris in the optic nerve is modest, we hypothesized that the regimen would be sufficient to block de novo
myelination of the regenerating axons, as it is well-established to injure oligodendrocytes?” 28 even if their pre-
existing myelin is only partially cleared, and it thus may reduce and delay the formation of new myelin, thereby
permitting more axon regeneration.

We then further characterized the injury site and expectedly found astrocytes (labeled with the glial fibrillary
acidic protein, GFAP) surrounding the injury site (Fig. 1F-G). Within the injury site, we found CC1+/MBP- oli-
godendrocytes with the morphology of newly-formed oligodendrocytes (NFOs), including maturing small spidery
oligodendrocytes (sSO)* that are primed-to-myelinate axons (if axons would be available in proximity)*” 48 (Fig.
1, Supplementary Figures 3, 5, and Table 1). Within the ONC site, CC1+ oligodendrocytes were negative for
another oligodendrocyte marker, Aspa*?, but were positive for Aspa in the uninjured region of the optic nerve
(Supplementary Figure 6). Oligodendrocyte progenitor cells (OPC) are not labeled by the CC1 marker but are
present by the glial scar after injury® and differentiate into CC1+ oligodendrocytes®!. The presence of the post-
injury-born CC1+/MBP-/Aspa- oligodendrocytes within the glial scar, however, was reduced by the demye-
lination regimen, whereas the density of oligodendrocytes did not appear to change in the non-crushed segments
of the optic nerve (Fig. 1B-E, Supplementary Figure 5, and Table 1B).

Changes in oligodendrocyte subpopulations in the glial scar revealed by scRNA-seq

These data are consistent with the scRNA-seq analysis of the injury site after ONC, which showed a 3-fold
decrease in the already small (relative to other optic nerve cell types) population of Pdgfra+ OPCs®2, along with
a 3-fold decrease in the mature oligodendrocyte population (Fig. 2A-E and Supplementary Figure 4D-G). How-
ever, in the injury site after ONC, Fyn+ NFOs53 % increased 2-fold (Fig. 2A-E and Supplementary Figure 4H),
and MBP+/S100B+/MAG-/Aspa- oligodendrocytes primed to myelinate axons emerged (encircled in Fig. 2 pan-
els F-K). These post-injury-emerging oligodendrocytes are negative for the markers of fully mature oligodendro-
cytes, such as MAG and Aspa, but are positive for S1008, which (in addition to astrocytes) is expressed in OPCs
and maturing NFOs until they contact axons and consequently downregulate S100B as they progress towards
full maturation®® %6 (Fig. 2F-K). These post-injury-emerging oligodendrocytes express MBP mRNA (encircled in
Fig. 2H), consistent with the CC1+ maturing sSOs accumulating MBP mRNA prior to beginning its translation
into protein, which becomes detectible by immunostaining at a later stage of oligodendrocytes maturation#®, and
thus they were also negative for MBP protein by immunostaining in the injury site (Fig. 1B-E, Supplementary
Figures 3, 5, and Table 1). The post-injury-emerging sSOs bioinformatically grouped into a discrete subpopu-
lation of developing oligodendrocytes (green cluster labeled sSO in Fig. 2F), that was absent in the uninjured
optic nerve. A small fraction of the fully mature MBP+/S1003-/MAG+/Aspa+ oligodendrocytes is also present in
the injury site (Fig. 2F-K). Accordingly, the psudotimeline trajectory shows the progression from OPCs into NFOs
and then into the primed-to-myelinate MBPmrnat:protein—/S100B+/MAG—/Aspa— sSOs, and finally into the fully
mature MBP+/S100B-/MAG+/Aspa+ oligodendrocytes (Fig. 2F-G). In the uninjured optic nerve, there are 2-fold
less NFOs, and the intermediate MBPmrnat:protein=/S1008+/MAG-/Aspa- sSO subpopulation of oligodendro-
cytes is nearly absent compared to the injured optic nerve. These data suggest that the different subtypes of
numerous fully mature oligodendrocytes (MOs) in the uninjured optic nerve are not recently-born, consistent with
the low physiological turnover rate of the oligodendrocytes in the optic nerve®” %8 and the segregation of MOs
into subtypes in other CNS regions®°. In the injury site, however, this small subpopulation of the fully mature
MBP+/S100B-/MAG+/Aspa+ oligodendrocytes could include both post-injury-born that matured fully and those
that survived the injury (Fig. 2F-K). Taken together, the immunohistological and scRNA-seq data suggest a
decrease in the MO population, with only a small fraction of the injured oligodendrocytes surviving, an increase
in the NFOs, and the emergence of post-injury born primed-to-myelinate oligodendrocytes. Thus, post-injury-
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born and the surviving-injured oligodendrocytes contribute to the glial scar, where they are more susceptible to
the demyelination regimen, compared to those distal to the injury site located in the uninjured environment.

Gene Browser of oligodendrocyte subtypes under physiological and pathophysiological conditions

We also developed the Subtypes Gene Browser web application (in the same format we previously presented
for retinal ganglion cell subtypes®?), which provides a platform for analyzing and comparing gene expression
profiles in OPC and oligodendrocyte subtypes from the uninjured and injured optic nerves
(https://health.uconn.edu/neuroregeneration-lab/subtypes-gene-browser). The browser offers three types of
analyses for any gene in the OPC and oligodendrocyte subtypes: Means and SEM®!, Violin Plot of cell density
for different gene expression levels®?, and Box Plot for comparing medians using the Tukey Box-and-Whisker
plot with whiskers set to 1.5 times the interquartile range (IQR)53-65,

Demyelination regimen enhances experimental axon regeneration

Pre-injury myelin is cleared from the injury site, even in untreated animals, to the extent that MBP is barely
detectable by immunostaining, while oligodendrocytes are present in the injury site (Fig. 1B-D, Supplementary
Figure 3, and Table 1A). Therefore, such an environment as in the ONC injury site provides a unique opportunity
to visualize, by immunostaining, whether the axons experimentally-stimulated to regenerate are de novo mye-
linated before reaching their post-synaptic targets in the brain. We previously showed that axons, experimentally-
stimulated to regenerate, stall growth before reaching their targets, even at 6 weeks after injury!®. Thus, to allow
new myelin to accumulate sufficiently for detection by immunostaining for MBP, we analyzed the injury site 6
weeks after ONC and Pten KD-stimulated axon regeneration. Consistent with prior reports?®, confocal analysis
showed the MBP signal associated with regenerating axons in the injury site, where MBP detection by im-
munostaining is otherwise bordering noise (Fig. 3).

Next, we evaluated the effect of the demyelination regimen on axon regeneration and found significantly longer
Pten KD-stimulated regenerating axons compared to Pten KD alone, and even without Pten KD, some axons
regenerated, albeit over a short distance (Fig. 4A-B and Table 2A). There was also a modest positive effect on
RGC survival'® % in the Pten KD/cuprizone combination compared to Pten KD alone or control (Fig. 5A,C and
Table 3A). In this assay, axon regeneration is typically assessed at 2 weeks after ONC, and RGCs that respond
to Pten KD regenerate axons during this time window*> 18 (experimental timeline in Fig. 1A). However, this time
window was insufficient for allowing de novo myelination of nascent regenerated segments of the axons to a
level that is unambiguously detectable by immunostaining for MBP. By immunostaining optic nerve sections, we
found MBP is detectable on the regenerating axons without a cuprizone diet at 4 weeks after ONC (Fig. 6A,C).
Although the MBP signal at 4 weeks was not as robust as at 6 weeks after ONC (Fig. 3), mice cannot be sus-
tained on a cuprizone diet for that long because of its toxicity. Thus, as mice needed to undergo pre-treatment
with the cuprizone diet in order to assess its effect on de novo myelination of the regenerating axons, we were
only able to sustain mice on a cuprizone diet for up to 4 weeks after ONC. Using this approach, we found that
the demyelination regimen indeed decreased de novo myelination of the regenerated axons (Fig. 6).

Localized treatment with cuprizone promotes axon regeneration

Finally, we asked whether a localized treatment with cuprizone facilitates axon regeneration without rapamycin
and without pre-treatment (i.e., cuprizone diet prior to injury). The advantage of the localized treatment is that it
enables a higher concentration of cuprizone (that remains within the eye after intravitreal injection and defuses
into the adjacent ONC site though the optic nerve head) to target the oligodendrocytes in the injury site without
eliciting systemic toxicity. This would not be possible to achieve through the cuprizone diet, as the animals would
die rapidly if systemically exposed to such a high concentration of cuprizone. Thus, a localized intravitreal injec-
tion of cuprizone was performed immediately after ONC, with 3 pl of 100 uM, 1 mM, and 10 mM solutions. Two
weeks after injury, all treatment groups showed a trend towards axon regeneration, but only the 1 mM dose was
significant (Fig. 7A-B and Table 2B). The trend towards a positive effect on RGC survival was not significant
(Fig. 5B,D and Table 3B). Our findings are consistent with prior reports that even untreated RGCs attempt, but
fail, to regenerate injured axons*!, as preventing de novo myelination facilitated axonal growth. These findings
are also consistent with that RGCs’ intrinsic axon growth capacity declines as they mature?®, because stimulating
the intrinsic mechanism of axon regeneration by Pten KD in a combination with the demyelination regimen led
to more robust axon regeneration than either treatment alone. To test if cuprizone can act on RGCs directly to
affect their axon growth, we incubated adult RGCs, isolated by immunopanning for Thy1, for 5 days in culture in
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a defined growth medium?® (see Methods) with varying concentrations of cuprizone. Cuprizone was not toxic to
RGCs, but did not promote axon growth either (Supplementary Figure 7).

DISCUSSION

A major barrier in experimental axon regeneration research is that CNS neurons that respond to regenerative
treatments stall axon growth prior to reaching post-synaptic targets (e.g.,% 1315 1721), Qur data shows that post-
injury-born immature oligodendrocytes integrate into the glial scar, and that preventing oligodendrocytes from
prematurely myelinating the growing axons facilitates axon regeneration. An alternative possibility that we have
addressed is whether cuprizone may act on RGCs directly to stimulate their axonal growth. As we found no
increase in axon growth of adult RGCs incubated with various doses of cuprizone even after 5 days in culture,
we concluded that cuprizone does not stimulate axon regeneration by acting on RGCs directly (Supplementary
Figure 7). However, even at the higher, 10 mM, concertation, cuprizone was still not toxic to RGCs in culture,
consistent with its established preferential toxicity for oligodendrocytes and not neurons.

While cuprizone does not affect astrocytes directly?®, it can indirectly lead to their activation®” and secretion of
CSPG in the glial scar. Co-concurrent targeting of CSPG® and intravitreal injection of cuprizone, along with Pten
or KIf9 KD in RGCs?® may lead to more robust axon regeneration than each on its own. After cuprizone treatment
is discontinued®! 32, new and recovered oligodendrocytes can myelinate the regenerated axons that reached
their respective postsynaptic targets; however, even the reversible side effects of such a cuprizone treatment
may be overly concerning for clinical use. Nevertheless, our findings point to a new direction for repairing injured
CNS axonal connections, which in the future may involve localized, more efficient, and less toxic treatments that
will temporarily suspend active myelination by oligodendrocytes.

As a part of these studies, we also generated a transcriptomic resource for studying gene networks and pathways
in the optic nerve OPC and oligodendrocyte subtypes under physiological and injured-pathophysiological condi-
tions. We thus presented a Subtype Gene Browser website (in the same format as we previously did for the
RGC subtypes®?), which provides a platform for comparing the gene expression in the resource-dataset we gen-
erated. This tool will assist the scientific community in the investigation of the molecular and physiological differ-
ences between optic nerve OPC and oligodendrocyte subtypes under physiological and injured-pathophysiolog-
ical conditions.

Through which mechanism does myelination of the regenerating axons inhibit their growth? Perhaps, active
myelination provides the myelin-associated inhibitors in closer proximity and across a larger axonal area than
would myelin debris. This increase in inhibitory molecules may reach a threshold of intracellular signaling that
outcompetes the pro-axon-growth program. Alternatively, the axon-wrapping process/sheath may express cer-
tain ligands only during the active wrapping period, which signal the axon to stop growing. It is also possible that
during the growth state axons require more nutrients, which are less accessible after they are wrapped in myelin
sheaths. Other open questions are: Do the oligodendrocytes within the glial scar play a role beyond filling the
void in the injured tissue and inhibiting regeneration? Importantly, as cuprizone only modestly diminishes optic
nerve oligodendrocytes distal from the injury site, would conditional genetic suspension of myelinating activity
within the optic nerve and tract after ONC facilitate full-length experimental axon regeneration?

Recent studies have shown that RGC subtypes differ in responsiveness to experimental axon-regeneration treat-
ments®? 6971 and it is possible that the regenerating axons of certain RGC subtypes become susceptible to
myelination later than others’? and therefore stall growth later. In contrast to normal developmental axon growth,
where myelination in the optic nerve begins over a week after the axons have reached their targets in the brain?*
24 oligodendrocytes in the adult optic nerve, which are either surrounding the injury site and beyond, or are
newly-formed post-injury from the optic nerve OPCs, are readily available to myelinate the regenerating axons
while they are still growing (prior to reaching synaptic targets). The growing axon diameter is thin (compared to
a fully mature axon), and it is only after they stop growing and form synapses that their dimeter increases’s. The
onset of myelination is triggered by an increase in axonal dimeter to a certain threshold’*. In the mature optic
nerve, there is a wide range of axons with varying diameters, and a substantial fraction of the axons is relatively
thin, whereas all of the axons in the mouse optic nerve are myelinated’. It is therefore possible that the RGC
subtypes whose axons are physiologically thinner would reach the threshold for myelination later than the wider
dimeter axons, which would be expected to be myelinated earlier. We therefore hypothesize that the class of
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RGCs that regenerates axons in response to Pten KD is the selective feature detector W3 class (the mouse
equivalent of P type RGCs in primates)’®, as its axons are the thinnest compared to other RGC calsses’. Indeed,
we used single cell transcriptome profiling to analyze the RGCs which regenerated axons in response to Pten
KD, and found that the majority (71%) belonged to the W3 class (defined as Tusc5/W3/F, see Table S2 in Tran
et al’’)’®. Furthermore, almost all (94%) of the adult RGCs which regenerated axons in response to Pten KD
bioinformatically mapped (based on the transcriptome similarity) to embryonic RGCs, rather than to uninjured or
injured adult RGCs’8. Thus, it would be important for future studies to further investigate the hypothesis raised
by our studies, which suggests that the experimental treatments need to aim at reverting the RGCs towards an
embryonic state, when their intrinsic capacity for axon growth is higher'® 29 79.80 and susceptibility to myelination
is lower’®,

METHODS

Animal Use, Diet, and Surgeries. All experimental procedures were performed with the approval of the Institu-
tional Animal Care and Use Committee and of the Institutional Biosafety Committee at the University of Con-
necticut Health Center and performed in accordance with the ARVO Statement for the Use of Animals in Oph-
thalmic and Visual Research. Mice were housed in the animal facility with a 12-h light/12-h dark cycle (lighting
on from 7:00 AM to 7:00 PM) with a maximum of five mice per cage. Wild-type 129S1/SvimJ male mice were
obtained from the Jackson Laboratory. Food and water were available ad libitum. To induce demyelination in the
CNS, starting at 8 weeks of age, 0.3% cuprizone [bis(cyclohexanone)oxaldihydrazone] (MilliporeSigma) was
mixed with normal chow (containing crushed Teklad global 19% protein rodent diet; Envigo), and mice started
receiving, 5 days per week, intraperitoneal injections of 10mg/kg rapamycin (LC Laboratories) dissolved in a
vehicle solution of 5% ethanol in phosphate-buffered saline (PBS; Fisher Scientific), as described3! 32. Cuprizone
was decreased to 0.2% at week 4 of the diet and then to 0.1% at week 8 of the diet. Normal chow diet and
vehicle intraperitoneal injections were used for control in age-matched mice. Rapamycin and control injections
were discontinued after 6 weeks, when viruses with anti-Pten or scrambled shRNAs were injected, because
rapamycin inhibits axon regeneration:. Giving a 2-week period for clearance of rapamycin before ONC is on the
stringent side, because rapamycin’s half-life after injection is under 3 days, with complete clearance of even
higher doses (than we used) from the organism in just several days3* 3. To stimulate axon regeneration, 3 pul of
adeno-associated virus serotype 2 (AAV2, 1 x 10'? GC/mL; Cyagen Biosciences, Inc.) expressing anti-Pten
(target sequences: 5-GCAGAAACAAAAGGAGATATCA-3', 5-GATGATGTTTGAAACTATTCCA-3', 5-
GTAGAGTTCTTCCACAAACAGA-3', and 5-GATGAAGATCAGCATTCACAAA-3") or scrambled control (se-
guences: 5-TCGAGGGCGACTTAACCTTAGG-3’) shRNAs were injected intravitreally (avoiding injury to the
lens) 2 weeks prior to ONC. AAV2 is typically used in this model, because AAV2 (but not other AAV serotypes)
preferentially transduces RGCs when injected locally into the eye vitreous. Untreated, RGCs die progressively
over time after ONC. Thus, a standard protocol in the field is to inject AAV2 two weeks prior to ONC, which
allows sufficient time for transduction and target gene KD** %8 (the timing of treatments and injury are shown in
Figure 1A). Because remyelination becomes notable only in about a week after discontinuation of the cuprizone
diet®! 32, cuprizone was excluded from the diet one week prior to sacrifice at 2 weeks after ONC (week 9 of the
diet), except when mice were sacrificed at 4 weeks after ONC (in which case, cuprizone diet was started 5 weeks
before ONC and was stopped one day before sacrifice). Intravitreal injections of cuprizone dissolved in saline
were performed right after ONC surgery in 10-week old mice: 3 pl of 100 uM, 1 mM, or 10 mM solutions were
injected; vehicle was used for control injections. Cholera toxin subunit beta (CTB, 1% in 2 pyl PBS; 103B, List
Biological) axonal tracer was injected intravitreally one day prior to sacrifice. Optic nerve surgeries and intravi-
treal injections were performed under general anesthesia, as described? 5. The animals were euthanized 2, 4,
or 6 weeks after ONC for histological analysis.

Histological Procedures. Standard histological procedures were used, as described previously? 15, Briefly, mice
were anesthetized and transcardially perfused with 0.9% saline solution followed by 4% paraformaldehyde (PFA)
at 2, 4, or 6 weeks after optic nerve injury. The optic nerves, eyes, and brains were resected. The eyes were
post-fixed 2 hours at room temperature and the optic nerves and brains for 24 hours at 4 °C. The optic nerves
and brains were then transferred to 30% sucrose overnight at 4 °C. The retinas were resected from the eyes and
kept in PBS at 4 °C. The optic nerves and brains were embedded in OCT Tissue Tek Medium (Sakura Finetek),
frozen, and cryostat-sectioned at 14 um longitudinally for the optic nerves and at 20 um coronally for the brains.
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The optic nerve cryosections were immunostained on Superfrost Plus glass slides (VWR International, LLC),
and the brain cryosections and the retinas were immunostained, free-floating in wells (24-well plate), and then
transferred onto the coated glass slides after making 4 symmetrical slits in the retinas for flat-mounting, and then
mounted for imaging. For immunostaining, the tissues were blocked with appropriate sera, incubated overnight
at 4 °C with primary antibodies as indicated, then washed three times, incubated with appropriate fluorescent
dye-conjugated secondary antibodies (1:500; Alexa Fluor, Life Technologies) overnight at 4 °C, and washed
three times again.

Imaging and Quantifications of Histological Tissue Preparations. CC1, MBP, GFAP, and Aspa signals in
the optic nerves and brains were visualized by immunostaining, using antibodies for CC1 (1:500; mouse IgG2b,
ab16794, Abcam), MBP (1:500; rabbit, ab40390, Abcam), GFAP (1:400; rabbit, ab7260, Abcam), Aspa (1:500;
rabbit, ab223269, Abcam), and counterstained with DAPI (1:5000; Life Technologies) to label nuclei. Z-stacked
images of the optic nerves, with 5 planes at 0.5 uym intervals, were acquired using a fluorescent microscope
(40x/1.2 C-Apochromat W; AxioObserver.Z1, Zeiss) and merged (ZEN software, Zeiss). Note: Although 2 hours
post-fix at room temperature is common for the optic nerves and is appropriate for most antibodies, for visualizing
CC1 signal (using the antibody above) in the ONC site, it is necessary to post-fix for 24 hours at 4 °C. For
guantification of MBP and CC1 signal in the optic nerves, average fluorescence signal intensity along the optic
nerve diameter at 50 ym intervals throughout 250 ym distance spanning the injury site, or in an equivalent region
of an uninjured optic nerve, was measured using the ImageJ plugin Plot Profile. Averages of signals from 3
longitudinal tissue sections per optic nerve were quantified for each biological replicate (n) per condition. Indi-
vidual planes from the z-stacks were used for representative images. MBP and CC1 signals in the corpus callo-
sum were visualized similarly, and average fluorescence signal intensity was measured using the ImageJ Meas-
ure tool in the middle of corpus callosum (344 um x 149 um area) in 3 coronal tissue sections per brain, collected
between Bregma -1.58 mm ~ -0.94 mm coordinates. Averages of signals from 3 tissue sections were quantified
for each biological replicate (n) per condition. To quantify regenerated axons in the optic nerve, axons were
visualized at 2 weeks after optic nerve injury by immunostaining with the anti-CTB antibody (1:500; rabbit, GWB-
7B96E4, GenWay) and fluorescent dye-conjugated secondary antibodies (1:500; Alexa Fluor, Life Technolo-
gies); 2 ul of CTB (1% in PBS) was injected intravitreally 1 day prior to sacrifice. No spared axons were found in
controls or experimental conditions (i.e., at 2 weeks after injury, no axons were found at the region of the optic
nerve most distal to the injury, where regenerating axons have not yet reached at this time point)? 5. Regener-
ated axons (defined as fibers continuous for >100 uym, which are absent in controls and are discernible from
background puncta and artifactual structures), were counted manually using a fluorescent microscope (40x/1.2
C-Apochromat W; AxioObserver.Z1, Zeiss) in at least 3 longitudinal tissue sections per optic nerve at 0.5 mm,
1mm, 1.5mm, 2 mm, and 3 mm distances from the injury site (identified by the abrupt disruption of the densely
packed axons near the optic nerve head, as marked by an asterisk in the figures), and these values were used
to estimate the total number of regenerating axons for each optic nerve (biological replicate, n) per condition, as
described®® 1521, For representative images, serial fields of view along the longitudinal optic nerve tissue section
were imaged as above; z-stacks with 5 planes at 0.5 ym intervals were deconvoluted, merged, and stitched.
Then, processed images of 3 tissue sections from the same optic nerve were superimposed over each other and
merged using Photoshop CS6 (Adobe), shown as representative images. To visualize co-localization of MBP
and CTB signals in the optic nerve 4 and 6 weeks after ONC, and to visualize segregation between CC1 and
GFAP or Aspa signals in the optic nerve 2 weeks after ONC, z-stacks with 0.5 ym intervals were acquired using
confocal microscopy (40x/1.3 Achrostigmat Oil; LSM 880, Zeiss). For quantification of RGC survival, flat-
mounted retinas were immunostained with an antibody for the RGC-specific marker, RBPMS®® (1:500; guinea
pig, 1832-RBPMS, PhospoSolutions), and RMPBS+ cells were counted as described®® %5 2 using ImageJ soft-
ware. RGCs were counted in at least 4 images per retina, acquired at prespecified areas using a fluorescent
microscope (40x/1.2 C-Apochromat W; AxioObserver.Z1, Zeiss) as above, approximately at 2 mm from the optic
nerve head in four directions within the ganglion cell layer per retina, then averaged to estimate overall RGC
survival per mm?2. Pten KD in RGCs by anti-Pten shRNA was validated as previously described?®. Briefly, flat-
mounted retinas transduced either with anti-Pten shRNA AAV2 or scrambled shRNA AAV2 were immunostained,
2 weeks after transduction, with an antibody for Pten (1:200; rabbit, 9559, Cell Signaling Technology), neuronal
marker BlII-Tubulin (1:500; mouse lgG2a, MMS-435P, BioLegend), and counterstained with DAPI (1:5000; Life
Technologies) to label nuclei. Z-stack images of the ganglion cell layer were acquired using confocal microscopy
as described above, and orthogonal projections through Z-stock used for representative images.
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RGC Culture and Immunostaining. RGCs were purified from both sexes of 5 10-week old adult mice retinal
single cell suspension by immunopanning for Thyl (CD90, MCAO2R, Serotec) after depletion of macrophages
(using anti-mouse macrophage antibody, AIA31240, Accurate Chemical) and washing off the nonadherent cells.
RGCs were plated and cultured in defined growth medium following our established protocol® 8% 82 with the
following modifications for adult tissue: digestion in papain decreased to 10 minutes, amount of papain increased
by 25%, only one macrophage depletion plate used for 20 minutes, Thyl panning dish shaken more stringently,
culture plates coated with a modified growth substrate, and growth factors and sato supplement doubled in the
defined growth medium. RGCs were incubated with varying concentrations (as indicated in Fig. 7) of cuprizone
(MilliporeSigma) or without it. After 5 days in culture, RGCs were fixed and immunostained with neuronal marker
BllI-Tubulin (1:500; mouse IgG2a, MMS-435P, BioLegend) and DAPI (1:5000; Thermo Fisher Scientific).
AlexaFluor fluorophore-conjugated secondary antibody (1:500; Thermo Fisher Scientific) were used for fluores-
cent microscopy (with AxioObserver.Z1, Zeiss).

Statistical Analyses. All tissue processing, quantification, and data analyses were done masked throughout the
study. The animals on demyelination or normal diet were randomly selected from within each group for experi-
mental or control AAV2 injections, and the investigators performing the surgeries and quantifications were
masked to the treatments’ identities. Sample sizes were based on accepted standards in the literature and our
prior experiences? 1%, Sample size (n) represents a total number of biological replicates in each condition. All
experiments included appropriate controls. No cases were excluded in our data analysis, although a few animals
that developed a cataract in the injured eye were excluded, and their tissues were not processed, and a few
animals died. The data were analyzed by ANOVA with or without repeated measures, as appropriate, and a
posthoc LSD, or independent samples t-test, as indicated (SPSS). Fold change significance in Fig. 2E was
determined using the EdgeR algorithm®3.

Single cell RNA-seq (scRNA-seq). scRNA-seq was performed using the methods we described previously®°,
with modifications described below. Briefly, cells were purified from uninjured (n = 5) and injured (n = 5) optic
nerves of both sexes 10-week old mice. ONC injury was performed at 8 weeks, as described above. Single cell
suspension was prepared using slightly modified version of the method described above for obtaining single cell
retinal suspension (in order to immunopan the RGCs). Cells were resuspended in DPBS with 0.04% BSA, and
immediately processed as follows. Cell count and viability were determined using trypan blue on a Countess FL
II, and 6,000 cells from each sample were loaded in parallel for capture onto the Chromium System using the v2
single cell reagent kit (10X Genomics). Following capture and lysis, cDNA was synthesized and amplified (12
cycles) as per manufacturer's protocol (10X Genomics). The amplified cDNA from each channel of the Chromium
System was used to construct an Illlumina sequencing library and sequenced on HiSeq 4000 with 150 cycle
sequencing. lllumina basecall files (*.bcl) were converted to FASTQs using CellRanger v1.3, which uses
bcl2fastqv2.17.1.14. FASTQ files were then aligned to mm10 mouse reference genome and transcriptome using
the CellRanger v1.3 software pipeline with default parameters (as described?®4), which demultiplexes the samples
and generates a gene versus cell expression matrix based on the barcodes and assigned unique molecular
identifiers (UMIs) that enable determining the individual cells from which each RNA molecule originated.

For determining gene expression, normalization of the raw counts was performed using Seurat (v. 4.0.3% 86)
function, which divides the feature counts by the number of counts per each cell and then applies natural log
transformation, resulting in normalized expression (NE) values® 86, Dimensionality reduction and 2D visualiza-
tions were performed using the uniform manifold approximation and projection (UMAP) implementation®’: 8 in
Seurat v. 4.0.3 using default parameters®: 8. 3D visualization and pseudotimeline trajectory were obtained using
Monocle3 v. 0.2.3.0 software with default parameters. Clustering of cells comprising oligodendrocyte linage into
subtypes was also preformed using Seurat function with default parameters. For clustering, principal components
of gene expression across cells were determined using the top 2000 most variable genes, selected by Seurat's
FindVariableGenes function using the “vst” method. Sex-specific genes (e.g., male Eif2s3y and Ddx3y, and fe-
male Xist), cell cycle genes, and mitochondrial genes were regressed out during the scaling of the data but were
retained in the dataset for downstream analyses after clustering. A total of 2,496 cells (equal number of cells
from injured and uninjured optic nerves after subsampling) that passed quality control (QC) were used. QC
filters/thresholds included the following criteria per cell: a maximum threshold of 20% mitochondrial genes ex-
pressed in the transcriptome, a minimum of 200 genes, and a maximum of 150,000 UMIs (to mitigate the pres-
ence of cell doublets). Gene markers used to identify cell types (see Supplementary Figure 3). CD45, Idal, and
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C1qgc for immune cells**-*5, MAG, MBP, and Aspa for oligodendrocytes*® %, Pdgfra for OPCs®?, Fyn for NFOs®>,
GFAP for astrocytes®, Collal and Igfbp6 for pericytes/fibroblasts®*, and Vwf for endothelial cells®.

Design of the website and online tools. The Subtypes Gene Browser was designed in the same format as we
previously did for RGC subtypes®, using R and ShinyApps with R-markdown language®3. Boxplots, violin plots,
and bar plots were adapted from ggplot2 R software package for data visualization®?.

Data Availability. The scRNA-seq data from OPCs and oligodendrocytes that we generated for these studies
is available through the NCBI GEO accession Pending. Access to the dataset is also available through a user-
friendly Subtypes Gene Browser web application, https://health.uconn.edu/neuroregeneration-lab/subtypes-
gene-browser.


https://doi.org/10.1101/2021.10.15.464557
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464557; this version posted October 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES
1. Levkovitch-Verbin, H., Animal models of optic nerve diseases. Eye (Lond) 2004, 18 (11), 1066-74.

2. Kim, J.; Sajid, M. S.; Trakhtenberg, E. F., The extent of extra-axonal tissue damage determines the levels
of CSPG upregulation and the success of experimental axon regeneration in the CNS. Sci Rep 2018, 8
(1), 9839.

3. Liu, K.; Lu,Y.; Lee, J. K.; Samara, R.; Willenberg, R.; Sears-Kraxberger, I.; Tedeschi, A.; Park, K. K.;
Jin, D.; Cai, B.; Xu, B.; Connolly, L.; Steward, O.; Zheng, B.; He, Z., PTEN deletion enhances the
regenerative ability of adult corticospinal neurons. Nat Neurosci 2010, 13 (9), 1075-81.

4. Blackmore, M. G.; Wang, Z.; Lerch, J. K.; Motti, D.; Zhang, Y. P.; Shields, C. B.; Lee, J. K.; Goldberg,
J. L.; Lemmon, V. P,; Bixby, J. L., Kriippel-like Factor 7 engineered for transcriptional activation promotes
axon regeneration in the adult corticospinal tract. Proc Natl Acad Sci U S A 2012, 109 (19), 7517-22.

5. Du, K.; Zheng, S.; Zhang, Q.; Li, S.; Gao, X.; Wang, J.; Jiang, L.; Liu, K., Pten Deletion Promotes
Regrowth of Corticospinal Tract Axons 1 Year after Spinal Cord Injury. J Neurosci 2015, 35 (26), 9754-63.

6. Trakhtenberg, E. F.; Goldberg, J. L., Epigenetic regulation of axon and dendrite growth. Front Mol
Neurosci 2012, 5, 24.

7. Goldberg, J. L.; Trakhtenberg, E. F., Int Rev Neurobiol: Axon growth and regeneration. 1st ed.; Academic
Press: Eds., 2012; Vol. 105-106.

8. Andereggen, L.; Trakhtenberg, E. F.; Yin, Y.; Benowitz, L. I., Inflammation and Optic Nerve
Regeneration. In Neuroinflammation: New Insights into Beneficial and Detrimental Functions, David, S.,
Ed. Wiley: Hoboken, NJ, 2015; Vol. 12, pp 189-204.

9. Mar, F. M.; Bonni, A.; Sousa, M. M., Cell intrinsic control of axon regeneration. EMBO Rep 2014, 15 (3),
254-63.

10. Yiu, G.; He, Z., Glial inhibition of CNS axon regeneration. Nat Rev Neurosci 2006, 7 (8), 617-27.

11. Benowitz, L. I.; He, Z.; Goldberg, J. L., Reaching the brain: Advances in optic nerve regeneration. Exp
Neurol 2015.

12. Chun, B. Y.; Cestari, D. M., Advances in experimental optic nerve regeneration. Curr Opin Ophthalmol
2017, 28 (6), 558-563.

13. de Lima, S.; Koriyama, Y.; Kurimoto, T.; Oliveira, J. T.; Yin, Y.; Li, Y.; Gilbert, H. Y.; Fagiolini, M.;
Martinez, A. M.; Benowitz, L., Full-length axon regeneration in the adult mouse optic nerve and partial
recovery of simple visual behaviors. Proc Natl Acad Sci U S A 2012, 109 (23), 9149-54.

14. Lim, J. H.; Stafford, B. K.; Nguyen, P. L.; Lien, B. V.; Wang, C.; Zukor, K.; He, Z.; Huberman, A. D.,
Neural activity promotes long-distance, target-specific regeneration of adult retinal axons. Nat Neurosci
2016, 19 (8), 1073-84.

15. Trakhtenberg, E. F.; Li, Y.; Feng, Q.; Tso, J.; Rosenberg, P. A.; Goldberg, J. L.; Benowitz, L. I., Zinc
chelation and KIf9 knockdown cooperatively promote axon regeneration after optic nerve injury. Exp
Neurol 2017, 300, 22-29.

16. Silver, J.; Schwab, M. E.; Popovich, P. G., Central nervous system regenerative failure: role of
oligodendrocytes, astrocytes, and microglia. Cold Spring Harb Perspect Biol 2014, 7 (3), a020602.

17. Belin, S.; Nawabi, H.; Wang, C.; Tang, S.; Latremoliere, A.; Warren, P.; Schorle, H.; Uncu, C.; Woolf,
C.J.; He, Z,; Steen, J. A., Injury-induced decline of intrinsic regenerative ability revealed by quantitative
proteomics. Neuron 2015, 86 (4), 1000-14.

18. Yungher, B. J.; Luo, X.; Salgueiro, Y.; Blackmore, M. G.; Park, K. K., Viral vector-based improvement of
optic nerve regeneration: characterization of individual axons' growth patterns and synaptogenesis in a
visual target. Gene Ther 2015, 22 (10), 811-21.


https://doi.org/10.1101/2021.10.15.464557
http://creativecommons.org/licenses/by-nc-nd/4.0/

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464557; this version posted October 20, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Trakhtenberg, E. F.; Wang, Y.; Morkin, M. |.; Fernandez, S. G.; Mlacker, G. M.; Shechter, J. M.; Liu,
X.; Patel, K. H.; Lapins, A.; Yang, S.; Dombrowski, S. M.; Goldberg, J. L., Regulating Set-f's
Subcellular Localization Toggles Its Function between Inhibiting and Promoting Axon Growth and
Regeneration. J Neurosci 2014, 34 (21), 7361-74.

Moore, D. L.; Blackmore, M. G.; Hu, Y.; Kaestner, K. H.; Bixby, J. L.; Lemmon, V. P.; Goldberg, J. L.,
KLF family members regulate intrinsic axon regeneration ability. Science 2009, 326 (5950), 298-301.

Yin, Y.; Henzl, M. T.; Lorber, B.; Nakazawa, T.; Thomas, T. T.; Jiang, F.; Langer, R.; Benowitz, L. I.,
Oncomodulin is a macrophage-derived signal for axon regeneration in retinal ganglion cells. Nat Neurosci
2006, 9 (6), 843-52.

Lukomska, A.; Kim, J.; Rheaume, B. A.; Xing, J.; Hoyt, A.; Lecky, E.; Steidl, T.; Trakhtenberg, E. F.,
Developmentally upregulated Transcriptional Elongation Factor A like 3 suppresses axon regeneration
after optic nerve injury. Neurosci Lett 2021, 136260.

Foran, D. R.; Peterson, A. C., Myelin acquisition in the central nervous system of the mouse revealed by
an MBP-Lac Z transgene. J Neurosci 1992, 12 (12), 4890-7.

Dangata, Y. Y.; Findlater, G. S.; Kaufman, M. H., Postnatal development of the optic nerve in (C57BL x
CBA)F1 hybrid mice: general changes in morphometric parameters. J Anat 1996, 189 ( Pt 1), 117-25.

Colello, R. J.; Schwab, M. E., A role for oligodendrocytes in the stabilization of optic axon numbers. J
Neurosci 1994, 14 (11 Pt 1), 6446-52.

Marin, M. A.; de Lima, S.; Gilbert, H. Y.; Giger, R. J.; Benowitz, L.; Rasband, M. N., Reassembly of
Excitable Domains after CNS Axon Regeneration. J Neurosci 2016, 36 (35), 9148-60.

Matsushima, G. K.; Morell, P., The neurotoxicant, cuprizone, as a model to study demyelination and
remyelination in the central nervous system. Brain Pathol 2001, 11 (1), 107-16.

Bénardais, K.; Kotsiari, A.; Skuljec, J.; Koutsoudaki, P. N.; Gudi, V.; Singh, V.; Vulinovi¢, F.;
Skripuletz, T.; Stangel, M., Cuprizone [bis(cyclohexylidenehydrazide)] is selectively toxic for mature
oligodendrocytes. Neurotox Res 2013, 24 (2), 244-50.

Kojima, W.; Hayashi, K., Changes in the axo-glial junctions of the optic nerves of cuprizone-treated mice.
Histochem Cell Biol 2018.

Yang, H. J.; Wang, H.; Zhang, Y.; Xiao, L.; Clough, R. W.; Browning, R.; Li, X. M.; Xu, H., Region-
specific susceptibilities to cuprizone-induced lesions in the mouse forebrain: Implications for the
pathophysiology of schizophrenia. Brain Res 2009, 1270, 121-30.

Ohno, N.; Chiang, H.; Mahad, D. J.; Kidd, G. J.; Liu, L.; Ransohoff, R. M.; Sheng, Z. H.; Komuro, H.;
Trapp, B. D., Mitochondrial immobilization mediated by syntaphilin facilitates survival of demyelinated
axons. Proc Natl Acad Sci U S A 2014, 111 (27), 9953-8.

Sachs, H. H.; Bercury, K. K.; Popescu, D. C.; Narayanan, S. P.; Macklin, W. B., A new model of
cuprizone-mediated demyelination/remyelination. ASN Neuro 2014, 6 (5).

Park, K. K.; Liu, K.; Hu, Y.; Smith, P. D.; Wang, C.; Cai, B.; Xu, B.; Connolly, L.; Kramvis, I.; Sahin,
M.; He, Z., Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR pathway.
Science 2008, 322 (5903), 963-6.

Nalbandian, A.; Llewellyn, K. J.; Nguyen, C.; Yazdi, P. G.; Kimonis, V. E., Rapamycin and chloroquine:
the in vitro and in vivo effects of autophagy-modifying drugs show promising results in valosin containing
protein multisystem proteinopathy. PLoS One 2015, 10 (4), e0122888.

Supko, J. G.; Malspeis, L., Dose-dependent pharmacokinetics of rapamycin-28-N,N-dimethylglycinate in
the mouse. Cancer Chemother Pharmacol 1994, 33 (4), 325-30.

Kirkpatrick, L. L.; Witt, A. S.; Payne, H. R.; Shine, H. D.; Brady, S. T., Changes in microtubule stability
and density in myelin-deficient shiverer mouse CNS axons. J Neurosci 2001, 21 (7), 2288-97.


https://doi.org/10.1101/2021.10.15.464557
http://creativecommons.org/licenses/by-nc-nd/4.0/

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464557; this version posted October 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.
Bin, J. M.; Harris, S. N.; Kennedy, T. E., The oligodendrocyte-specific antibody 'CC1' binds Quaking 7. J
Neurochem 2016, 139 (2), 181-186.

Chamberlain, K. A.; Chapey, K. S.; Nanescu, S. E.; Huang, J. K., Creatine Enhances Mitochondrial-
Mediated Oligodendrocyte Survival After Demyelinating Injury. J Neurosci 2017, 37 (6), 1479-1492.

Okazaki, R.; Doi, T.; Hayakawa, K.; Morioka, K.; Imamura, O.; Takishima, K.; Hamanoue, M.;
Sawada, Y.; Nagao, M.; Tanaka, S.; Ogata, T., The crucial role of Erk2 in demyelinating inflammation in
the central nervous system. J Neuroinflammation 2016, 13 (1), 235.

Gudi, V.; Moharregh-Khiabani, D.; Skripuletz, T.; Koutsoudaki, P. N.; Kotsiari, A.; Skuljec, J.; Trebst,
C.; Stangel, M., Regional differences between grey and white matter in cuprizone induced demyelination.
Brain Res 2009, 1283, 127-38.

Sellés-Navarro, I.; Ellezam, B.; Fajardo, R.; Latour, M.; McKerracher, L., Retinal ganglion cell and
nonneuronal cell responses to a microcrush lesion of adult rat optic nerve. Exp Neurol 2001, 167 (2), 282-
9.

Kanamori, A.; Catrinescu, M. M.; Belisle, J. M.; Costantino, S.; Levin, L. A., Retrograde and Wallerian
axonal degeneration occur synchronously after retinal ganglion cell axotomy. Am J Pathol 2012, 181 (1),
62-73.

Hermiston, M. L.; Xu, Z.; Weiss, A., CD45: a critical regulator of signaling thresholds in immune cells.
Annu Rev Immunol 2003, 21, 107-37.

Ohsawa, K.; Imai, Y.; Kanazawa, H.; Sasaki, Y.; Kohsaka, S., Involvement of Ibal in membrane ruffling
and phagocytosis of macrophages/microglia. J Cell Sci 2000, 113 ( Pt 17), 3073-84.

Zimmerman, K. A.; Bentley, M. R.; Lever, J. M.; Li, Z.; Crossman, D. K.; Song, C. J.; Liu, S.; Crowley,
M. R.; George, J. F.; Mrug, M.; Yoder, B. K., Single-Cell RNA Sequencing ldentifies Candidate Renal
Resident Macrophage Gene Expression Signhatures across Species. J Am Soc Nephrol 2019, 30 (5), 767-
781.

Kasuga, Y.; Fudge, A. D.; Zhang, Y.; Li, H., Characterization of a long noncoding RNA Pcdhl17it as a
novel marker for immature premyelinating oligodendrocytes. Glia 2019, 67 (11), 2166-2177.

Hines, J. H.; Ravanelli, A. M.; Schwindt, R.; Scott, E. K.; Appel, B., Neuronal activity biases axon
selection for myelination in vivo. Nat Neurosci 2015, 18 (5), 683-9.

Duncan, G. J.; Simkins, T. J.; Emery, B., Neuron-Oligodendrocyte Interactions in the Structure and
Integrity of Axons. Front Cell Dev Biol 2021, 9, 653101.

Moffett, J. R.; Arun, P.; Ariyannur, P. S.; Garbern, J. Y.; Jacobowitz, D. M.; Namboodiri, A. M.,
Extensive aspartoacylase expression in the rat central nervous system. Glia 2011, 59 (10), 1414-34.

O'Shea, T. M.; Burda, J. E.; Sofroniew, M. V., Cell biology of spinal cord injury and repair. J Clin Invest
2017, 127 (9), 3259-3270.

Barnabé-Heider, F.; Godritz, C.; Sabelstrom, H.; Takebayashi, H.; Pfrieger, F. W.; Meletis, K.; Frisén, J.,
Origin of new glial cells in intact and injured adult spinal cord. Cell Stem Cell 2010, 7 (4), 470-82.

Marques, S.; van Bruggen, D.; Vanichkina, D. P.; Floriddia, E. M.; Munguba, H.; Varemo, L.;
Giacomello, S.; Falcéo, A. M.; Meijer, M.; Bjorklund, A Hjerling-Leffler, J.; Taft, R. J.; Castelo-Branco,
G., Transcriptional Convergence of Oligodendrocyte Lineage Progenitors during Development. Dev Cell
2018, 46 (4), 504-517.e7.

Osterhout, D. J.; Wolven, A.; Wolf, R. M.; Resh, M. D.; Chao, M. V., Morphological differentiation of
oligodendrocytes requires activation of Fyn tyrosine kinase. J Cell Biol 1999, 145 (6), 1209-18.

Zhang, Y.; Chen, K.; Sloan, S. A.; Bennett, M. L.; Scholze, A. R.; O'Keeffe, S.; Phatnani, H. P.;
Guarnieri, P.; Caneda, C.; Ruderisch, N.; Deng, S.; Liddelow, S. A.; Zhang, C.; Daneman, R.;
Maniatis, T.; Barres, B. A.; Wu, J. Q., An RNA-sequencing transcriptome and splicing database of glia,
neurons, and vascular cells of the cerebral cortex. J Neurosci 2014, 34 (36), 11929-47.


https://doi.org/10.1101/2021.10.15.464557
http://creativecommons.org/licenses/by-nc-nd/4.0/

55.

56.

57.

58.

59.

60.

61.
62.
63.

64.
65.

66.

67.

68.

69.

70.

71.

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464557; this version posted October 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Deloulme, J. C.; Raponi, E.; Gentil, B. J.; Bertacchi, N.; Marks, A.; Labourdette, G.; Baudier, J.,
Nuclear expression of S100B in oligodendrocyte progenitor cells correlates with differentiation toward the
oligodendroglial lineage and modulates oligodendrocytes maturation. Mol Cell Neurosci 2004, 27 (4), 453-
65.

Harlow, D. E.; Saul, K. E.; Culp, C. M.; Vesely, E. M.; Macklin, W. B., Expression of proteolipid protein
gene in spinal cord stem cells and early oligodendrocyte progenitor cells is dispensable for normal cell
migration and myelination. J Neurosci 2014, 34 (4), 1333-43.

Young, K. M.; Psachoulia, K.; Tripathi, R. B.; Dunn, S. J.; Cossell, L.; Attwell, D.; Tohyama, K.;
Richardson, W. D., Oligodendrocyte dynamics in the healthy adult CNS: evidence for myelin remodeling.
Neuron 2013, 77 (5), 873-85.

Tripathi, R. B.; Jackiewicz, M.; McKenzie, |. A.; Kougioumtzidou, E.; Grist, M.; Richardson, W. D.,
Remarkable Stability of Myelinating Oligodendrocytes in Mice. Cell Rep 2017, 21 (2), 316-323.

Marques, S.; Zeisel, A.; Codeluppi, S.; van Bruggen, D.; Mendanha Falcéo, A.; Xiao, L.; Li, H.;
Haring, M.; Hochgerner, H.; Romanov, R. A.; Gyllborg, D.; Mufioz Manchado, A.; La Manno, G.;
Lonnerberg, P.; Floriddia, E. M.; Rezayee, F.; Ernfors, P.; Arenas, E.; Hjerling-Leffler, J.; Harkany, T.;
Richardson, W. D.; Linnarsson, S.; Castelo-Branco, G., Oligodendrocyte heterogeneity in the mouse
juvenile and adult central nervous system. Science 2016, 352 (6291), 1326-1329.

Rheaume, B. A.; Jereen, A.; Bolisetty, M.; Sajid, M. S.; Yang, Y.; Renna, K.; Sun, L.; Robson, P.;
Trakhtenberg, E. F., Single cell transcriptome profiling of retinal ganglion cells identifies cellular subtypes.
Nat Commun 2018, 9 (1), 2759.

Wickham, H., ggplot2: Elegant Graphics for Data Analysis. Springer: New York, NY, 2009.
Verzani, J., Using R for Introductory Statistics. 2nd ed.; Taylor & Francis: Boca Raton, FL, 2014.

R-Core_Team., R: A language and environment for statistical computing. http://www.R-project.org:
Vienna, Austria, 2014.

Benjamini, Y., Opening the Box of a Boxplot. The American Statistician 1988, 42 (4), 257-262.

Chambers, J. M.; Cleveland, W. S.; Kleiner, B.; Tukey, P. A., Graphical Methods for Data Analysis.
Wadsworth: Belmont, CA, 1983.

Rodriguez, A. R.; de Sevilla Miller, L. P.; Brecha, N. C., The RNA binding protein RBPMS is a selective
marker of ganglion cells in the mammalian retina. J Comp Neurol 2014, 522 (6), 1411-43.

Skripuletz, T.; Hackstette, D.; Bauer, K.; Gudi, V.; Pul, R.; Voss, E.; Berger, K.; Kipp, M.;
Baumgartner, W.; Stangel, M., Astrocytes regulate myelin clearance through recruitment of microglia
during cuprizone-induced demyelination. Brain 2013, 136 (Pt 1), 147-67.

Moon, L. D.; Asher, R. A.; Rhodes, K. E.; Fawcett, J. W., Regeneration of CNS axons back to their target
following treatment of adult rat brain with chondroitinase ABC. Nat Neurosci 2001, 4 (5), 465-6.

Duan, X.; Qiao, M.; Bei, F.; Kim, I. J.; He, Z.; Sanes, J. R., Subtype-Specific Regeneration of Retinal
Ganglion Cells following Axotomy: Effects of Osteopontin and mTOR Signaling. Neuron 2015, 85 (6),
1244-56.

Li, S.; Yang, C.; Zhang, L.; Gao, X.; Wang, X.; Liu, W.; Wang, Y.; Jiang, S.; Wong, Y. H.; Zhang, Y.;
Liu, K., Promoting axon regeneration in the adult CNS by modulation of the melanopsin/GPCR signaling.
Proc Natl Acad Sci U S A 2016, 113 (7), 1937-42.

Bray, E. R.; Yungher, B. J.; Levay, K.; Ribeiro, M.; Dvoryanchikov, G.; Ayupe, A. C.; Thakor, K.;
Marks, V.; Randolph, M.; Danzi, M. C.; Schmidt, T. M.; Chaudhari, N.; Lemmon, V. P.; Hattar, S.; Park,
K. K., Thrombospondin-1 Mediates Axon Regeneration in Retinal Ganglion Cells. Neuron 2019, 103 (4),
642-657.e7.


http://www.r-project.org/
https://doi.org/10.1101/2021.10.15.464557
http://creativecommons.org/licenses/by-nc-nd/4.0/

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464557; this version posted October 20, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Nelson, H. N.; Treichel, A. J.; Eggum, E. N.; Martell, M. R.; Kaiser, A. J.; Trudel, A. G.; Gronseth, J. R;;
Maas, S. T.; Bergen, S.; Hines, J. H., Individual neuronal subtypes control initial myelin sheath growth
and stabilization. Neural Dev 2020, 15 (1), 12.

Costa, A. R.; Pinto-Costa, R.; Sousa, S. C.; Sousa, M. M., The Regulation of Axon Diameter: From
Axonal Circumferential Contractility to Activity-Dependent Axon Swelling. Front Mol Neurosci 2018, 11,
319.

Mayoral, S. R.; Etxeberria, A.; Shen, Y. A.; Chan, J. R, Initiation of CNS Myelination in the Optic Nerve
Is Dependent on Axon Caliber. Cell Rep 2018, 25 (3), 544-550.e3.

Brooks, D. E.; Komaromy, A. M.; Kéallberg, M. E., Comparative retinal ganglion cell and optic nerve
morphology. Vet Ophthalmol 1999, 2 (1), 3-11.

Zhang, Y.; Kim, I. J.; Sanes, J. R.; Meister, M., The most numerous ganglion cell type of the mouse
retina is a selective feature detector. Proc Natl Acad Sci U S A 2012, 109 (36), E2391-8.

Tran, N. M.; Shekhar, K.; Whitney, I. E.; Jacobi, A.; Benhar, I.; Hong, G.; Yan, W.; Adiconis, X.;
Arnold, M. E.; Lee, J. M.; Levin, J. Z.; Lin, D.; Wang, C.; Lieber, C. M.; Regev, A.; He, Z.; Sanes, J.
R., Single-Cell Profiles of Retinal Ganglion Cells Differing in Resilience to Injury Reveal Neuroprotective
Genes. Neuron 2019, 104 (6), 1039-1055.e12.

Rheaume, B. A.; Xing, J.; Lukomska, A.; Sjogren, G.; Trakhtenberg, E. F., PTEN inhibition
dedifferentiates specific subtypes of injured adult CNS neurons towards an embryonic state and
reactivates axon growth genes. In Press.

Poplawski, G. H. D.; Kawaguchi, R.; Van Niekerk, E.; Lu, P.; Mehta, N.; Canete, P.; Lie, R.; Dragatsis,
l.; Meves, J. M.; Zheng, B.; Coppola, G.; Tuszynski, M. H., Injured adult neurons regress to an
embryonic transcriptional growth state. Nature 2020, 581 (7806), 77-82.

Goldberg, J. L.; Klassen, M. P.; Hua, Y.; Barres, B. A., Amacrine-signaled loss of intrinsic axon growth
ability by retinal ganglion cells. Science 2002, 296 (5574), 1860-4.

Meyer-Franke, A.; Kaplan, M. R.; Pfrieger, F. W.; Barres, B. A., Characterization of the signaling
interactions that promote the survival and growth of developing retinal ganglion cells in culture. Neuron
1995, 15 (4), 805-19.

Trakhtenberg, E. F.; Pita-Thomas, W.; Fernandez, S. G.; Patel, K. H.; Venugopalan, P.; Shechter, J.
M.; Morkin, M. |.; Galvao, J.; Liu, X.; Dombrowski, S. M.; Goldberg, J. L., Serotonin receptor 2C
regulates neurite growth and is necessary for normal retinal processing of visual information. Dev
Neurobiol 2016.

McCarthy, D. J.; Chen, Y.; Smyth, G. K., Differential expression analysis of multifactor RNA-Seq
experiments with respect to biological variation. Nucleic Acids Res 2012, 40 (10), 4288-97.

Zheng, G. X.; Terry, J. M.; Belgrader, P.; Ryvkin, P.; Bent, Z. W.; Wilson, R.; Ziraldo, S. B.; Wheeler,
T. D.; McDermott, G. P.; Zhu, J.; Gregory, M. T.; Shuga, J.; Montesclaros, L.; Underwood, J. G.;
Masquelier, D. A.; Nishimura, S. Y.; Schnall-Levin, M.; Wyatt, P. W.; Hindson, C. M.; Bharadwaj, R.;
Wong, A.; Ness, K. D.; Beppu, L. W.; Deeg, H. J.; McFarland, C.; Loeb, K. R.; Valente, W. J.; Ericson,
N. G.; Stevens, E. A.; Radich, J. P.; Mikkelsen, T. S.; Hindson, B. J.; Bielas, J. H., Massively parallel
digital transcriptional profiling of single cells. Nat Commun 2017, 8, 14049.

Stuart, T.; Butler, A.; Hoffman, P.; Hafemeister, C.; Papalexi, E.; Mauck, W. M.; Hao, Y.; Stoeckius,
M.; Smibert, P.; Satija, R., Comprehensive Integration of Single-Cell Data. Cell 2019, 177 (7), 1888-
1902.e21.

Hao, Y.; Hao, S.; Andersen-Nissen, E.; Mauck, W. M.; Zheng, S.; Butler, A.; Lee, M. J.; Wilk, A. J.;
Darby, C.; Zagar, M.; Hoffman, P.; Stoeckius, M.; Papalexi, E.; Mimitou, E. P.; Jain, J.; Srivastava, A.;
Stuart, T.; Fleming, L. B.; Yeung, B.; Rogers, A. J.; McElrath, J. M.; Blish, C. A.; Gottardo, R.;
Smibert, P.; Satija, R., Integrated analysis of multimodal single-cell data. bioRxiv 2020,
2020.10.12.335331.


https://doi.org/10.1101/2021.10.15.464557
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464557; this version posted October 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

87. Mclnnes, L.; Healy, J., UMAP: Uniform Manifold Approximation and Projection for Dimension Reduction.
CoRR 2018, abs/1802.03426.

88. Becht, E.; Mclnnes, L.; Healy, J.; Dutertre, C. A.; Kwok, I. W. H.; Ng, L. G.; Ginhoux, F.; Newell, E. W.,
Dimensionality reduction for visualizing single-cell data using UMAP. Nat Biotechnol 2018.

89. Sporn, L. A.; Marder, V. J.; Wagner, D. D., Inducible secretion of large, biologically potent von Willebrand
factor multimers. Cell 1986, 46 (2), 185-90.


https://doi.org/10.1101/2021.10.15.464557
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464557; this version posted October 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

FIGURES AND TABLES WITH LEGENDS

A Demyelination regimen, or Demyelination regimen without
normal chaw + vehicle injections rapamycin, or normal chow
r L1} 1
Day 0 Week 6 Week 8 Week 10
8 weeks AAV?2 anti-Pten shRNA or ONC Sacrifice; CTB
old mice scrambled shRNA injection injection day before
" Rapamycin excluded
/ C MBP

DAPI MBP/CC1/DAPI

Control + ONC

s

59
50
O+

Demyelination regimen
+ ONC

CC1
# ..

Demyelination
regimen + ONC

E
- T T
< 200 s 200 I . .
= Control =3 L
%’ 150 — T Demyelination regimen ? 150 — e
= Control + Scrambled c
£ Tshrna+ onc £
Z 100+ Demyelination regimen + — 100
g T scrambled shRNA + ONG g
% Control + Anti-Pten %
o 50 “ shRNA + ONC ~ 50+
m T Demyelination regimen + Q
= Y Anti-Pten shRNA + GNC o
0 \ \ | \ T | 0
0 50 100 150 200 250 0 50 100 150 200 250
Distance along ONC site (ym) Distance along ONC site (um)
F
G GFAP CC1 GFAP/CC1/DAPI

Fig. 1. Loss ofmyelin in the ONC site and the effects of demyelintion regienn the optic nerve. (A)
Experimental timeline. At 6 weeks after starting the demyelination regimen, AAV2 expressing anti-Pten or
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scrambled control shRNA was injected intravitreally, 2 weeks later ONC was performed, and mice were sacri-
ficed at either 2, 4, or 6 weeks after that. CTB (axonal tracer) was injected intravitreally 1 day before sacrifice,
except for mice that were used for TEM analysis. Rapamycin was excluded from the demyelination regimen 6
weeks after starting the regimen, and the remaining regiment stopped 1 week prior to sacrifice. For the experi-
ments shown in Figs. 3 and 7, mice were sacrificed 6 or 2 weeks after injury, respectively, and viruses and CTB
were injected as above, without accompanying demyelination regimen, but in Fig. 7 also with intravitreal cu-
prizone or saline injection right after ONC in 10-week old mice. Mice sacrificed at 4 weeks after ONC were used
for Fig. 6. (B-C) Representative images of injured optic nerves longitudinal sections immunostained for CC1
(mature oligodendrocyte marker), MBP (myelin marker), and DAPI (nuclear marker), either without (upper pan-
els) or with (lower panels) demyelination regimen. Injury site outlined with dashed white lines box. Scale bars:
100 ym main panels (B), 50 uym insets (C). (D-E) Quantification of MBP (D) and CC1 (E) immunofluorescence
signal intensity, represented in fluorescent units (FUs), at increasing distances along the optic nerve injury site
(the region devoid of MBP and its surroundings, as shown in panels B-C) or along an equivalent uninjured region,
across conditions as marked. Representative images for all the conditions shown in Supplementary Figure 3
(MBP) and Supplementary Figure 5 (CC1). Mean = S.E.M shown; n = 4 cases for each condition. ANOVA with
repeated measures, sphericity assumed, overall F = 35.0 (MBP) and F = 3.5 (CC1), p < 0.001 (MBP) and p <
0.001 (CC1); p-values of pairwise comparisons by posthoc LSD are shown in Table 1A (MBP) and 1B (CC1).
(F) Representative images of the longitudinal optic nerve sections immunostained for glial fibrillary acidic protein
(GFAP; labels astrocytes) and CC1 2 weeks after ONC. Injury site outlined with dashed white lines box (shown
in F). Scale bar, 100 um. (G) Inset: Confocal images of the injury site show cellular segregation between GFAP
and CC1 signals; counterstained with DAPI to label nuclei. Scale bar, 50 ym.


https://doi.org/10.1101/2021.10.15.464557
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464557; this version posted October 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Combined Uninjured

A E F

Cell Type
Crush Site é@ f
&
(\b
- < Q}\
&5%
—_ Crush Site &
Ny < &
P
N *
/ &
= + &
& N G
‘qobe
o Uninjured ol 3
\ QO =<
Y % 2
Y o :
o o
25 025 5 &
Feld change (Leg2)
B
Cell Types Immune
10 Combined ﬁ‘ . H
, ]
5 2
H B 5
o~ ; .:N Oligodendrocytg '%
) lopc ™ NFO : 8
E Pericyte/ | "& g
= |Fibroblast | o
54 diy i 2
-101  Astrocyte |
¥ Endothelial
-15 i aj
10 0 7 Z
UMAP 1 £ c
c %
O 0
hel o]
o E g
2 3
Immune O [
10 (LDJeI_I Types FodiE g
ninjured . . &£
5
o~ * Oligodendrocy
% 01 lopc [ NFO 10 )
= | Pericyter | % =
= |Fibroblast | s
5] e H
@
I3
]
101 2
Astrocyle  Endothelial =
156 T
10 10 K
UMAP 1 s
——— g i
. T v W ‘l A ' 5 £
D Cell Types Immune o CI} A | | | %‘ 4 §
10 Inj y}:; £ %\ \ g‘ 3 | o8
njure “‘, 3 °’|| | “’|| ‘ b ljzg
Pl | i [y 1 g
__________ I
~ : ] Oligodendrocyte -
o 0 joPc Py NFO ey, L
%: Pericytel | <D e .",a
Fibroblast | .
; X, = [m]
5] @y B 42
c
3 0
o 8
-109  Astrocyte z z 0
g * Endothelial -1 u%
S 0 5
-15 T T ; L
-10 ol 10 o - A
N O o
UMAP 1 SN DN 2 SN

T — O - W
of oligodendrocyte linage in the uninjured and injured optic
nerves. (A) Experimental design: (Top panel) a representative image of a resected optic nerve with red arrow



https://doi.org/10.1101/2021.10.15.464557
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.15.464557; this version posted October 20, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.
indicating the crush site from where the tissue samples were dissected for scRNA-seq; (bottom panels) a cartoon
representation of the injured and uninjured samples analyzed by scRNA-seq. (B-D) 2-dimensional Uniform Man-
ifold Approximation and Projection (UMAP) of the scRNA-seg-identified cell types from the injured and uninjured
optic nerve tissues, combined (in B), uninjured only (in C), and injured only (in D). The groups of cells comprising
the specific cell types are color-coded and annotated as marked. The UMAPs of the respective markers’ expres-
sion used to determine the cell types are shown in the Supplementary Figure 4. The dashed box indicates oli-
godendrocyte linage cells for downstream analyses (in F-L). (E) Fold changes after ONC injury in the populations
of cell types comprising the optic nerve tissue, as marked. Fold change significance determined by EdgeR anal-
ysis, as indicated (***p < 0.001, **p < 0.01, and *p < 0.05; see Methods). (F) Cluster analysis (by the Seurat
algorithm, see Methods) of the cell types comprising oligodendrocyte linage (OPC, NFO, and Oligodendrocytes;
outlined by dashed box in B-D), represented by 3-dimensional (3D) UMAPs for better visualization of all cells
combined, or uninjured only, or injured only. Clusters comprising specific cell types are color-coded and anno-
tated, as marked (OPC = oligodendrocyte progenitor cell, NFO = newly-formed oligodendrocyte, sSO = small
spidery oligodendrocyte, MO = mature oligodendrocyte; cluster sSO is encircled in the UMAPs of uninjured and
injured cells in E-L for better visualization). (G) 3D UMAPs of cells comprising oligodendrocyte linage (as in F;
with all cells combined, or uninjured only, or injured only), color-coded based on psudotimeline analysis (by the
Monocle3 algorithm; AU = Arbitrary units; see Methods), which represents the relative transcriptomic changes
progressing along the trajectory of OPCs differentiating into NFOs, then developing into sSOs, and finally ma-
turing into MOs. (H-L) 3D UMAPs of cells comprising oligodendrocyte linage (as in F-G; with all cells combined,
or uninjured only, or injured only), showing the expression of respective cell types’ gene markers (as marked):
MBP (MO and sSO, in H), Aspa (MO, in [), MAG (MO, in J), S100B (sSO, in K), Fyn (NFO, in L), and Pdgfra
(OPC; due to space limit here shown in the Supplementary Figure 4M). Scale bar, color-coded normalized ex-
pression (NE).
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Fig. 3. Regenerating axons become myelinated prematurely. (A) Representative images of the optic nerve
longitudinal sections immunostained for CTB and MBP at 6 weeks after ONC, either pre-treated with AAV2
expressing scrambled shRNA (control) or anti-Pten shRNA. Injury site outlined with dashed white lines box.
Scale bar, 100 um. (B) Zoomed-in insets (outlined in yellow dashed lines in A) show termination of stalled Pten
KD-stimulated regenerating axons at longer distances (1.5 mm from the ONC site; lower panel), which are oth-
erwise masked by merged MBP signal in panel A. No regenerating axons in control (upper panel). Exposure in
insets digitally increased for better visualization of the regenerating axons. Scale bar, 50 ym. (C) Confocal im-
ages of the insets (outlined in white dashed lines in A) show myelination of Pten KD-stimulated regenerating
axons growing through the injury site (lower panels). No regenerating axons or MBP in control injury site (upper
panels). Dashed white line demarcates beginning of the injury site (to the right). Insets below show co-localization
of MBP with regenerating axons visualized by CTB (arrows). Scale bars, 50 ym (main panels), 20 uym (insets).
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Fig. 4. Demyelination regimen in a combination with Pten KD promotes significantly longer axon regen-
eration than each treatment alone. (A) Representative images of the longitudinal optic nerve sections with
CTB-labeled axons 2 weeks after ONC and pre-treatment conditions, as marked (experimental timeline in Fig.
1A); * - indicates crush site. Insets: Images of regions proximal and distal to the injury site are magnified for
better visualization of regenerating axons or their absence in control. Scale bars, 300 um (main panels), 100 um
(insets). (B) Quantification of regenerating axons visualized by CTB 2 weeks after ONC at increasing distances
from the injury site across various conditions, as marked and shown in panel A (Mean £ S.E.M; n = 5 cases for
each condition). ANOVA with repeated measures, sphericity assumed, overall F = 8.0, p < 0.001; p-values of
pairwise comparisons by posthoc LSD are shown in Table 2A.
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Fig. 5. Demyelination regimen in a combination with Pten KD promotes RGC survival. (A-B) Representa-
tive images of RBPMS-labeled RGCs in flat-mounted retinas 2 weeks after ONC and pre-treatment (A) or post-
injury treatment (B) conditions, as marked (experimental timeline in Fig. 1A). Scale bar, 50 ym. (C-D) Quantifi-
cation of RGC survival in retinal flat-mounts immunostained for the RGC marker RBPMS 2 weeks after ONC
and pre-treatment (C) or post-injury treatment (D) conditions, as marked (Mean + S.E.M shown; n = 4-5 cases
for each condition). By ANOVA, overall F=3.81 (C) and F=0.84 (D), p <0.03 (C) and p < 0.50 (D); p-values of
pairwise comparisons by posthoc LSD are shown in Tables 3A (C) and 3B (D); * p < 0.02; N.S., not significant.
Note: Mice at the time of injury were a month younger for the intravitreal injection of treatments experiment (10
weeks old as typical for this assay), compared to the demyelination regimen experiment, which required prolong
pre-treatment with the diet. A slightly higher RGC survival baseline in the intravitreal injection experiment com-
pared to control used in the demyelination regimen experiment is consistent with mice being older in the latter,
because older animals typically have more severe deficits after CNS injury.
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Fig. 6. Demyelination regimen prevents premature myelination of the regenerating axons. (A-B) Repre-
sentative images of optic nerve longitudinal sections immunostained for MBP and CTB at 4 weeks after ONC,
pre-treated with AAV2 expressing anti-Pten shRNA, and either on normal (A) or cuprizone (B) diet. Injury site
indicated by dashed white lines box. Scale bar, 100 ym. (C-D) Confocal images of the injury site regions (outlined
in white dashed lines in A-B) show Pten KD-stimulated regenerating axons growing through the injury site being
myelinated on normal diet (C) but unmyelinated on cuprizone diet (D). Zoomed-in insets (lower panels in C-D)
of the regions outlined in yellow dashed lines (upper panels in C-D) show areas containing the regenerating
axons visualized by CTB co-localizing with MBP signal (arrows in C), or the regenerating axons visualized by
CTB with no adjacent MBP signal (D). Scale bars, 50 ym (main panels), 20 ym (insets).
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Fig. 7. Intravitreal injection of cuprizone after ONC promotes axon regeneration. (A) Representative im-
ages of longitudinal optic nerve sections showing CTB-labeled axons 2 weeks after ONC, treated immediately
after injury with a single intravitreal injection of vehicle or cuprizone at different concentrations, as marked; * -
indicates crush site. Insets: Images of regions distal to the injury site are magnified for better visualization of
regenerating axons or their absence in control. Scale bars, 300 um (main panels), 50 um (insets). (B) Quantifi-
cation of regenerating axons visualized by CTB 2 weeks after ONC at increasing distances from the injury site
across various conditions, as marked and shown in panel A (Mean + S.E.M; n = 5 cases per condition). ANOVA
with repeated measures, sphericity assumed, overall F = 2.9, p < 0.03; p-values of pairwise comparisons by
posthoc LSD are shown in Table 2B.
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Demyelination Control + Demyelination

A Eﬁgﬂyg'r;: S%?g:;gllg d regimen + Anti-Pten regimen + Anti-
meng ShRNA + ONC Scrambled shRNA + Pten shRNA +
shRNA + ONC ONC ONC
Control 0.00 * 0.02* 0.01* 0.00 * 0.00 *
Demyelination regimen 0.06 0.03* 0.02* 0.02*
Control + Scrambled
ShRNA + ONC 0.12 0.35 0.43
Demyelination regimen +
Scrambled ShRNA + ONC 0.07 0.69
Control + Anti-Pten 0.01*
shRNA + ONC '
. Demyelination Control + Demyelination
B gt?g?]yfel”}: S%?Q::t))llg d regimen + Anti-Pten regimen + Anti-
e RNASONC  Scrambled  shRNA+  Pten shRNA +
shRNA + ONC ONC ONC
Control 0.96 0.02* 0.11 0.02* 0.14
Demyelination regimen 0.01* 0.12 0.02* 0.12
Control + Scrambled . .
ShRNA + ONC 0.01 0.64 0.00
Demyelination regimen + *
Scrambled ShRNA + ONC 0.05 0.89
Control + Anti-Pten 0.02 *

shRNA + ONC

Table 1. Pairwise comparison p-values for Fig. 1D and Supplementary Figure 3 (MBP), as well as for Fig. 1E,
and Supplementary Figure 5 (CC1). Pairwise comparisons between the conditions for MBP signal intensity (A)
and CC1 signal intensity (B) were performed by ANOVA with repeated measures and posthoc LSD. The p-values
for each nonredundant comparison are shown, and significant differences (p < 0.05) indicated by an asterisk (*).
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A Control + Anti-Pten Demyelination Demyelination regimen +
shRNA + ONC regimen Anti-Pten shRNA + ONC

Control 0.00 * 0.02* 0.00 *

Control + Anti-Pten shRNA + ONC 0.34 0.05*

Demyelination regimen 0.07

B 100 uM cuprizone 1 mM cuprizone 10 mM cuprizone

Saline 0.1 0.05* 0.24

100 uM cuprizone 0.69 0.58

1 mM cuprizone 0.63

Table 2. Pairwise comparison p-values for Figs. 4 and 7 on axon regeneration. Pairwise comparisons between
the conditions for pre-treatment with the demyelination regimen (A) and post-injury treatment with intravitreal
injections (B) were performed by ANOVA with repeated measures and posthoc LSD. The p-values for each
nonredundant comparison are shown, and significant differences (p < 0.05) indicated by an asterisk (*).
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A Demyelination regimen + Control + Anti-Pten Demyelination regimen +
Scrambled shRNA + ONC shRNA + ONC Anti-Pten shRNA + ONC

Control + Scrambled

ShRNA + ONC 0.10 0.38 0.01*
Conte e
B 100 puM cuprizone 1 mM cuprizone 10 mM cuprizone
Saline 0.21 0.24 0.21

100 uM cuprizone 0.93 1.00

1 mM cuprizone 0.93

Table 3. Pairwise comparison p-values for Figs. 5C-D on RGC survival. Pairwise comparisons between the
conditions for pre-treatment with the demyelination regimen (A) and post-injury treatment with intravitreal injec-
tions (B) were performed by ANOVA with repeated measures and posthoc LSD. The p-values for each nonre-
dundant comparison are shown, and significant differences (p < 0.05) indicated by an asterisk (*).
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