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Abstract

Myelinating oligodendrocytes are essential for neuronal communication and homeostasis of the
central nervous system (CNS). One of the most abundant molecules in the mammalian CNS

is N-acetylaspartate (NAA), which is catabolized into L-aspartate and acetate by the enzyme
aspartoacylase (ASPA) in oligodendrocytes. The resulting acetate moiety is thought to contribute
to myelin lipid synthesis. In addition, affected NAA metabolism has been implicated in several
neurological disorders, including leukodystrophies and demyelinating diseases such as multiple
sclerosis. Genetic disruption of ASPA function causes Canavan disease, which is hallmarked

by increased NAA levels, myelin and neuronal loss, large vacuole formation in the CNS, and
early death in childhood. Although NAA’s direct role in the CNS is inconclusive, in peripheral
adipose tissue, NAA-derived acetate has been found to modify histones, a mechanism known

to be involved in epigenetic regulation of cell differentiation. We hypothesize that a lack

of cellular differentiation in the brain contributes to the disruption of myelination and
neurodegeneration in diseases with altered NAA metabolism, such as Canavan disease. Our
study demonstrates that loss of functional Aspa in mice disrupts myelination and shifts the
transcriptional expression of neuronal and oligodendrocyte markers towards less differentiated
stages in a spatiotemporal manner. Upon re-expression of ASPA, these myelination and neuronal
lineage markers are either improved or normalized, suggesting that NAA breakdown by Aspa
plays an essential role in the maturation of neurons and oligodendrocytes. Also, this effect of
ASPA re-expression is blunted in old mice, potentially due to limited ability of neuronal, rather
than oligodendrocyte, recovery.
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Introduction

Oligodendrocytes are the myelin-forming cells in the central nervous system (CNS) and play

a vital role in efficient signal transduction, maintenance, and support of neuronal function
(1, 2). Various injuries to oligodendrocytes can cause neurodegeneration, as reported in
multiple sclerosis (MS) and leukodystrophies (3, 4). To correct injured or dysfunctional
cells, CNS repair involves neuronal or glial transition from less-differentiated precursor
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states to mature cellular forms (5). During oligodendrocyte development, throughout

which oligodendrocyte transcription factor 2 (Olig2) is continuously expressed, platelet-
derived growth factor alpha (Pdgfra™) positive oligodendrocyte precursor cells (OPCs)
differentiate and progress from pre-myelinating to mature myelinating, myelin basic protein
(Mbp™) positive oligodendrocytes (6, 10). Notably, altered Pdgfra* and Olig2* expression
levels have been reported in impaired oligodendrocyte lineage progression (6-9). For
example, Pdgfra inactivation drives OPC differentiation into mature oligodendrocytes

and depletes existing OPC pools, suggesting that Pdgfra* OPCs play a critical role

in oligodendrocyte maturation (9). Additionally, increased Olig2 expression promotes
oligodendrocyte differentiation (10, 11).

In the CNS, aspartoacylase (ASPA) is expressed exclusively in oligodendrocytes, and
loss-of-function mutations lead to failure of N-acetylaspartate (NAA) breakdown, thus
causing Canavan disease (CD), a lethal leukodystrophy with progressive CNS spongy
degeneration and dysmyelination (12-15). Furthermore, neuronal NAA, as well as its acetate
residue, has been shown to epigenetically regulate gene expression in adipocytes and in
oligodendrocytes through acetylation and methylation of histones, an important epigenetic
mechanism in regulating cellular and oligodendrocyte differentiation (16, 40). Interestingly,
in-vitro and in-vivo models have demonstrated that loss of Aspa delays differentiation of
precursor to mature oligodendrocytes and increases proliferation of Olig2* progenitors as a
possible attempt of replenishing precursor pools for differentiation into mature myelinating
oligodendrocytes (17).

Concomitantly, cortical neurons have been shown to decrease in Aspa™~ mice progressively,
but it is unclear how this relates to oligodendrocyte changes (18). Neural and
oligodendrocyte progenitor cells (NPCs and OPCs) are essential for CNS recovery (32) and
OPCs are emerging as the rate-limiting cell-type for CNS remyelination (33). Nestin* NPCs
have been shown to generate OPCs and immature neurons in response to cellular signaling
pathways and differential regulatory mechanisms (42, 43). These immature neurons are
doublecortin (DCX) positive and eventually develop into mature neurons that are positive
for RNA-binding fox-1 homolog-3 (RbFox3) transcripts. RbFox3 is the genetic encoder

of the neuronal nuclei (NeuN) protein, which serves as a postmitotic neuronal marker

(41). Growth associated protein 43 (GAP43) positive cells, which is a marker for neuronal
growth cones during axonal regeneration (48) can be correlated with levels RoFox3™*

cells to assess neuronal recovery otherwise unattainable in Aspa™~ mice. In this regard,

we hypothesize that hindered CNS cellular differentiation disrupts myelination and
contributes to neurodegeneration in diseases with affected NAA metabolism, such as
Canavan disease.

Our study reveals that Aspa deficiency progressively disrupts myelin and neuronal
architecture, and that this pathology is accompanied by an increased spatiotemporal
expression of oligodendrocyte precursors and immature neuronal markers on in-situ
single-cell analysis. Re-expressing ASPA in Aspa-deficient mice leads to normalized or
overexpressed early-stage cellular markers and normalization of mature, differentiated
oligodendrocytes over time (Figure S1). This is complemented by a time-dependent increase
of mature neuronal cells and neuronal growth cones in a brain region-specific manner. These
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changes are paralleled by a phenotypical and biochemical normalization, suggesting that
loss of Aspa function impedes the lineage progression of oligodendrocytes and neurons and
that restoration of functional ASPA, with normalized NAA metabolism, enables the reversal
of this cellular disruption in an age-dependent manner (Figure S1).

ASPA re-expression reverses motor deficits and normalizes CNS pathology in Aspa-
deficient mice

Aspa-deficient Nur7 mice develop progressive neurological symptoms, such as ataxia

and tremors (19), which are attributed to affected neuronal viability resulting from
dysmyelinating effects. To evaluate the correlation between CNS degeneration and
recoverability, homozygous Nur7 mutant mice, which carry a nonsense mutation in the
Aspa gene (Aspanur’/nury \were injected with rAAV expressing ASPA (rAAVASPA) at
pre-symptomatic neonatal (Neo) and symptomatic juvenile (Juv) age (Figure 1A). Injected
animals were tested alongside age-matched, un-injected controls: wild-type (WT) and
Aspahur?/nur? (UT) mice.

To assess overall motor ability, which serves as an indirect readout of affected CNS regions
involved in motor coordination, all groups were motor tested at in four weeks post-injection
and at additional time points up to one year of age (Figure 1A). Throughout the study, the
Neo and Juv groups performed significantly better than the UT mice and equivalent to WT
mice on the accelerating rotarod (Figure 1B) and balance beam (Figure 1C). In contrast, UT
mice developed progressively worsening motor deficits, as evidenced by a decrease in time
score performance on both assays from 4 to 52 weeks of age, suggesting a decline in motor
function and progression of neurodegeneration.

MRI T2 imaging revealed that hyper-intensive signals (dashed-red outline) in affected brain
regions such as the thalamus, midbrain, and cerebellum in UT mice were normalized in

the Neo and Juv groups (Figure 1D). Paralleling the MRI findings, H&E staining depicted
histopathological recovery in the Neo and Juv mice in the same brain regions (Figure 1E).
These results suggest that expressing ASPA in pre-symptomatic and symptomatic mice can
prevent and reverse CNS degeneration and associated phenotypes.

ASPA reconstitution promotes remyelination and increases axonal abundance in Aspa-
deficient mice

Previously, it has been shown that Aspa deficiency negatively affects myelin (20). Given
that the Juv group depicts pathological normalization, we hypothesized that a reversal of
defective myelin might accompany recovery. First, to gauge the extent of neurodegeneration
before ASPA reconstitution in symptomatic mice, sub-anatomical and global brain regions
were examined at the six-week juvenile timepoint (Figure 2A, 2B); manifestation of
vacuoles and brain matter loss were most prominent in the striatum, thalamus, cerebellum,
and brainstem (Figure 2A).

To test the hypothesized change in myelination, mice were injected with rAAVASPA at
six weeks of age (Juv) and followed weekly for one month. Interestingly, a decrease in
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brain NAA levels was observed as early as one-week post-injection and was normalized
by two weeks, suggesting NAA metabolization by ASPA (Figure 2C). Furthermore, this
biochemical response to ASPA expression was paralleled by the gradual normalization in
MRI signals and histopathology (Figure 2D).

In addition, the anterior commissure, a myelin-rich structure connecting both brain
hemispheres, was subjected to electron microscopy (EM) to analyze myelin. Unlike WT
mice which displayed a uniform pattern of numerous myelinated axons at both time points,
a disorganized pattern of axons and variation in electron-dense structures, such as myelin
(dark ring-like structures surrounding axons), was observed in the UT and Juv mice one-
week post-injection (Figure 2E). However, by four weeks post-injection, myelin and axonal
distribution in Juv mice began resembling the pattern of WT mice, indicating remyelination
in the Juv group, whereas persisting vacuoles and defective myelination progressively
increased in UT mice (Figure 2E). Differences in myelin characteristics and neuronal axons
were reflected by the G-ratio (Figure 2F), the number of myelin layers per axon (Figure
2G), and the number of axons per section (Figure 2H), all of which were normalized in the
ASPA-expressing Juv mice.

Restoration of ASPA activity increases Nestin expression in pre-dominantly affected brain-

regions

Following the findings that neurodegeneration and myelin defects are reversible in the

Juv group, we hypothesized that cellular recovery is underlying this regenerative process.
Nestin™ cells are associated with stem cell properties and give rise to several cellular
lineages in the brain (Figure 3A) (21, 22). Compared to WT and UT groups, the in-situ
single-cell analysis revealed globally increased numbers of Nestin* cells in Juv mice at one
and four weeks post-ASPA reconstitution (Figure 3B). Notably, UT mice also exhibited

an increase of Nestin* cells from one to four weeks post-injection; however, these levels
were significantly less than WT and Juv levels at the four-week mark (Figure 3B). To
further understand how this change in Nestin* cells is represented in the most affected
brain regions, i.e., thalamus, cerebellum, brainstem, and corpus callosum, sub-anatomical
imaging and analysis was performed (Figure 3C-D). Notably, in ASPA-expressing Juv mice,
the thalamus, cerebellum, and brainstem (Figure 3C-D) and the hippocampus (Figure S2A)
showed an overall increase of Nestin* cells over time, with significant changes as early

as one-week post-treatment. Interestingly, the corpus callosum did not depict significant
differences in Nestin* expression between the three groups at the four-week post-treatment
timepoint (Figure 3C-D).

Oligodendrocyte differentiation increases post-ASPA expression in Aspa-deficient mice

Changes in Nestin* cells may indicate active cellular repair, which expectedly could extend
into oligodendrocyte lineage (Olig2™) to normalize myelin on EM in Juv mice. PDGFRa*
oligodendrocyte precursor cells (OPCs) possess the capacity to proliferate, giving rise to
more differentiated pre-myelinating oligodendrocytes and ultimately, mature myelinating
oligodendrocytes (MBP™) (23, 24).
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Globally, OPCs in UT brains outnumbered WT mice and showed a near-consistent, static
level of PDGFRa expression over time (Figure 4A). Interestingly, at both time points,
ASPA-expressing Juv animals had significantly higher levels of PDGFRa* OPCs than WT
or UT on a global scale. In contrast to PDGFRa* OPCs, UT mouse brains had fewer

Olig2™ cells than WT or Juv mice (Figure 4B). Similarly, MBP expression was lower in

UT brains than in Juv mice at either time point or less than in WT mice at the four weeks
post-injection time point (Figure 4C). Additionally, analysis of brain regions showed that
UT mice had significantly increased PDGFRa* OPCs, in cerebellum and thalamus at one
week (Figure 4D and Figure S3A) and cortex and thalamus at four weeks (Figure 4E

and Figure S3A) post-injection, but significantly decreased levels of Olig2* cells in most
brain regions (Figure 4E and Figure S3A) at the four-week post-treatment time point when
compared to the WT and Juv groups. Similarly, except for the thalamus and midbrain, MBP*
myelinating oligodendrocytes were decreased in UT brains compared to WT or Juv animals
at the late-stage timepoint (Figure 4E and Figure S3A). Overall, these results suggest a
disconnect between PDGFRa* and Olig2* or MBP™ cells, which could indicate a shift in
oligodendrocyte lineage, either in the form of a disruption in the transition from OPCs to
mature myelinating oligodendrocytes or a depletion of mature myelinating oligodendrocytes
without sufficient compensation from OPCs.

Functional ASPA activity recovers expression of neuronal cell markers

The close relationship between oligodendrocyte health and neuronal function is well
documented, with oligodendrocyte injury leading to neuronal degeneration (18, 25). To
explain the phenotypical and ultrastructural disease reversal after ASPA expression (Figures
1-2), we hypothesized that neuronal populations underwent a process of repair. Using
doublecortin (DCX), a marker for neuronal precursor cells, pan CNS profiling showed

that Juv mice consistently had lower DCX* cells than UT and WT mice at both time

points, with no difference between UT and WT groups, suggesting that ASPA re-expression
leads to recruitment of neuronal precursor cells for neuronal recovery (Figure 5A). Upon
further analysis, several brain regions demonstrated decreased DCX™ cells in the Juv group
compared to the WT group, e.g., thalamus, cerebellum, and midbrain at one week (Figure
5D-E). Only the corpus callosum (Figure 5D) and striatum (Figure S3B) at one week and the
cerebellum and brain stem at four weeks showed insignificant differences in DCX™ levels
among the three groups (Figure 5D). To determine if this change in neuronal precursor

cells was associated with changes in mature neurons, RbFox3™" cells were quantified.
Consistently, UT mice had significantly fewer RbFox3* cells than WT and Juv mice,
predominately at the four-week post-injection timepoint, particularly in the cerebellum,
brainstem, striatum, and hippocampus (Figure 5E and Figure S3B).

Interestingly, the Juv group showed significantly improved numbers of RbFox3* cells at
both time points but could not achieve the same global levels as WT mice (Figure 5B).
However, in several brain regions, RbFox3* expression did achieve the same levels as WT,
e.g., cerebellum, brain stem, and hippocampus, although not until the four weeks mark
(Figure 5D-E and Figure S3B). To further confirm the degree of neuro-regeneration, Gap43,
which marks neuronal growth cones and signifies a regeneration of synaptic relationships
(26), was analyzed. Gap43* cells globally increased in WT and Juv brains over time,

Prog Neurobiol. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lotun et al.

Page 7

whereas UT mice remained significantly below WT and Juv levels at both time points
(Figure 5C). This trend persisted at the sub-anatomical level but was most pronounced four
weeks after injection in all brain regions except in the midbrain (Figure 5D-E and Figure
S3B).

Extent of CNS regeneration and motor recovery post-ASPA expression in Aspa-deficient
mice is age-dependent

Based on the finding that symptomatic mice exhibit signs of oligodendrocyte and neuronal
recovery post-ASPA expression, which seems to parallel the phenotypical and biochemical
improvement, we hypothesized that efficacy of disease reversal depends on the extent of
neurodegeneration at the time of ASPA reconstitution. Hence, Aspa™7/nur7 mice were
injected with rAAVASPA at post-symptomatic time points of either adult (12 weeks) or
mature adult (24 weeks) age (Figure 6A). On motor function testing, the adult group
(Adu) showed some improvement until the end of the study at one year of age or 52
weeks. In contrast, the mature adult (Mat) group seemed non-responsive in motor function
(Figures 6B-C). This was particularly interesting since MRI and histopathology suggested
improvement of myelination and CNS pathology (Figure 6D-E), along with normalized
NAA levels in the brain and urine, for both groups (Figure 6F-G).

To rule out limited rAAV transduction efficiency in progressively neurodegenerating cells
as a limiting factor, which would lead to reduced ASPA expression, 11 CNS regions were
analyzed for rAAV genomes and ASPA mRNA levels. Quantification per brain region
suggested similar efficiencies in gene delivery (i.e., rAAV genomes) and transgene mRNA
expression per vector genome across all age groups (Figure S4A-C).

Improvements were observed in some but not all measures of motor function for Adu and
Mat groups. However, both rAAVASPA injected groups appeared healthier overall than UT
mice, suggesting that either the rotarod and balance beam tests were not sensitive enough

to capture motor function recovery or that ASPA restoration at such late stages may only
induce efficient remyelination but not neuronal repair. To test the first hypothesis, we studied
all six groups for gait analysis at one year of age. WT and all rAAVASPA-treated animals
significantly outperformed UT mice. The Mat group performed better even when comparing
the Mat group at one year of age to the six months old UT animals (Figure 7A-E), which
suggested that Mat mice still retained the ability to improve their motor function above the
level of symptomatic UT mice at six months of age.

Additionally, spatial memory testing was performed based on the finding that neuronal
markers were improved in the hippocampus (Figure S3B), a region critical for memory
function. All rAAVASPA injected groups, except for the Mat group, outperformed UT mice,
even when comparing the one-year-old Adu group to 10-week-old UT mice (Figure 7F),
suggesting recovery post-ASPA expression at a relatively late-stage of disease progression.

Discussion

In this study, in-situ profiling of CNS cellular lineage markers revealed a
correlation between cell differentiation secondary to deficiency of functional Aspaand
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neurodegeneration, as reflected by increased neuronal and oligodendrocyte precursor cells
(Figure 4 and Figure S3) and reduction of differentiated mature cells (Figure 4-5 and Figure
S3A). This was paralleled by myelin loss and axonal degeneration, which was reversible to a
pre-diseased state in an age-dependent manner post-functional ASPA expression.

Injuries to oligodendrocytes or neurons can compromise the function of one another (2, 27,
28). Correspondingly, neurons are affected in dysmyelinating disorders, including Canavan
disease, which was previously reported in Aspa™~ mouse brains (17, 18); osmotic injury or
direct NAA toxicity secondary to NAA accumulation has been proposed; however, several
studies have since contested this hypothesis (29-31). Progressive injury to mature neurons
may explain why replacing ASPA at late-disease stages, as represented by adult and mature
adult groups, resulted in less symptomatic recovery despite normalized NAA levels in the
brain and urine (Figures 6 and 7). This is also supported by normalized motor function and
myelination in the juvenile group, despite RbFox3™ mature neuronal numbers remaining
below WT levels (Figure 5B). Extrapolating this finding to mice with more advanced
neurodegeneration (adult and mature groups) suggests that RoFox3™ mature neurons might
have been reduced to a greater extent in these groups than in juvenile mice before and after
re-expression of ASPA, thus limiting their symptomatic recovery. Additionally, quantifying
rAAV genome and ASPA mRNA levels ruled out gene delivery as the responsible factor for
the limited response in adult and mature adult mice (Figure S4).

Nestin® NPCs give rise to PDGFRa* OPCs, thus contributing to remyelination (21, 22,

34), which seems to align with the increase of Nestin* cells above WT levels upon ASPA re-
expression in Aspa~~ mice (Figure 3B and Figure S2). Interestingly, Nestin* and PDGFRa*
cells in the UT mouse brains were on par or above WT (Figure 3B and Figure 4A),
suggesting that the lineage transition at this stage might still have been intact. In addition to
Nestin® NPCs’ contribution, OPC repopulation depends on PDGFRa to prevent precocious
OPC differentiation (9). This function might explain the persistence of PDGFRa elevation
after ASPA reconstitution (Figure 4A, D-E, and Figure S3A), ultimately prompting the
normalization of MBP* mature, myelinating oligodendrocytes (Figure 4C-E) and myelin,

as observed on EM imaging (Figure 2E). On the contrary, Olig2* oligodendrocytes were
significantly decreased in UT mice. Olig2 is critical for generating pre-myelinating and
mature oligodendrocytes from OPCs (8), suggesting that the reduction of Olig2 in Aspa—/-
mouse brains prevents this transition in the oligodendrocyte lineage.

Alternatively, Nestin expression has also been reported in reactive astrocytes (35) and

since the presence of astrogliosis is well documented in Aspa™" brains (36), this would
expectedly increase Nestin* cells in the UT group. However, levels of Nestin* cells in UT
mice were below WT and rAAV-injected groups, except in two brain regions: the cerebellum
and midbrain (Figure 3D and Figure S2), thus indicating that increased Nestin* cells in UT
mice may be separate from disease-related astrogliosis.

ASPA expression in the brain is predominately found in oligodendrocytes and has been
reported in other CNS cell-types such as astrocytes (44). rAAV9 transduction efficiency
of oligodendrocytes is largely limited by selected promoter activity, age of treatment, and
route of administration (46, 47), thus increasing the complexity of therapeutic strategy via
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rAAV9-oligodendrocyte targeting. On the other hand, previous research in Aspa™~ neonatal
mice using rAAV9 has shown that both widespread ubiquitous or astrocyte-restricted ASPA
expression can normalize CNS pathology (12). Relating these findings to our current study
suggest that ubiquitous gene expression maintains the transcriptional capacity to alter
oligodendrocyte and neuronal lineages towards more mature cellular states (Figures 3, 4,
and 5, and Figure 2SA-B) in a therapeutic manner. In this regard, while it is possible that
therapeutic effect in non-oligodendrocytes is driven by NAA metabolism in other CNS
cell-types, as suggested by the NAA sink theory is astrocytes (12), it might also suggest
substantial metabolic exchange between oligodendrocytes and neuronal and other glial cells
that could compensate for NAA-derived L-aspartate and acetate. However, further studies
are needed to identify individual cell-specific contributions of non-oligodendrocyte ASPA
expression on OPC differentiation, myelination, and neuronal restoration.

The increase in Pdgfra® OPCs and Mbp™ mature oligodendrocytes following ASPA re-
expression is a brain region specific response. Myelinating oligodendrocytes were found to
be transcriptionally increased in white matter regions, such as the corpus callosum, but more
interestingly similar results were observed in gray matter regions such as the cortex and
thalamus (Figure 4D-E and Figure S2A). These changes in oligodendrocyte composition in
the gray matter may have therapeutic relevance for other demyelinating diseases such as
multiple sclerosis which has historically been associated with myelin degradation in deep
gray matter regions (45).

In summary, the present study suggests that loss of myelin and axonal injury in Aspa
deficiency is attributable to changes in oligodendrocyte and neuronal differentiation
secondary to interrupted NAA metabolism, which can be reversed upon ASPA re-expression
in an age-dependent manner (Figure S1).

Animal procedures

The Nur7 mouse model, which carries a nonsense mutation in the Aspa gene (AspaUr7/nur7y,
was provided by Maria Traka (19). DNA from tail tips of 1-day-old pups were extracted
using the QIAmp DNA mini kit or QIAcube robot (QIAgen, Hilden, Germany) and

were genotyped using a TagMan-based single-nucleotide-polymorphism (SNP) assay via
ddPCR (BioRad, Hercules, CA, USA). Heterozygous Nur7 mice carrying an inverted
balancer chromosome were bred, and homozygous Aspa™7/nur7 mutants, identified by

dark pigmented ears and tails, were used in the experiments. All animal experiments were
approved by the UMass Chan Medical School IACUC, Worcester, MA.

Age groups were defined as follows: neonatal (p1), juvenile (p42), adult (p84), and mature
adult (p168). Corresponding single-administrative doses of rAAV9 delivering a codon-
optimized human ASPA cDNA driven by the CB6 promoter with full Kozak element (3'd
generation) (average weight in brackets (grams (g)): treated at p1 (1.5g), dose 4x1011GC;
p42 (16g), p84 (23.69), and p164 (23g) were injected intravenously with 4x1012GC.
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Post-procedure, neonatal pups were cleaned with 70% ethanol and rubbed with bedding
material before being returned to their cages. Mice treated at later time points were
isoflurane-anesthetized and monitored until entirely awoken post-injection prior to returning
to their cages.

Weights for the Neo group were recorded daily for the first 28 days as a general health
assessment, after which weights were obtained every other week, for all mice, until the end
of the study at one year of age.

Vector design and viral production

The vector used in this study was constructed and evaluated as previously described

(12). Recombinant adeno-associated virus (rAAV) was produced by transient HEK 293
cell transfection and cesium-chloride (CsCl) sedimentation described previously (37).
Vector preparations were titered by digital PCR (ddPCR), and purity was determined by
4-12% SDS-acrylamide gel electrophoresis and silver staining (Invitrogen, Carlsbad, CA).
Transmission electron microscopy of negative stained rAAV virions at the UMass Chan
Medical School Microscopy Core, Worcester, MA, was used to assess the morphology and
integrity of the AAV virion.

Isolation of brain regions and DNA and RNA extraction

Brain regions were isolated as previously described (12). Mice were euthanized, brains were
extracted, and midline was dissected into two halves. Brain regions were extracted from
both hemispheres. Sample dissection was performed on an ice-cooled metal plate under a
dissection microscope (39) and regions were immediately flash-frozen in liquid nitrogen.
DNA and RNA were simultaneously extracted (Qiagen AllPrep Kit) and subjected to rAAV
genome copy number quantification by ddPCR and rt-PCR/ddPCR to quantify hASPA
MRNA as described before (12).

Motor function testing

Accelerating rotarod (Rotarod Series 8, IITC Life Science), balance beam (custom built
by UMass Chan Medical School Machine Shop), T-maze (San Diego Instruments), and
catwalk (Noldus) assays were used to test motor performance, endurance, coordination,
spatial learning, and gait analysis.

Rotarod and balance beam testing were performed as described before (12). A maximum of
5 minutes per run was allotted, and latency until drop-off was recorded per run. Each mouse
was tested three times, and the best run-time was used for analysis.

For T-maze assays, spontaneous and unrewarded testing was performed as described before

(12). Mice were tested serially, and the T maze was cleaned between runs to avoid olfactory
clues. Every mouse was tested 11 times, resulting in 10 alteration data points. Entry into one
of the two arms was defined as complete crossing of the edge of the arm by all four paws.

For catwalk assays, mice were placed on the CatWalk walkway with the room lighting
turned off. Mice were allowed to explore the walkway freely without interference or
incentive to optimize the CatWalk camera system’s intensity and contrast. Data collection
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began post-optimization. The maximum time was 60 seconds to complete each run. A
minimum of 5 complete runs was required per tested mouse. A complete run was defined as
a full traverse from one end of the walkway to the other in one direction without turning or
spinning around on the spot. Data collection by the CatWalk system was automatic, and data
analysis of various parameters was conducted after each run.

Magnetic resonance imaging (MRI) and spectroscopy (MRS)

The imaging was done as described before (12). Briefly, animals were anesthetized with
isoflurane in an induction chamber and transferred to the coil. Anesthesia was maintained at
2% of isoflurane using a nose cone, and mice were monitored continuously for vital signs.
Imaging was performed using the Oxford 4.7-T/40-cm horizontal magnet equipped with a
Bruker Biospec/Avance |11 HD console. A 1H radiofrequency mouse head coil (Bruker)
was used. T2-weighted sequences were acquired using TurboRARE sequence with TR =
2,200 ms, TE = 36 ms, echo spacing = 12 ms, eight averages, and rare factor = 8. 1H MRS
data were acquired using a single-voxel point-resolved spectroscopy sequence (PRESS)
(repetition time = 2,500 ms, echo time = 16 ms, number of averages = 512, voxel size = 3 x
3 x 3 mm).

Mass spectrometry

The urine of n=3 mice for each group was collected and subjected to mass spectrometry

to quantify N-acetylaspartate, normalized by creatinine. Creatinine and N-acetylaspartate
were obtained from Cambridge Isotope Laboratories, Andover, MA, USA. The analysis was
performed by the University of Massachusetts Amherst Mass spectrometry core facility.

Sample Preparation

N-acetylaspartic acid (NAA) concentration was determined using LC-MS/MS according to
a method modified from Huskova et al. (38). Internal standard for NAA: 5 mg d5-NAA was
dissolved in 1 mL 10% acetonitrile. 0.712 mL of this solution was made up to 100 mL
with 10 % acetonitrile in water to give a final 1 x &5N stock solution of 200 uM &5-NAA.
Calibrator solutions for NAA in the range 0.1 to 400 uM were used to produce a standard
calibration curve for quantitation. To an aliquot of 40 uL of urine was added 160 uL of 1 x
asN in a 0.5 mL microcentrifuge tube. Samples were centrifuged at 14.5 krpm for 10 mins.
The supernatant was drawn into a 1 mL disposable plastic syringe and filtered through a
0.45 um PTFE filter (Millex-LH 4mm syringe filter) into autosampler vials for LC-MS/MS
analysis (see below). In cases where the measured NAA concentration was higher than the
linear range, a 10-fold dilution was made, and the sample re-injected.

Creatinine concentration in urine and plasma was determined by modifying the method of
Al-Dirbashi et al. (39). Internal standard for creatinine: 11.1 mg ds-creatinine was dissolved
in 1 mL 10% acetonitrile. Then, 0.7 mL of this solution was made up to 100 mL with

10 % acetonitrile in water to give a final 1 x &5C stock solution of 669 uM ds-creatinine.
Internal standard solutions were frozen in aliquots at —20°C for up to six months. Calibrator
solutions for creatinine in the range 0.04 to 360 uM were used to produce a standard
calibration curve for quantitation. Urine or plasma samples were thawed on ice. To an
aliquot of 40 uL of urine was added 160 uL of 1 x ¢5C in a 0.5 mL microcentrifuge tube.
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Samples were centrifuged at 14.5 krpm for 10 mins. The supernatant was drawn into a 1
mL disposable plastic syringe and filtered through a 0.45 um PTFE filter (Millex-LH 4mm
syringe filter) into autosampler vials for LC-MS/MS analysis. In cases where the measured
creatinine concentration was higher than the linear range, a 10-fold dilution was made, and
the sample re-injected.

LC-MS Analysis

A Waters H-Class UPLC system coupled to a Waters Xevo TQD triple quadrupole mass
spectrometer was employed to analyze creatinine and NAA. Separation was performed on
a Waters BEH C1g column (100 x 2.1 mm) preceded by a guard column and pre-column
filter. Column temperature was 40°C. 2 uL samples were injected and separated by a
gradient (A=0.1% formic acid in water, B=0.1% formic acid in acetonitrile) flow rate

0.2 mL/min consisting of 1 min hold at 5% B then stepping to 50% and holding for

3 min for a total run time of 4 min followed by re-equilibration for 4 min to starting
conditions. All column effluent was directed into the ESI source of the triple quad mass
spectrometer. Separate injections were used for creatinine and NAA determination. For
creatinine determination, the system was operated in positive ion mode with desolvation
temperature set to 300°C, source temperature 150°C, desolvation gas 300 L/hr, and source
gas 20 L/hr. MRM transitions 114>73 and 114>86 were monitored for creatinine and
117>75, 117>89 for ds-creatinine with collision energy 10 eV and cone voltage 30V in
each case. For NAA determination, the system was operated in negative ion mode at 3.8
kV capillary voltage, desolvation temperature 300°C, source gas 700 L/h, and cone gas 50
L/h MRM transitions for NAA 174>88 and 174>58 and 174>114 with collision energy 16,
18 and 10 eV respectively and constant cone voltage 30V. For d5-NAA, transitions were
177>91, 177>58, and 177>116. Dwell time was 25 ms, and argon was used for collision gas.
Data analysis was performed using TargetLynx (\Waters).

H&E Staining

Mice were euthanized and transcardially perfused with 4°C cold PBS and 4%
paraformaldehyde (PFA). Tissues were excised and sliced using an Alto brain or spinal cord
matrix (Roboz Surgical Instruments Inc., Gaithersburg, MD, USA). Mice tissues were stored
in PFA at 4C overnight. UMass Chan Morphology Core did paraffin embedding and H&E
staining. Sections were imaged using an Axioscope 50 (Zeiss) equipped with a DMC2900
camera (Leica Microsystems).

Transmission Electron Microscopy (EM)

Excised mouse brains were dissected along the interhemispheric cleft, and the anterior
commissure was excised and immediately immersed in 2.5% glutaraldehyde in 0.1 M
Sodium Cacodylate buffer, pH 7.2, and fixed overnight at 4 °C. Samples were processed

at the UMass Chan Electron Microscopy Core following standard protocols. After fixation,
samples were rinsed in the fixation buffer three times and post-fixed with 1% osmium
tetroxide for 1h at room temperature. Samples were washed three times with DH,0, 20
minutes each, and were subsequently dehydrated through a graded ethanol series of 20%
increments, followed by two changes in 100% ethanol. Next, samples were infiltrated

with two changes of 100% Propylene Oxide and then with a 50%/50% propylene oxide /
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SPI-Pon 812 resin mix. Six fresh 100% SPI-Pon 812 resin changes were done the next day
before polymerization at 68°C in flat embedding molds. Reorientation was done to obtain
cross-sections of the anterior commissure. 1uM sections were stained with toluidine blue
to confirm orientation. Approximately 70nm sections of the area were collected, positioned
on copper support grids, and contrasted with Lead citrate and Uranyl acetate. Sections were
studied using a CM10 TEM with 80Kv accelerating voltage, and images were taken using
a Gatan TEM CCD camera. EM images were analyzed for the ratio of inner and outer
diameter (g-ratio). On high magnification, myelin layers were counted per axon for each
section, and the number of axons per section was quantified. At least four sections per
mouse were analyzed.

In-situ single-cell MRNA staining and imaging

Mice were isoflurane-anesthetized and transcardially perfused with ice-cold 1X PBS
followed by ice-cold 4% paraformaldehyde (PFA). Harvested brains were kept in 4% PFA
at 4°C overnight, and then the following day, washed (x3) in 1X PBS and transferred

into ice-cold, sterilely-filtered 30% sucrose. Once equilibrated, brains were embedded in

a 1:2 OCT:30% sucrose mixture and frozen at —80°C until ready for sectioning. 10uM
sagittal cryosections (Cryostar NX70, ThermoScientific, Waltham, MA) were collected on
Superfrost Plus© microscope slides and kept at —80°C until ready for in-situ hybridization.
Sections were pre-treated and stained according to the manufacturer’s RNAscope®© Hiplex
protocol (ACDBiIo, Newark, CA).

The workflow of the mRNA target detection is outlined in Figure S5A. /n-situ hybridization
of multiplexed Z-shaped probes was done on sagittal sections of either WT, UT, or Juv
brains. Each probe contains an 18-25bp sequence complementary to the target mRNA,
followed by a spacer sequence and a tail sequence complementary to the pre-amplifier. After
probe binding, pre-amplifiers are added with sequences against their Z-probe tail sequence.
To note, two Z-probes are required to be bound, in tandem, on the target mRNA to allow for
recognition of pre-amplifier binding. Next, a series of additional amplifiers, each specific

to their preceding amplifier strand sequence, is added, followed by sequence-specific
fluorophores, which are also designed to bind to their preceding amplifier. This results

in fluorescence detection of mRNA targets of interest, each hybridized to a pre-conjugated
fluorophore, either FITC, Texas Red, or Cy5. Probes and probe reagents used for this
experiment are listed in Table S1. Next, tissues were mounted using Prolong Gold Antifade
Mountant with DAPI (Invitrogen P36931). Next, the whole brain sections were scanned

at 20X magnification on a TissueFAXSIQ confocal slide scanner (TissueGnostics, Vienna,
Austria) at the UMass Chan SCOPE Facility (RRID: SCR_022721). For multi-fluorescence
detection of subsequent mMRNA targets, the hybridized RNAscope®© Hiplex fluorophores
were irreversibly cleaved, and the next set of fluorophores was added to the tissue following
the manufacturer’s protocol (ACDBIo, Newark, CA).

Spatial quantification of single-cell RNAs

Slide-scanned images of whole-brain sagittal sections (n=3 per experimental group
per timepoint) were imported into a spatial image analysis software (StrataQuest,
TissueGnostics, Vienna, Austria). Scans from subsequent imaging rounds were cross-
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correlated through DAPI* cell registration, and regions of interest: cortex, corpus callosum,
hippocampus, striatum, thalamus, midbrain, cerebellum, and brainstem, were manually
defined using an ROI generator. For analysis of single cells positive for fluorescent MRNA
targets, nuclei masks of DAPI-stained tissues were identified using software detection.
Next, a cellular mask (white outline) was generated around each nucleus to demark the
perimeter of each cell body (Figure S5B). Then, to avoid false positive counts from tissue
autofluorescence, detection parameters for maximum fluorescence intensity (x-axis) and
total fluorescence intensity units (y-axis) were set for each channel/mRNA target, and the
same settings per channel were applied to all experimental groups. Cells were then gated for
the highest fluorescence intensity of mMRNA puncta (Figure S5C). Finally, cell counts for all
cells (white and green outlines), total mMRNA+ cells (green outline only) (Figure S5D), and
total DAPI* cells were exported for quantification.

Software and statistics

Graphs were generated, and statistical calculations were performed using Prism 8 (GraphPad
Software, Inc.). As stated in the legends, a 1-way or a 2-way ANOVA with multiple
comparison corrections was used. Pvalue < 0.05 was considered significant with confidence
interval of 0.95, i.e. 95%. For the single-cell mMRNA analysis, an alpha of 0.01 and
confidence interval (Cl) of 0.99, i.e. 99% was used. If not otherwise stated, a minimum

of 7= 3 mice per group was analyzed in each experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance statement

Homeostatic balance between oligodendrocytes and neurons is fundamental in
maintaining neuronal conductivity and communication throughout the CNS. Functional
impairments in either of these cell-types can result in neurodegenerative diseases,
several of which have been linked to N-acetylaspartate metabolism between neurons and
oligodendrocytes. This study demonstrates that disrupted N-acetylaspartate metabolism
leads to progressive dysmyelination due to a deficiency of oligodendrocyte precursor
turnover into mature myelinating cells. This in-turn augments neurodegeneration, in
which a shortage of differentiated oligodendrocytes contributes to affected neuronal
health. Normalizing N-acetylaspartate metabolism achieves therapeutic recovery of the
oligodendrocyte lineage and promotes neuronal recovery in a time-dependent manner,
ultimately leading to corrected CNS pathology.
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Figure 1: Corrected motor function and normalized neuropathology after ASPA re-expression in
neonatal and juvenile mice.

(A) Timeline of single rAAV administration per age group and their corresponding motor

testing ages. Wildtype (WT), no injection Nur7 (UT), and injected Nur7 mice at either

neonatal (Neo) or juvenile (Juv) ages were tested four weeks post the ASPA re-expression
timepoint and at additional timepoints up to one year of age. (B) Accelerated rotarod and (C)
balance beam motor testing of all experimental groups (n=9-10 each) up to one year of age
(52 weeks). (D) MRI T2 sequences of coronal brain sections (hyper-intensive areas marked
by dashed red line) and (E) hematoxylin and eosin (H&E) staining of brain regions at one
year of age. CTX/STR: cortex/striatum; HIP/TH: hippocampus/thalamus; MB: midbrain;
CB/PON: cerebellum/pons. One-way ANOVA with multi-comparison correction, mean

+SD, ns = not significant, * p<0.05; ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 2: Serial magnetic resonance spectroscopy (MRS) and imaging (MRI), electron
microscopy (EM), and H&E demonstrate reversal of CNS pathology in juvenile group.

H&E images of (A) region-specific and (B) global differences at pre-injection timepoint (6
weeks old) between WT and UT groups. (C) Serial MRS of total N-acetylaspartate (NAA)/
total creatine (tCr) ratio from 6 weeks of age (day of injection, week 0) and subsequently

1, 2, and 4 weeks post-injection; 7, 8, and 10 weeks of age respectively (n=3 per group and
timepoint). (D) Midbrain T2 MRI sequence (hyper-intensive areas marked by dashed red
line) and H&E images of thalamic regions and (E) EM at 2600x magnification depicting
axons and myelination of anterior commissure corresponding to 1- and 4- weeks post-ASPA
re-expression. Quantification of myelin and axon properties in the anterior commissure
including (F) the G-ratio, (G) the number of myelin layers per axon, and (H) the number of
myelinated axons per imaged section at 1- and 4- weeks post-ASPA re-expression. Two-way
ANOVA with multi-comparison correction, mean £SD, ns = not significant, * p<0.05; **
p<0.01, *** p<0.001, **** p<0.0001.
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Figure 3: Nestin mMRNA™ cells globally increase in the CNS in a region-specific manner following
ASPA re-expression at juvenile age.

(A) Cell-lineage schematic of Nestin mMRNA™* progenitor cells into oligodendrocyte or
neuronal cell pools with their respective mRNA* expressors. (B) Quantification of global
Nestin mMRNA™ cell counts for select brain regions: cortex (CTX), striatum (STR), corpus
callosum (CC), hippocampus (HC), thalamus (TH), midbrain (MB), cerebellum (CB), and
brainstem (BS). (C) Quantification of Nestin* mRNA cell counts in the select brain regions:
TH, CB, BS, and CC, and (D) representative images of selected positive cells (green-outline)
for fluorescent Nestint mRNA puncta (white dots) in these regions at the four-week post-
injection timepoint Two-way ANOVA with multi-comparison correction, confidence interval
(CI) 99%, mean £SD, ns = not significant, * p<0.0332; ** p<0.0021, *** p<0.0002, ****
p<0.0001.
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Figure 4: Oligodendrocyte lineage marker mRNA" cell counts increase in region-specific manner
following ASPA re-expression at juvenile age.

(A-C) Total summed PDGFRa, Olig2, and MBP mRNA* cell counts for CTX, STR, CC,
HC, TH, MB, CB, and BS brain regions. (D) Quantification of mRNA™ cells at 1-week
post-treatment timepoint (7 weeks of age) and (E) at 4-week post ASPA re-expression
timepoint (10 weeks of age). Two-way ANOVA with multi-comparison correction, Cl
99%, mean +SD, ns = not significant, * p<0.0332; ** p<0.0021, *** p<0.0002, ****
p<0.0001. Abbr.: platelet-derived growth factor receptor alpha (PDGFRa), oligodendrocyte
transcription factor 2 (Olig2), myelin basic protein (MBP).
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Figure 5: Neuronal mRNA™ cell counts increase in region-specific manner following ASPA
re-expression at juvenile age.

(A-C) Total summed Doublecortin (DCX), RbFox3, and GAP43 mRNA™ cell counts for
select brain regions (referenced in Fig 4). (D) Quantification of mMRNA* cells at the 1-week
post-treatment timepoint (7 weeks of age) and (E) at the 4-week post-treatment timepoint
(10 weeks of age). Two-way ANOVA with multi-comparison correction, Cl 99%, mean
+SD, ns = not significant, * p<0.0332; ** p<0.0021, *** p<0.0002, **** p<0.0001. Abbr.:
doublecortin (DCX), RNA binding fox-1 homolog-3 (RbFox3), growth associated protein 43
(GAP43).
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Figure 6: Partial correction of motor function and neuropathology achieved in late-stage, post-

symptomatic adult and mature adult injection timepoints.

(A) Timeline of single rAAV administration per age group and their corresponding motor
testing ages. Wild-type (WT), non-injected Nur7 (UT), and rAAV injected Nur7 mice at
either adult (Adu) or mature adult (Mat) ages were motor tested 4-weeks post the treatment
timepoint and at additional timepoints up to one year of age (n=9-10 each). Motor tests
included (B) accelerated rotarod and (C) balance beam performance assessments (WT:
gray-outlined circle; UT: gray-outlined square; Adu: blue diamond; Mat: green hexagon).
(D) MRI T2 sequences and (E) H&E staining of Adu and Mat groups at one year of age (52
weeks). (F) N-acetylaspartate (NAA) levels in the brain and (G) in urine, normalized to total
creatine (tCr) and creatinine (Cr) respectively, after one year of age (52 weeks). Two-way
ANOVA with multi-comparison correction, mean £SD, ns = not significant, * p<0.05; **

p<0.01, *** p<0.001, **** p<0.0001.
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Figure 7: Cat-walk gait analysis reveals extended therapeutic motor benefits throughout late-
stage ASPA re-expression timepoints.

(A) Visualized gait pattern at one year of age (52 weeks); blue and purple indicate left
hind and front leg and green and yellow indicate right hind and front leg, respectively.
Gait analysis was performed at one year of age for each group (n=6-8 each) with five runs
per mouse. (B) Regularity, (C) base support, (D) stride length of right and left front leg
and (E) stride length of right and left hind leg at 26 weeks (6 months) for WT and Nur7
UT groups and at 52 weeks (12 months) for all groups. One-way ANOVA with Tukey’s
multi-comparison correction, mean +SD, ns = not significant, * p<0.0332; ** p<0.0021,
*** n<0.0002, **** p<0.0001. (F) T-maze testing for spatial learning assessment at 10
weeks and 52 weeks of age. Nonparametric one-way ANOVA with Kruskal-Wallis multi-
comparison test, mean +SD, ns = not significant, * p<0.0332; ** p<0.0021, *** p<0.0002,
**** n<0.0001.
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