1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Stem Cell. Author manuscript; available in PMC 2024 August 03.

Published in final edited form as:
Cell Stem Cell. 2023 August 03; 30(8): 1054-1071.e8. doi:10.1016/j.stem.2023.07.010.

-, HHS Public Access
«

20-aHydroxycholesterol, an oxysterol in human breast milk,
reverses mouse neonatal white matter injury through Gli-
dependent oligodendrogenesis

Agnes S. Chaol, Pavle Matak?!, Kelly Pegram?, James Powers?, Collin Hutsonl, Rebecca
Jol, Laura Dubois?, J. Will Thompson?2:3, P. Brian Smith?, Vaibhav Jain*®, Chunlei Liu®7,
Noelle E. Youngel, Blaire Rikardl, Estefany Y. Reyes®, Mari L. Shinohara8?9, Simon G.
Gregory4®, Ronald N. Goldberg?, Eric J. Bennerl.5.10*

1Division of Neonatology, Department of Pediatrics, Duke University Medical Center, the Jean and
George Brumley, Jr. Neonatal-Perinatal Institute, Durham, NC 27710 USA.

2Duke Proteomics and Metabolomics Shared Resource, Center for Genomics and Computational
Biology, School of Medicine, Duke University Medical Center, Durham, NC 27710 USA.

SDepartment of Pharmacology and Cancer Biology, School of Medicine, Duke University Medicall
Center, Durham, NC 27710 USA.

“Department of Neurology, Duke University Medical Center, Durham, NC 27710 USA.
5Duke Molecular Physiology Institute, Duke University Medical Center, Durham, NC 27710 USA.

6Department of Electrical Engineering and Computer Sciences, University of California, Berkeley,
94720 CA.

"Helen Wills Neuroscience Institute, University of California, Berkeley, 94720 CA.
8Department of Immunology, Duke University School of Medicine, Durham, NC 27710 USA.

°Department of Molecular Genetics and Microbiology, Duke University School of Medicine,
Durham, NC 27710 USA.

10 ead Contact

Summary

White matter injuries (WMI) are the leading cause of neurologic impairment in infants born
premature. There are no treatment options available. The most common forms of WMI in
infants occur prior to the onset of normal myelination making its pathophysiology distinctive,
thus requiring a tailored approach to treatment. Neonates present a unique opportunity to
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repair WMI due to a transient abundance of neural stem/progenitor cells (NSPCs) present in

the germinal matrix with oligodendrogenic potential. We identified an endogenous oxysterol,
20-a.Hydroxycholesterol (20HC), in human maternal breast milk that induces oligodendrogenesis
through a sonic hedgehog (shh), Gli-dependent mechanism. Following WMI in neonatal

mice, injection of 20HC induced subventricular zone-derived oligodendrogenesis and improved
myelination in the periventricular white matter resulting in improved motor outcomes. Targeting
the oligodendrogenic potential of postnatal neural stem/progenitor cells in neonates with WMI
may be further developed into a novel approach to mitigate this devastating complication of
preterm birth.

Introduction

Preterm birth is a global health problem associated with high rates of morbidity and
mortalityl. While advances in neonatal care have improved survival among infants born at
the earliest gestational ages, almost 80% of these infants survive with significant neurologic
impairment2. Up to 10% of live births are impacted by premature birth. Survivors are at high
risk for diffuse white matter injury (WMI), which is the most common neonatal brain injury
leading to poor neurologic outcomes in these infants34. One important outcome linked to
WMI is cerebral palsy (CP), the most common motor disability in childhood®. Moderate to
severe motor disability has been reported in up to 10% of surviving premature infants®-9,

In addition to motor disabilities, WMI can lead to broader deficits impacting cognitive,
social-behavioral, and neurosensory outcomes. Despite the sheer magnitude of this problem,
there are no treatment options available, only supportive care.

The period of highest risk for neonatal WMI occurs between 23-32 weeks post-conceptual
age during a critical stage of white matter development that precedes myelination19-11,
Cortical myelination begins around 34-weeks gestation and progresses in a caudal-to-rostral
fashion1213, This high-risk period is characterized by an abundance of pre-oligodendrocytes
(pre-OLs) needed to provide the cellular source of myelinating oligodendrocytesl4. Pre-
OLs are more susceptible to inflammation and oxidative stress compared to their mature
counterparts because they lack antioxidant enzymes (i.e., superoxide dismutase, glutathione
peroxidase)1>16, While pre-OLs are susceptible to degeneration, immature cortical neurons,
basal ganglia, and subcortical gray matter are more resistant to oxidative stress, resulting

in lesions that preferentially involve the developing white matter. Necrotizing enterocolitis
(NEC) or spontaneous intestinal perforations (SIP) are common complications in premature
infants, and are linked to WMI. 50% of patients that survive NEC or SIP will develop
significant neurodevelopmental impairment related to their WMI making this postnatal
complication one of the most important encountered in this patient population®17:18,

While the neonatal period confers specific risks, it may also provide an opportunity for post-
injury repair due to brain plasticity and abundance of neural stem/progenitor cells (NSPCs)
within the germinal matrix that is not seen in older children or adults120, This structure
contains NSPCs populations capable of giving rise to astrocytes and oligodendrocytes?1:22,
Premature infants are born when NSPCs residing in the germinal matrix are abundant and
increasing gliogenesis23. The germinal matrix is a transient structure lining the ventricular
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walls of the embryonic brain and is made up of the ventricular zone and the subventricular
zone (SVZ). Early in development, the germinal matrix is responsible for proliferation of
both neurons and glia. Neurogenesis occurs first, with new neurons proliferating in the
germinal matrix and migrating radially to form the cortical plate and subsequent layers of
the neocortex?4. By 24-weeks gestation, down regulation of pro-neural factors and activation
of pro-glial factors facilitate the production of astrocytes and oligodendrocytes23. This
structure remains active through 32-weeks gestation, at which time it begins to involute
radiographically and is not seen beyond 37-weeks. Developing therapies that replace lost
pre-OLs may improve outcomes after neonatal WMI.

Therapeutic development in infants is complicated by appropriate concerns for safety.

To address this challenge, we focused on identifying endogenous compounds with the
potential to stimulate oligodendrogenesis. Oxysterols are endogenous oxidized cholesterols.
Oxysterols have been detected in the blood, brain, and placenta of mammals but tissue
specific functions are unknown25:26, Oxysterols are best known as endogenous ligands for
Liver X Receptor (LXR)a and LXR@ and regulate cholesterol metabolism?7-28, In addition
to LXR signaling, multiple groups have recently identified select oxysterols as activators

of the sonic hedgehog (shh) pathway2®-31, Specifically, 20-ahydroxycholesterol (20HC)
binds to the extracellular domain of smoothened leading to shh pathway activation and
initiation of Gli Family Zinc Finger 1 (G/i1) transcription29:30:32_ The shh pathway is a
regulator of oligodendrocyte fate specification /n vivo and enhances remyelination following
injury in adult models of demyelination33-36. The impact of oxysterols on shh signaling
forms the rationale for investigating their ability to modulate oligodendrogenesis following
neonatal WMI. Because safety should be at the forefront of drug development in neonates,
we characterized different oxysterols in human breast milk because it is rich in cholesterols.
We identified 5 side-chain modified oxysterols in human milk, including 20HC, that served
as candidates to further screen for shh activation and oligodendrocyte fate specification in
NSPCs. The presence of these oxysterols in human milk suggests a high potential for safety
in this extremely vulnerable population.

Oxysterols in Human Maternal Breast Milk

Because breast milk is a rich source of cholesterol, we hypothesized that multiple oxysterols
may be present. We used Ultraperformance Liquid Chromatography/Electrospray lonization/
Tandem Mass Spectrometry (UPLC/ESI/MS/MS) to identify oxysterols in breast milk3’.
Breast milk from healthy mothers within 2 months of a healthy full-term delivery.

We detected millimolar levels of cholesterol (Figure S1A). We next examined breast

milk for side-chain modified oxysterols including: 20HC, 22-hydroxycholesterol (22HC),
24-hydroxycholesterol (24HC), 25-hydroxycholesterol (25HC) and 27-hydroxycholesterol
(27HC) (Figure S1B,C). Despite varying levels of detection for different oxysterols, we
found nanomolar levels of each side chain-modified oxysterol in breast milk (Figure
S1D-H). Our data demonstrate that breast fed neonates are routinely exposed to multiple
oxysterols with no known adverse consequences.
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20-ahydroxycholesterol (20HC) Induces Oligodendrogenesis in vitro

To identify candidate oxysterols among those found in breast milk for oligodendrogenic
potential, we screened 20HC, 22HC, 24HC, 25HC, and 27HC at 1uM for shh activation

in fibroblast-derived NIH 3T3 cells by measuring induction of G/iZ mRNA. Hydroxylation
at carbon 20 (20HC) had the strongest activity while hydroxylation at carbon 27 (27HC)
failed to induce G/i1 expression in NIH3T3 cells (Figure S1J). Our data allowed us to map
side-chain hydroxylation sites with activity in the shh pathway onto a cholesterol backbone
(Figure S1K). Transitioning to postnatal murine primary SVZ-derived NSPCs, we tested
escalating doses of 20HC and 27HC for their differential ability to induce transcription of
G/iI mRNA levels in vitro. In line with our NIH3T3 data, 20HC induced dose-dependent
G/i1 mRNA expression while 27HC did not increase G/iZ mRNA expression (Figure S1L).

We next determined the impact of 20HC or 27HC on oligodendrocyte production in murine
SVZ-derived NSPC populations /n vitro. NSPCs were propagated in the presence of EGF
and FGF as previously described3® and treated with 1uM of oxysterol in chamber slides for
24 hours prior to EGF and FGF withdrawal. Oxysterol treatment continued for 3 additional
days, after which cells were allowed to differentiate for a total of 15 days without further
addition of oxysterol. Cells were fixed and immunostained for oligodendrocyte lineage
markers, 2°,3’-cyclic nucleoside 3’-phosphatase (CNPase) and myelin basic protein (MBP)
(Figure 1A,B). Cell counting revealed that 20HC increased the number of CNPase*MBP*
cells within differentiated NSPC cultures. Conversely, 27HC did not alter the number of
CNPase*MBP* cells compared to controls (Figure 1B,C). Protein lysates from controls or
those treated with either 1 uM 20HC or 27HC were probed for markers of oligodendrocyte
lineages. 20HC significantly increased CNPase and MBP protein levels over control and
27HC treatment (Figure 1D-F). We next generated postnatal NSPC cultures from transgenic
mice expressing membrane-anchored EGFP from the endogenous CNPase promoter in
oligodendrocyte lineages3?. Confocal analysis of differentiated NSPCs treated with 20HC
confirmed that EGFP* cells co-localize with CNPase and MBP (Figure 1G). Flow
cytometry experiments revealed that 20HC-treatement increased the percentage of EGFP*
oligodendrocytes relative to vehicle control or 27HC-treated (Figure 1H).

To determine if 20HC acted on undifferentiated NSPCs or newly committed oligodendrocyte
progenitor cell (OPC) populations, we cultured primary NSPCs as before but altered 20HC
treatment timing. NSPCs were either treated with 20HC in media containing EGF and FGF
24 hours before withdrawal (Tx Time 1, Figure S2A), immediately upon withdrawal of

EGF and FGF (Tx Time 2, Figure S2A), or 6 days after EGF and FGF withdrawal (Tx

Time 3, Figure S2A). Cell numbers were analyzed following 15 days of differentiation using
cell counting, and results show that the greatest increase in oligodendrocyte production

is when 20HC treatment is initiated prior to EGF and FGF withdrawal suggesting 20HC
targets uncommitted NSPCs (Figure S2B). To further exclude the possibility that 20HC
induces proliferation in oligodendrocyte progenitor cells (OPCs) /n vitro, we isolated
primary A2B5* OPCs from postnatal day 5-7 (p5-7) mice using anti-A2B5 magnetic beads
(Figure S2C). OPCs were propagated in proliferation media containing PDGF and treated
with escalating doses of 20HC (0.1-1uM). Cell proliferation was analyzed using CellTrace
Violet. Cells were cultured for 3 days after CellTrace Violet exposure then analyzed by flow
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cytometry. There was no significant difference in proliferation of control OPCs compared to
20HC treated cells at any dose tested (Figure S2D,E). Additionally, 20HC did not change
the proliferation when the experiment was conducted on OPCs in differentiation media

that lacks PDGF (Figure S2D,F). In fact, there was a trend toward decreased proliferation
after 20HC treatment. Together, these results further suggest that 20HC does not induce
proliferation in OPCs and supports our conclusion that the increased oligodendrocyte
production resulted from NSPCs changing their fate and not an expansion of committed
oligodendrocyte progenitors.

We also investigated the impact of 20HC on additional cell lineages generated during /in
vitro differentiation of SVZ-derived NSPCs. We cultured NSPCs and treated them with
escalating doses of 20HC and allowed them to differentiate for 5 days. On day 5, cells were
fixed and immunostained for oligodendrocyte transcription factor 2 (Olig2), glial fibrillary
acidic protein (GFAP), and doublecortin (Dcx) (Figure S2G). In separate experiments, qPCR
analysis for the same oligodendrocyte, astrocyte, and neuronal markers was performed.
There was a dose dependent increase in Olig2 mRNA in response to 20HC (Figure S2H).
However, our analysis showed no significant difference in the neuronal marker, Dcx,
between control and 20HC treated groups (Figure S21). We did observe a 20HC dose
dependent decrease in astrocyte marker, GFAP (Figure S2J). These results suggest that
20HC-induced oligodendrogenesis does not affect NSPC-derived neurogenesis but may
drive cell fate away from astrocyte lineages.

We then applied a single cell droplet sequencing approach (10xgenomics, Pleasanton, CA)
to compare early emerging oligodendrocyte progenitor populations within 20HC-treated
and vehicle-treated NSPCs immediately following 20HC dosing. NSPCs were expanded
into vehicle control (DMSO) or 1uM 20HC-treated groups. 3 days after EGF and FGF
withdrawal we sequenced genes over 15,000 cells combined and used Uniform Manifold
Approximation and Projection (UMAP) dimensionality reduction to condense the data into
a 2D space and segregate cell groups based on gene expression profiles (Figure 2A).

We identified cell clusters (Figure 2B), including an emerging oligodendrocyte committed
population based on expression of Platelet Derived Growth Factor Receptor a (Pdgfra),
Chondroitin Sulfate Proteoglycan 4 (Cspg4), Oligodendrocyte Transcription Factor 1
(Olig1), Olig2, and Sox10 (Figure S3A-E). Oligl, Olig2, Pdgfra., Sox10 and Cspg4 (NG2)
are known markers of the oligodendrocyte lineage. Analysis of UMAP plots comparing the
size of the oligodendrocyte committed lineages relative to the entire population revealed a
30% increase in oligodendrocyte committed progenitors in the 20HC-treated cells compared
to controls at this early time point (Figure 2C). As a secondary measure, we treated NSPC
cultures with vehicle or escalating doses of 20HC and analyzed mRNA levels of PDGFRa,
Cspg4, Oligl, and Olig2by qPCR on day 3 of treatment. All 4 genes followed a 20HC
dose dependent increase when compared to controls, supporting our single cell analysis
above (Figure 2D). We also immunostained differentiating NSPC cultures for Olig2 and
PDGFRa at 5 days of differentiation to assess the production of OPCs (Figure S3F,G).

To better understand what signaling crosstalk via membrane-bound receptors and their
soluble ligands are occurring in our NSPC cultures following 20HC treatment /n vitro, we
performed a CellChat analysis®. CellChat identified interactions between cell type in both
control and 20HC-treated groups (Figure 2E-H). Observations include the production of
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PDGF from FoxJ1* ependymal cells in culture and the reciprocal activation of the PDGFRa
pathway on OPCs following 20HC treatment. Furthermore, 20HC treatment increased NSPC
signaling within the thrombospondin (THBS) pathway which has been implicated in Notch
signaling38:41,

Pseudobulk RNAseq analysis in 20HC-treated cells compared to control revealed increased
expression of multiple genes, including Wdr89, Nme2 and Grccl10, and decreased
expression of multiple genes, including Fbxo2 and Hmgn1 (Figure S3H). Of interest, Fbxo2
expression is associated with astrocytes and is upregulated in astrocytes during disease*2.
Hmgn1 regulates NSPC fate specification of the astrocytic lineage®3. Analysis of 20HC-
treated NSPCs compared to control showed increased expression of Wdr89 and Grecl0, and
decreased expression of Hmgn1 (Figure S3I). Analysis of 20HC-treated OPCs compared

to control revealed increased expression of Wdr89 and Nme2, and decreased expression of
Gfap and Hmgn1 (Figure S3J). 20HC mediated Wdr89 expression was increased in all 3
analyses although little is known about its function. Decreased expression of Fbxo2 and
Hmgn1 in 20HC-treated cells compared to control suggests a downregulation of astrocyte
production in response to 20HC. These transcriptomic results support the conclusion that
treatment with 20HC induces oligodendrocyte fate specification, perhaps at the expense of
the astrocytic lineage.

Molecular Mechanisms of 20HC-Mediated Oligodendrogenesis

Because oxysterols are classically known as LXR agonists, we assessed its role in
20HC-induced oligodendrogenesis. At 1uM, we found that 20HC treatment induced the
transcription of both the ATP-binding cassette sub-family A member 1 (Abcal) and ATP-
binding cassette sub-family G member 1 (Abcgl) genes consistent with LXR activation.
As an oxysterol control, we included 22HC as a known LXR antagonist*#4> and did

not observe an induction of Abcal or Abcgl as expected in primary NSPCs (Figure
S4A,B). To antagonize 20HC-mediated LXR activation /n vitro, we utilized an LXRa

and LXRP antagonist, GSK2033. Treatment of NSPCs with 100nM GSK2033 attenuated
20HC-induced Abcal and Abcgl mRNA induction (Figure S4A,B). We next tested if LXR
inhibition would impact 20HC-induced oligodendrogenesis 7 vitro by immunostaining
CNPase*MBP* oligodendrocytes in 15-day differentiated cultures (Figure S4C). We
observed 20HC-induced oligodendrogenesis as before. Inhibition of LXR with GSK2033
did not disrupt the generation of oligodendrocytes /n vitro (Figure S4D). Additionally,
inhibition of LXR signaling with GSK2033 failed to disrupt oxysterol-mediated increases in
CNPase or MBP protein levels /n vitro (Figure SAE-G). These results are not supportive of
an LXR role in 20HC-mediated oligodendrocyte fate specification.

We next interrogated the role of shh signaling in oxysterol-induced oligodendrogenesis.
Shh signaling is the most well studied molecular pathway influencing NSPC fate switch
into the oligodendrocyte lineage*”+48. We treated NSPCs with 300ng/ml shh in vitro and
observed increased numbers of CNPase* oligodendrocytes and olig2 and MBP protein
levels (Figure S4H-K). Because Glil and Gli2 are downstream transcription factors of
the shh pathway, we used the Glil and Gli2 inhibitor, GANT614° to block shh-induced
oligodendrogenesis (Figure S41-K). We then examined the ability of GANT61 to block
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20HC-induced oligodendrogenesis /n vitro. NSPCs were and exposed to media control,
5uM GANT61, 1uM 20HC or 20HC+GANT61, and allowed to differentiate as before.
Following 15 days of differentiation, fixed cells were stained for CNPase and counterstained
with DAPI (Figure 3A). Cell counting revealed an increased number of CNPase* cells

in 20HC-treated cultures. GANT61 blocked 20HC-mediated increases in oligodendrocyte
numbers (Figure 3B). Protein lysates then were probed for CNPase and MBP confirming
that GANTG61 treatment abolished 20HC-mediated oligodendrogenesis /n vitro (Figure 3C-
E). Together, these data suggested a functional role for Glil and/or Gli2 in 20HC-dependent
oligodendrogenesis.

We next used a transgenic approach to generate newborn pups deficient in either G/iZ

or Gli2using Glil-LacZ or Gli2-LacZ knock in alleles®®. Heterozygous Glil-LacZK!

males were crossed to heterozygous Glil-LacZKX! females to produce Gli1**(GliaWT),
Gli1*/Kl(Gli1HeY), and Gli1KVKI (G1i1KO) NSPC cultures. NSPCs from these Glil genotypes
were propagated in EGF and FGF and then exposed to vehicle or 1uM 20HC as before.
After 15 days of differentiation, we found increased levels of CNPase and MBP protein

in differentiated NSPC cultures from Gli1WT and Gli1Het pups following 20HC-treatment.
However, differentiated NSPCs generated from Gli1K© pups showed a significant reduction
in CNPase and MBP levels despite 20HC treatment (Figure 3F-H). A similar approach
using Gli2-LacZK! alleles was used to generate these same Gli2 genotypes and perform
western blots to measure CNPase and MBP. These Gli2 genotypes revealed a similar
pattern compared to our Glil studies although the effect of G1i2X0 on 20HC-induced
oligodendrogenesis was more profound compared to Gli1K© (Figure 31-K). This suggests
that Gli2 transcription is essential for 20HC-induced oligodendrogenesis and may be able to
compensate for Glil function when knocked out. Because Gli2 deletion resulted in the most
robust change in CNPase and MBP levels, we repeated the experiments for cell analysis,
immunostaining for CNPase. Differentiation of primary Gli2WT, Gli2Het, or Gli2KO NSPCs
in untreated control media generated similar cell morphology and numbers of CNPase*
oligodendrocytes demonstrating that G1i2K0 did not disrupt baseline oligodendrocyte
production (Figure 3L,M). However, when stimulated with 20HC, NSPCs deficient in Gli2
did not increase their oligodendrocyte fate specification (Figure 3L,N). Despite similar
oligodendrocyte numbers and morphology of Gli2XC cells observed /n vitro, we performed
additional testing to determine if Gli2 deficient oligodendrocytes behave normally when
compared to their WT counterparts. Thyroid hormone (3,3’,5-Triiodo-L-thyronine, T3) is a
well-known inducer of oligodendrocyte maturation. We cultured NSPCs from Gli2WT and
Gli2%0 pups as above and treated with vehicle or 50nM T3. After 12 days of differentiation,
cells were fixed and stained with CNPase and MBP. Using Sholl analysis to characterize
the morphology of cells and quantify their complexity showed that oligodendrocytes from
both Gli2WT and Gli2XC mice treated with T3 were similarly more complex and mature
compared to control (Figure 30,P). Compared to Gli2WT NSPCs, NSPCs from Gli2KO
mice give rise to similar numbers of OPCs that mature as expected in response to T3

in vitro. Together, these results demonstrate that deleting Gli2 impairs 20HC-induced
oligodendrocyte fate specification but does not affect the ability of other endogenous
molecules, such as T3, to promote their differentiation into mature oligodendrocytes.
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Neonatal intestinal perforation inflammatory brain injury model

To next explored the efficacy of 20HC in a clinically relevant animal model of neonatal
intestinal perforation and sepsis®1:52. Briefly, cecal contents (stool) from young (p20-p22)
stool donors were injected into the peritoneal cavity of recipient mice on p5 to induce
peritonitis (Figure S5A). Microbiota analysis in donor stool samples (n=9) was performed
to understand the diversity of organisms injected into the peritoneal cavity (Figure S5B).

We injected escalating cecal slurry doses (500-1000mg/kg) into the recipient mice on p5
and determined survival (Figure S5C). Because a stool dose of 800mg/kg only resulted in
~5% death rate, we conducted the remaining studies at this dose. To determine if peritoneal
injection of stool resulted in bacterial seeding of systemic organs, we euthanized pups 72
hours after stool injection and their spleen, lung and SVZ were dissected and homogenized
for bacterial culture. Plating these homogenates on MacConkey agar to select for gram
negative bacteria, we found that 8/8 injected mice grew colonies from the spleen, 7/8 mice
grew colonies from the lung, and 4/8 mice had positive cultures from the SVZ (Figure S5D).
16S rRNA sequencing of the colonies obtained from the SVZ identified them as Escherichia
genus matching sequences obtained from the stool samples. Control mice (n=6) showed no
growth in any organs tested. We then examined the inflammatory cytokine profile by gPCR
in the systemic circulation (spleen) and the central nervous system (CNS) at 2 days post
peritoneal stool injection (p7). Stool-induced peritonitis resulted in increased expression of
Tnfa, IL-6, IL-1B, and numerous chemokines in the systemic circulation and elevations of
/L-1Band /L-17a in the CNS (Figure S5E).

To determine the global impact of modeled intestinal perforation on neonatal brain injury,
we performed brain MRI. Sepsis was induced in mice on p5. 4 days later (p9) control mice
(n=2) and septic littermates (n=2) were perfusion fixed with contrast and imaged (Figure
S5F). We observed diffusion changes within the periventricular white matter regions (Figure
S5G-I). Quantification of diffusivity changes from 20 sites/mouse within each region of
interest revealed a more pronounced change in white matter structures compared to cortical
gray matter regions (Figure S5J-M). Septic mice showed a marked increase of diffusivity in
the corpus callosum (CC), suggesting a loss of cellularity (e.g. loss of oligodendrocytes) and
a possible reduction of myelination. To further assess myelination, we employed quantitative
susceptibility mapping MR sequences. Diamagnetic susceptibility of white matter is caused
by myelin lipids and has successfully been used to assess myelin architecture including

in neonates®3-55, Higher myelination results in more diamagnetic susceptibility in white
matter. In our control mice, we observed more diamagnetic properties in the CC compared to
our septic mice at this time point (Figure S6A). Averaged changes in magnetic susceptibility
revealed predominant changes in the periventricular CC relative to cortical regions (Figure
S6B,C). The finding of increased diffusion and the change in magnetic susceptibility
strongly suggested myelin deficits with possible axonal injury in this structure.

We then performed experiments to quantify the numbers of mature oligodendrocytes by
stereology on p25. Coronal tissue sections spanning the entire ventricular region were
immunostained for CC1 and Olig2 and every fourth section was counted (Figure S6D). We
identified a stool dose-dependent decrease in the number of CC1*Olig2* oligodendrocytes
within the CC that aligns with the changes we observed on MRI (Figure S6E,F). In
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summary, injection of stool into the peritoneal cavity to model a neonatal intestinal
perforation resulted in stool-derived bacteria seeding multiple organ systems accompanied
with systemic and neuroinflammation. Surviving mice developed both diffusion changes and
changes in magnetic susceptibility located preferentially in the periventricular white matter
structures, which correlated with oligodendrocyte deficits at p25.

20HC Rescues Neonatal Inflammatory White Matter Injury in vivo

We next developed a protocol to analyze cell death, OPC numbers, and mature
oligodendrocyte numbers at various time points following p5 induction of WMI in treated
and untreated mice (Figure 4A). /L-1 gene expression at p7 (24 hours after treatment)

and did not observe a significant impact on this proinflammatory cytokine (Figure 4B).

We next determined the numbers of PDGFRa+ OPCs in uninjured controls, vehicle-treated
septic mice, and septic mice treated with 5 days of 20HC (100mg/kg/day). This analysis
was conducted 24 hours following the final dose of 20HC on p11. Using stereology, we
observed a reduction in OPC numbers in septic animals compared to controls. However,

we did observe an increase in the number of OPCs in septic animals treated with 20HC
(Figure S7A,B). Combining PDGFRa immunostaining with proliferation marker Ki67,

we determined that the fraction of OPCs undergoing proliferation at this time point was
increased in 20HC-treated animals (Figure S7C,D). To address whether 20HC impacts the
number of dying OPCs, we induced sepsis on p5 and initiated daily treatment (vehicle or
20HC) earlier at 8 hours post-stool injection. Two days later (p7), we immunostained brains
for PDGFRa and activated caspase-3 and counted the number of double-positive cells in the
periventricular CC and subcortical white matter. We observed rare caspase-3* OPCs in the
control animals and increased numbers in septic animals (Figure 4C,D). However, there was
no difference in caspase-3* cells in septic animals treated with 20HC compared to septic
animals treated with vehicle control at this time point suggesting that 20HC therapy does not
alter cell death after injury (Figure 4C,D).

To determine if 20HC treatment impacted the number of mature oligodendrocytes, we
compared control mice, vehicle-treated septic mice, and septic mice randomized to 20HC
treatment at 100mg/kg/day for 5 days. To determine if treatment alters cholesterol or 20HC
levels in the CNS, we measured serum and brain levels of these compounds at 24 hours
after mice completed a 5-day 20HC treatment. Using mass spectrometry, we observed no
significant difference in brain cholesterol levels following treatment (Figure S7E). However,
we did observe increased 20HC levels in the serum and brains of uninjured and septic mice
treated with 20HC compared to vehicle-treated control and septic mice (Figure S7F,G).We
included 27HC treatment at the same dose as an additional control. Treatment dosing began
24 hours after stool injection. We processed brains for oligodendrocyte stereology as before
at p25 (Figure 4E). As expected, the number of mature CC1*Olig2* oligodendrocytes in the
sepsis group decreased compared to uninjured control mice (Figure 4F). However, treatment
with 20HC resulted in increased numbers of periventricular CC1*Olig2* oligodendrocytes
when compared to either vehicle alone or the non-oligodendrogenic 27HC (Figure 4F).
Subsequent experiments using 20HC were analyzed at the later time point of p60 to
determine if this benefit was permanent. The analysis at this later time point was similar

to numbers obtained at p25 with 20HC showing a significant increase in numbers of
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mature oligodendrocytes compared to vehicle-treated septic mice (Figure 4G). Subsequent
experiments using decreasing doses of 20HC from 50 to 1 mg/kg/day revealed a dose-
dependent response to 20HC and further identified 50mg/kg/day for 5 days as the minimum
dose required for complete rescue of oligodendrocyte cell numbers back to control levels
(Figure 4H).

To investigate the impact of sepsis and 20HC (100mg/kg/day) treatment on myelination,

we stained sagittal sections with Black Gold to identify subcortical myelinated fibers

at p25 (Figure 5A,B). To quantify subcortical myelinated fiber length, we utilized an
unbiased Space Balls stereological probe. Space Balls uses systematic random sampling

to determine the end-to-end length of linear objects in tissue, in this case myelinated

fibers. Our analysis revealed a significant decrease in overall myelinated fiber length in

the subcortical white matter in septic animals treated with vehicle alone when compared to
uninjured controls. However, septic littermates treated with 20HC demonstrated increased
myelinated fiber length throughout comparable subcortical regions (Figure 5C). We next
performed transmission electron microscopy (TEM) on midline sagittal sections in the CC
in uninjured controls, septic mice, and septic mice treated with 20HC at p20 (Figure 5D).
We observed an increase in g-ratio in our septic cohort that normalized to control levels
with 20HC treatment (Figure 5E). Moreover, we observed decreased numbers of myelinated
axons in the septic animals compared to control littermates. Following 20HC treatment,

we observed an increased number of myelinated axons relative to vehicle-treated animals
(Figure 5F). Together, these data demonstrate increased numbers of mature oligodendrocytes
that persist into adulthood and improved myelination in the periventricular and subcortical
white matter in septic mice following treatment with 20HC.

To assess motor outcomes, we utilized our CatWalk gait analysis system. We generated
control littermates and mice that were injected with cecal slurry at p5 as above. These mice
were randomized into vehicle control or 20HC-treated groups (100mg/kg/day x 5 days)
and performed gait analysis at 2 months (p60) of age. Mice that were treated with vehicle
alone demonstrated a significant reduction in their regularity index. Deficits in regularity
index were corrected in mice treated with 20HC (Figure 6A,B and Supplemental Video 1,
p<0.0001). Regularity index is a measure of interlimb coordination and motor planning.
We also detected an abnormal swing time and step cycles in the forelimbs compared to
hind limbs in septic mice compared to controls. All forelimb gait deficits were corrected in
20HC-treated animals (Figure 6D-K). This gait analysis showed that neonatal septic mice
treated with 20HC had improved motor function that persisted into adulthood.

20HC Enhanced SVZ-Derived Oligodendrogenesis in vivo

Connecting these /n vivo results to our /n vitro observations on mechanism in NSPCs,
we utilized the Nestin-CreERT2 allele to lineage trace SVZ NSPCs following injury®6.
This genetic strategy allows us to determine if 20HC treatment /n7 vivoresults in SVZ-
derived oligodendrogenesis that contribute to recovery in the affected periventricular
white matter regions. We crossed the Nestin-CreER 2 allele to the R26r-TdTomato
reporter line to lineage trace these postnatal NSPCs /n vivo. Tamoxifen injection on

p4 and immunohistochemical analysis 3 days later revealed TdTomato recombination in
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Sox2*Nestin* SVZ NSPCs (Figure 7A,B). As a control, analysis of transgenic mice that did
not receive tamoxifen injection but received 5 days of 20HC treatment did not show any
detectable levels of R26r-TdTomato recombination (Figure S8A,B). 3 days after tamoxifen
injection, TdTomato* cells present in the periventricular white matter co-localized with
GFAP™ astrocytes but not NG2* OPCs, demonstrating that p4 tamoxifen injection does not
label cells in the OPC lineage (Figure S8C-E).

To lineage trace SVZ-derived NSPCs /7 vivo, Nestin-CreERT2;R26r-TdTomato pups were
injected with tamoxifen on p4. Mice were randomized into four groups: uninjured control
mice, uninjured mice with 20HC treatment, septic mice treated with vehicle alone, or

septic mice treated with 20HC (100mg/kg/day x 5 days, Figure 7C). At p25, brains were
perfusion fixed and coronal sections spanning the lateral ventricles were immunostained for
TdTomato and CC1 (Figure 7D). Stereology was used to enumerate total numbers of CC1*
oligodendrocytes and confirmed a loss of periventricular oligodendrocytes in septic animals
that was improved after 20HC treatment (Figure 7E). When looking at new SVZ-derived cell
output (Td-Tomato*), we noted that there are increased numbers of SVZ-derived cells in all
treatment groups compared to control. However, only in the 20HC-treated groups did we

see increased numbers of TdTomato*CC1* oligodendrocytes (Figure 7F). 20HC treatment
of uninjured mice did not significantly change the total number of mature oligodendrocytes
at p25 but did increase the fraction of SVZ-derived (TdTomato*) cells represented in this
population (Figure 7E,F). As expected, the vehicle-treated septic mice had a reduction

in total CC1* oligodendrocyte numbers and the number of CC1* oligodendrocytes that
co-localized with TdTomato was similar to numbers seen in control mice (Figure 7E,F). This
suggests that the SVZ did not significantly contribute new oligodendrocytes after injury in
the absence of treatment. In contrast, septic mice treated with 20HC had normalized total
CC1* oligodendrocyte numbers and had significantly more CC1*Tomato™ (newly generated)
oligodendrocytes when compared to control, vehicle-treated septic mice (p<0.0001) or
uninjured 20HC-treated mice (p<0.05) (Figure 7E,F). These data demonstrate that 20HC-
mediated recovery of oligodendrocyte deficit is mediated, at least in part, through 20HC-
induced SVZ-derived oligodendrogenesis /n vivo.

Discussion

Diffuse WMI is the most common neonatal brain injury leading to poor neurologic
outcomes in premature infants. Systemic inflammation from infection is a risk factor

linked to these outcomes, and there are no treatment options available. Developing new
therapeutics for neonates is challenging due to appropriate concerns for safety. We identified
a potential therapeutic use for an endogenous oxysterol, 20HC, in neonatal WMI. 20HC
promotes oligodendrocyte fate specification in postnatal S\VZ-derived NSPCs /n vitro. Using
pharmacologic and genetic approaches, we identified shh signaling through Gli2 as the

key molecular mechanism driving the production of new oligodendrocytes from NSPCs

in vitro. Using a clinically relevant model of inflammatory neonatal WMI, we found that
treatment with 20HC increases numbers of mature oligodendrocytes, improves myelination,
and rescues motor deficits. Modeled intestinal perforation induces an inflammatory WMI
resulting in a loss of periventricular OPCs, hypomyelination, and motor deficits that

persist through adulthood (p60). 20HC treatment resulted in increased number of mature
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oligodendrocytes, improved myelination, and motor outcomes at 2 months. Using the Nestin
CreERT2 allele to lineage trace postnatal NSPCs, we confirmed that NSPC production

of new oligodendrocytes following 20HC treatment is one mechanism through which

20HC rescues neonatal WMI in vivo. We found no significant differences in cell death
(caspase-3* cells) between vehicle-treated and 20HC-treated injured mice, suggesting that
the therapeutic effect of 20HC is not due to increased survival of OPCs. The approach
presented here appears to replace cells after injury by targeting NSPC pools present in
preterm neonates. This is an important distinction because the precise timing of brain injury
in preterm infants is often difficult or impossible to determine and therapeutic windows for
“protective” approaches are often short due to the need to intervene prior to cell death.

There is significant controversy in the field surrounding the underlying mechanism that
results in preterm brain injury, including diffuse WMI. Studies in human tissue suggest

that myelination failure is a result of arrested oligodendrocyte lineage progression after
injury®7:58  while others suggest that hypomyelination is due to oligodendrocyte progenitor
cell death°. 48 hours after modeled intestinal perforation in our model of inflammatory
WMI, we found significantly increased numbers of caspase-3*PDGFRa+ cells in the
periventricular white matter of septic mice compared to control, which is indicative of
apoptotic cell death after injury in early OPCs. These results are similar to the findings of
hypoxic-ischemic cellular degeneration of late OPCs by Back et al. in early periventricular
WMI18, In contrast, studies in which cell death was not observed were performed in post-
mortem tissue of infants with chronic WMI57-38, Cell death may not have been observed due
to tissue analysis after the acute phase of injury or alternative mechanisms (non-apoptotic)
of cell death®. Unchanged or increased numbers of immature oligodendrocytes observed

in these studies may be secondary to increased progenitor cell proliferation or failure of
maturation of surviving cells. Nevertheless, the underlying pathophysiology of neonatal
WMI is likely multifactorial, due to a combination of oligodendrocyte progenitor cell death,
regeneration, and maturation arrest, warranting further investigation.

Shh signaling known to play a significant role in oligodendrocyte fate specification. When
shh is activated, it results in downstream target gene transcription via Glil and Gli2.
Previous work has demonstrated that shh signaling is necessary for Olig gene expression
during early stages of oligodendrocyte development Jn vivo®3-36. Of note, an interesting
study using a Gli1/Gli2 inhibitor, GANT61, demonstrated enhanced oligodendrocyte
production in a narrow subset of Glil™ SVZ NSPCs in adult toxin models of myelin
injury®L. In contrast, our study demonstrates that 20HC treatment increases oligodendrocyte
fate specification by exploiting the shh activation properties of oxysterols and subsequent
downstream activation of Glil and particularly Gli2. Our in vitro experiments showed

that GANT61 disrupted 20HC-dependent oligodendrocyte fate specification. Subsequent
genetic approaches to delete Glil or Gli2 confirmed their critical roles in 20HC-induced
oligodendrocyte fate specification, with Gli2 deletion having the most profound impact.

At no time in our investigation did we observe an increase in neonatal NSPC-derived
oligodendrogenesis following a disruption of shh signaling with GANT61, but we did
observe a small but significant increase in CNPase™ oligodendrocyte committed cells
following deletion of Gli2. Our studies differ most notably in the focus on Gli2 versus Glil
and importantly, the age of mice studied. Here we used neonatal mice whose shh-responsive
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(Gli1*) SVZ NSPC population differs greatly from that observed in the adult animal®2,
which likely accounts for the difference in our results.

Therapeutic development for neonates must have safety in the forefront, thus discovering
therapeutic uses of natural compounds found in breast milk is an appealing strategy. 20HC
has been described in human placenta and the mammalian CNS and here we report its
presence in human breast milk. There is a significant body of literature discussing the
benefit of breast milk feeding over formula on neurodevelopmental outcomes in preterm
infants, when controlling for environmental and social factors®3. Breast feeding is associated
with improved connectivity observed on MRI in survivors of preterm birth64. Moreover,
breastfeeding duration is associated with improved Bayley scores at 12, 18 and 30 months
corrected age, alongside improved structural connectivity, and myelin architecture in several
brain regions85-87. However, the mechanism underlying improved neurodevelopmental
outcomes remains unknown. Some have suggested specific nutritional components of breast
milk, such as long chain polyunsaturated fatty acids, are the key factor, while others attribute
improved neurodevelopmental outcomes to the decreased risk of NEC in preterm infants66.
Importantly, data presented here does not directly address a role for oxysterols in human
breast milk as a mechanism for the observed improvement of neurodevelopmental outcomes
in breastfed infants. Notably, our oxysterol approach used higher exposures and a different
route of administration when compared to breastfed infants. Exploration of the role of
endogenous oxysterols in breast milk on neurodevelopmental outcomes will require future
investigation. Our purpose for including the oxysterol levels in breast milk in the present
study is demonstrate infants exposures to this class of molecules and that there is a safe
exposure level in the preterm infant.

Limitations of the Study

As with all pre-clinical studies, our results are limited by our animal model. Our model

of inflammatory neonatal WMI is induced in otherwise healthy mice. Preterm infants that
develop intestinal perforation and subsequent diffuse WMI often also have co-morbidities
that may include intraventricular hemorrhage and developing chronic lung disease, which
may also affect neurodevelopmental outcomes. Thus, there may be additional confounding
or complicating factors that we are unable to account for in this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 20HC induces oligodendr ocyte differentiation in NSPCsin vitro.
A, Experimental design. SVZ-derived NSPCs were propagated in EGF and FGF. 24 hours

before growth factor withdrawal cells were treated with media or indicated oxysterol for 3
days. Analysis was performed 15 days after growth factor withdrawal.

B, Images of differentiated NSPCs treated with vehicle control, 1uM 20HC, or 1uM
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27HC. Cells were stained for CNPase (green) and myelin basic protein (MBP, red). Scale

bar=25pm.

C, Numbers of CNPase*MBP™ oligodendrocytes/high powered field (HPF). Each data

point represents an independent experiment. Mean£SEM. One-way ANOVA followed by

Bonferroni’s multiple comparisons test. ***P<0.0001.

D, Protein lysates from differentiated NSPC cultures treated with 1uM of 20HC or 27HC

were probed for CNPase, MBP, and actin.
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E,F MBP or CNPase levels normalized to actin and presented as fold increase over vehicle
(DMSO) controls. Mean+SEM. One-way ANOVA followed by Bonferroni’s multiple
comparisons test. ***P<0.0001.

G, Images of transgenic CNPase-EGFP 20HC-treated NSPCs immunostained for EGFP
(green), CNPase (red) or MBP (white). Scale bar = 10um.

H, Representative flow cytometric analysis of 15-day differentiated NSPCs from transgenic
CNPase-EGFP mice analyzed for EGFP expression following treatment with indicated
oxysterol at 1uM. Percent EGFP* cells are indicated in individual plots. Average flow
cytometric analysis represented as fold-increase over controls (dashed line). Each point is an
independent experiment. One-way ANOVA followed by Bonferroni’s multiple comparisons
test. ***P<0.0001. Non-significance is indicated by NS.

Cell Stem Cell. Author manuscript; available in PMC 2024 August 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Chao et al. Page 21

Cdes L]
A NSC B Tmemiis
15 Astrocyte Tmem212 B
Fogt] + - . .
Neuroblast 01 I : . b o Average Expression
AP Actaz . 2
myelinaii Cspgt i i
Pre-myelinating OL ot . o 1
OPC Soct0 s
L Smooth Muscle Cell §  Para M- 1
Neuron & oigt - e Percent Expressed
Ependymal Oixt : 2 0
pancys Tubbs e o ° ° .2
Microglia Tubb3 . o 50
Macrophage Dox .
oS phag Gal] ® ® « o s
o vm] @ ® e o o ®1%
K Glap| @ @ ® e o
H rpi| © @ °
soz] o o
3 g
: & & i
o . = 3
D 3, KEE 3. i
s : 2 2
<
&
E 2 hid 2.
8 1.5} 1
c W 3 3 7 8
e Uap_t §
£ Bt 1.
5 H
3 8
2 o o
35 20
g 0 0
g Control 0.50M 1.0uM._5.0uM Control 0.5 1.0uM_5.0uM
= 20HC 20HC 20HC 20HC 20HC 20HC
8 o 25
ry 25 *xx
3 -
g . 2
5 -20- 3 2 *
2 g .
z
2 1.5¢
g £ 1 £ ¥
3 8
o - T T T T T T T T T T T - 10}
O 3 > R O O & 2 @ @ g
& & F F Ffeo & e £ & & & s
& & R S & FE (& & &
¥ S Sy TN 3 o8
b PN 2 <K K os}
S [S;
S
S od
o oot Control 0.5uM 1.0uM 5.0uM
Control 0.50M 1.0uM._5.0uM 20HC 20HC 20HC
20HC 20HC 20HC
E Interaction weights/strength F
Outgoing signaling patterns Incoming signaling patterns
e ‘]l
Neurablas
2 -
3 b e mmmmce i Il el mEEm.
Pro-mysioging O7/TNSS Pl = =
; ¢ SEE TH e =
COLLAGEN = =
PSAP — ] - =
5 PO FN1 —) = g
o SPP1 ]
£ LAVININ =
g c NCAV NN - 0 -
CLON H H
o ¢ CoH m— 1 — -— H
‘Smooth Muscle Cell Kém - : - -: 0
rophage ENASCI o []
f - H
— e —" T ——
T % & g = & 2 2 5 T 2 & g 2 S
Ependymal 8 8§ 8 5382 3 £ 8 3 2 8 g3 2 3 &
o Teef sl Tgffgsog H
i 3 5 § < 5§ 5 § Z 3 ] 3 g = §
= T 3 = H = S : = H
H H £ 5
L | L
Outgoing signaling patterns. Incoming signaling patterns
G Interaction weights/strength H 1 1 l j l
i pp—— I | Py mlm
o — = - .
Pre-myelinating OL COLLAGEN —]
e PSAP I - = -—
5 o LAVIRIN = |
i — s o
JAM Em— ]
o oPOR TENASCIN - _—
g Spe1 H
T < ENHO H -
o THBS B
s s H
€ Smooth Muscle Cell CADM I— H
] £ foesngs GALESTIN H
8 <& H =
oo glia IGF 1 - =
Epondymal 8oer | [
g 2 7 & g 5 o 2 7 & 4 9 ® s = 8
2 2 8 g3 H 2 ¢ £ 05 8 H g
= g3 g g =33 ER s £ £
g 3 3 2 3 g ] LI
23 H & A H 2 &= 3
£ 5
@ E g
& & &

Figure 2. Single cell sequencing of NSPCstreated with 20HC.
A, UMAP plot showing gene expression relationships among 10,730 cells in the control

group with 6,052 individual genes profiled. 11 different clusters are color coded.

B, Dot plot representation of original sample source with genes corresponding to each
cluster.

C, Change in cell cluster size after 20HC-treatment at day 3 of differentiation. Percent
change represents the change in size of indicated cluster relative to the entire cell population
for 20HC treatment compared to control. OPC cluster shown in purple.

D, Escalating 20HC dose effect on fold change in Olig1, Olig2, PDGFRa and Cspg4
transcripts by gPCR compared to vehicle control on day 3 of treatment. Purple bar indicates
1uM dosing matching the dose used in single cell analysis. Results are the average of

12 NSPC samples/condition representing 3 independent experiments. Oneway ANOVA
followed by Bonferroni’s multiple comparisons test. Mean+SEM. *P<0.05,
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**P<0.001, ***P<0.0001.

E, CellChat displaying unbiased interactions between clusters in the control group, with
increased line thickness correlating with strength of interaction.

F, Specific outgoing and incoming (ligand-receptor) signaling patterns within each cluster as
represented in (E).

G, CellChat displaying unbiased interactions between clusters in the 20HC-treated group,
with increased line thickness correlating with strength of interaction.

H, Specific outgoing and incoming (ligand-receptor) signaling patterns within each cluster
as represented in (G).
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Figure 3. Oxysterol-induced oligodendrogenesisis Gli-dependent.
A, Images of differentiated NSPCs treated with vehicle control, 5uM GANT61, 1uM 20HC,

or 20HC+GANTG61. CNPase (green) and DAPI (blue). Scale bar = 10um.

B, Numbers of CNPase* oligodendrocytes/high powered field (HPF). Each point represents
an independent experiment. Mean£SEM. One-way ANOVA followed by Bonferroni’s
multiple comparisons test. *P < 0.05.

C, 15-day differentiated NSPC lysates from vehicle control, 5uM GANT61, 1uM 20HC, or
20HC+GANT®61 were probed for CNPase, MBP, or actin.

D, E, MBP or CNPase levels normalized to actin and presented as fold increase over vehicle
controls. Mean£SEM for 3 experiments. One-way ANOVA followed by Bonferroni’s
multiple comparisons test. ***P<0.0001.
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F, NSPCs from Glil wild type (WT), Glil heterozygotes (Glil Het) and Glil knockout (Glil
KO) were treated with vehicle or 1uM 20HC and differentiated for 15 days. Protein lysates
were probed for CNPase, MBP, or actin. Representative immunoblot shown.

G,H MBP or CNPase levels normalized to actin and presented as fold increase over vehicle
controls for Glil genotypes. Mean+SEM. One-way ANOVA followed by Bonferroni’s
multiple comparisons test. *P < 0.05; **P < 0.01.

I, NSPCs from Gli2 wild type (WT), Gli2 heterozygotes (Gli2 Het) and Gli2 knockout (Gli2
KO) were treated with vehicle or 1uM 20HC and differentiated for 15 days. Protein lysates
were probed for CNPase, MBP, or actin. Representative immunoblot shown.

J,K MBP or CNPase levels normalized to actin and presented as fold increase over vehicle
controls for Gli2 genotypes. Mean+SEM. One-way ANOVA followed by Bonferroni’s
multiple comparisons test. *P < 0.05; **P < 0.01.

L, NSPCs from Gli2 genotypes from control or 1uM 20HC were immunostained on day 15
for CNPase (green) and dapi (blue). Scale bar = 25um.

M, Number of CNPase* cells in Gli2WT, Gli2Het, and Gli2KO following differentiation
of NSPCs in control media. Represented as CNPase* cells/high powered field (HPF).
Mean+SEM. One-way ANOVA followed by Bonferroni’s multiple comparisons test.
*P<0.05.</p/>N, Number of CNPase* cells in each Gli2 genotype in media control
compared to 1uM 20HC treated cultures. Results are the average from 3—4 mice per
genotype. Unpaired Student’s t test. *P < 0.05; **P < 0.01.

0, Sholl analysis of oligodendrocyte morphology from Gli2WT NSPCs following treatment
with vehicle or T3. Cell staining for CNPase and Sholl analysis performed at day 12.
Unpaired Student’s t test. *P < 0.05; **P < 0.01.

P, Sholl analysis of oligodendrocyte morphology from Gli2WT NSPCs following treatment
with vehicle or T3. Cell staining for CNPase and Sholl analysis performed at day 12. .
Unpaired Student’s t test. *P < 0.05; **P < 0.01, ***/<0.0001.
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Figure 4. 20HC treatment rescues oligodendrocyte number s following neonatal WM.

A, Schematic overview of experimental treatment and analysis.

B, gPCR analysis of IL-1p from control, sepsis, and sepsis+20HC mice in brain tissue

2 days after sepsis. Mean+SEM. One-way ANOVA followed by Bonferroni’s multiple
comparisons test. *P<0.05. Non-significance is indicated by NS.

C, Mice were injected with cecal slurry on p5 and treated with vehicle or 20HC. On p7,
control, sepsis+vehicle, sepsis+20HC (100mg/kg/day) were immunostained for activated
caspase-3* and PDGFRa+ cells in the periventricular white matter regions.

D, Caspase-3* cells were counted in the CC and the cortex. Data presented as caspase-3*
cells/section. Each dot represents counts for an individual mouse. Mean£SEM. One-way
ANOVA followed by Bonferroni’s multiple comparisons test. **/<0.01, ***/<0.001. Non-
significance is indicated by NS.
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E, Representative images of CC1 and Olig2 immunostained tissue in the CC from control,
sepsis + vehicle, and septic + 20HC or 27HC. Scale bar = 50um.

F, Total numbers of CC1*Olig2* oligodendrocytes on p25. Mean+SEM. One-way ANOVA
followed by Bonferroni’s multiple comparisons test. ****/<0.0001

G, Total numbers of CC1*Olig2* oligodendrocytes on p60. Mean+SEM. One-way ANOVA
followed by Bonferroni’s multiple comparisons test. **/<0.01

H, Dose response to 20HC (50, 20, and 1 mg/kg/day). Total numbers of CC1*Olig2*
oligodendrocytes on p25. Mean+SEM. One-way ANOVA followed by Bonferroni’s multiple
comparisons test. **P<0.01, ***P<0.001. Non-significance is indicated by NS.
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Figure 5. 20HC improves myelination following neonatal WM.
A, Sagittal section schematic for orientation to region of interest (red dashed box) shown in

(B).

B, Representative Black Gold and Nissl staining imaged at 5x (left). \entricle (LV) and
corpus callosum (CC) are shown. Boxed area of subcortical white matter was imaged at 63x
(right). Bar = 10pm.

C, Stereological space ball probe estimating end to end length of myelinated fibers for
control (n=4 mice), sepsis (n=5 mice), and sepsis+20HC (n=4 mice). 4 sections/mouse
were analyzed. Mean £SEM. One-way ANOVA followed by Bonferroni testing. *P<0.05,
**p<0.01.

D, Electron microscopy in sagittal sections of the midline CC. Representative EM images in
control, sepsis and sepsis+20HC-treated mice. Black bar = 500nm
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E, g-ratios grouped by treatment group. Mean £SEM. One-way ANOVA followed by
Bonferroni testing. ***P<0.001, ****P<0.0001.

F, Total number of myelinated axons per 50 um? were counted for control (n=4 mice), sepsis
(n=3 mice), and sepsis+20HC (n=4 mice). Mean +SEM. One-way ANOVA followed by
Bonferroni testing. *P<0.05, **P<0.01. Non-significance is indicated by NS.
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Figure 6. 20HC improves motor outcomes following neonatal WM.

A, Gait analysis on 2-month-old mice following neonatal injury + treatment. (see Video S1).
Red dots indicate a misplaced paw step.
B, Regularity index. Dots represent individual mice. Mean+SEM. One-way ANOVA
followed by Bonferroni’s multiple comparisons test.
C, Average results for left front swing time.</p/>D, Average results for right front swing
time.</p/> E, Average results for left hind swing time.
F, Average results for right hind swing time.

G, Average results for left front step cycle time.</p/>H, Average results for right front step
cycle time.</p/> 1, Average results for left hind step cycle time.
J, Average results for right hind step cycle time.
Control mice (open circles, n=14), sepsis (red squares, n=14) or sepsis+20HC treatment
(blue triangles, n=9). One-way ANOVA followed by Bonferroni’s multiple comparisons
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test (B) or Tukey’s multiple comparisons test (C to J). */<0.01, **F<0.001, ***P<0.0001.
Non-significance is indicated by NS.
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Figure 7. 20HC induces SVZ-derived oligodendrogenesisin vivo after neonatal WMI.
A, Schematic representation of the subventricular zone (SVZ), corpus callosum (CC), and

lateral ventricle (LV) in coronal section.

B, Nestin-CreERT2;R26r-TdTomato mice were injected with tamoxifen on p4. After 3 days,
the coronal sections through the SVZ was immunostained with anti-Sox-2 (green), anti-RFP
(TdTomato, red), and anti-nestin (white). Scale bar = 25um.

C, TdTomato (red) colocalized with GFAP* astrocytes (green, arrows) in the periventricular
white matter.

D, NG2* OPCs (green) do not colocalize with TdTomato (red).

E, Overview of SVZ NSPC lineage tracing experiment.

F, Representative images of p25 tissue immunostained for oligodendrocyte marker CC1
(green) and TdTomato from control, sepsis, and sepsis + 20HC groups. Arrowheads indicate
colocalization. Bar = 25um.
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G, Total number of CC1* oligodendrocytes obtained by stereology. Mean + SEM. Mean

+ SEM. One-way ANOVA followed by Bonferroni’s multiple comparisons test. **P<0.01,
***P<0.001, ****P<0.0001.

H, Number of TdTomato* cells (red) and CC1*TdTomato* cells (green). CC1*TdTomato*
cells are lineage traced SVZ-derived oligodendrocytes. Mean £ SEM. One-way ANOVA
followed by Bonferroni’s multiple comparisons test. **P<0.01, ****P<0.0001.
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