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Brain Nat8l Knockdown Suppresses Spongiform
Leukodystrophy in an Aspartoacylase-Deficient
Canavan Disease Mouse Model

Peter Bannerman,* Fuzheng Guo,'* Olga Chechneva,' Travis Burns,' Xiaoqing Zhu,” Yan Wang,' Bokyung Kim,!

Naveen K. Singhal,® Jennifer A. McDonough,’> and David Pleasure!

nstitute for Pediatric Regenerative Medicine, University of California, Davis, Sacramento, CA 95817, USA; 2Cancer Institute, The Affiliated Hospital of Qingdao

University, Qingdao, Shandong 266-61, China; *Department of Biological Sciences and School of Biomedical Sciences, Kent State University, Kent, OH 44242, USA

Canavan disease, a leukodystrophy caused by loss-of-function
ASPA mutations, is characterized by brain dysmyelination,
vacuolation, and astrogliosis (“spongiform leukodystrophy”).
ASPA encodes aspartoacylase, an oligodendroglial enzyme
that cleaves the abundant brain amino acid N-acetyl-L-aspar-
tate (NAA) to L-aspartate and acetate. Aspartoacylase defi-
ciency results in a 50% or greater elevation in brain NAA
concentration ([NAAg]). Prior studies showed that homozy-
gous constitutive knockout of Nat8l, the gene encoding
the neuronal NAA synthesizing enzyme N-acetyltransferase
8-like, prevents aspartoacylase-deficient mice from developing
spongiform leukodystrophy. We now report that brain Nat8l
knockdown elicited by intracerebroventricular/intracisternal
administration of an adeno-associated viral vector carrying a
short hairpin Nat8l inhibitory RNA to neonatal aspartoacy-
lase-deficient Aspa™"”"N"7 mice lowers [NAAg] and sup-
presses development of spongiform leukodystrophy.

INTRODUCTION

Canavan leukodystrophy, a recessively inherited CNS disease of in-
fancy and childhood caused by ASPA (EC 3.5.1.15) loss-of-function
mutations,”” is characterized clinically by progressive impairment
of cognitive and motor function and pathologically by forebrain,
cerebellar, and brainstem myelin intraperiod line splitting and astro-
glial vacuolation (“spongiform leukodystrophy”).” ® ASPA encodes
aspartoacylase, an oligodendrocyte-enriched enzyme that cleaves
N-acetyl-L-aspartate (NAA) to L-aspartate and acetate.” The lack of
aspartoacylase in Canavan disease results in a substantial elevation
in the brain concentration of NAA ([NAAg]).®

How might aspartoacylase deficiency cause spongiform leukodystro-
phy? One hypothesis is that brain dysmyelination in Canavan disease
is attributable to inability of aspartoacylase-deficient oligodendroglia
to derive acetate essential for synthesis of acetyl-CoA and myelin
lipids from NAA.”™"* This “oligodendroglial starvation” hypothesis
has been weakened by the demonstration that brains of mice devoid
of detectable NAA owing to homozygous constitutive knockout of
Nat8l (EC 2.3.1.17), which encodes the neuronal NAA-synthesizing

enzyme N-acetyltransferase 8-like (also known as N-acetylaspartate
synthase),'>'? become fully myelinated,"*

An alternative hypothesis is that brain [NAAg] elevation is the prox-
imate cause of spongiform leukodystrophy in the aspartoacylase-
deficient CNS."*"'® Astroglia, which are linked to oligodendroglia
via gap junctions that are essential for myelin maintenance,'” and
which express an Na'-coupled dicarboxylate transporter (Nadc3)
with high affinity for NAA,'® may accumulate excess NAA when
[NAAg] is high, and this could elicit astroglial vacuolation and per-
turb brain myelin stability. In order to test this “NAA toxicity” hy-
pothesis, we and others crossed mice deficient in aspartoacylase
owing to the nonsense mutation nur7, which develop spongiform
leukodystrophy by postnatal day 21,"” with mice in which Nat8l,
the neuronal NAA-synthetic enzyme,'”'” had been constitutively
ablated. [NAAg] was below detection limits and spongiform leuko-
dystrophy and brain neuron loss were prevented in Aspa™"7/N"’
mice that lacked both Nat8l alleles (AspaN“m Nur7/Nat81~/~ mice),
and, in AspaN“WNur7 mice with only one functional Nat8l allele
(Aspa™"7NU"7/Nat8l"~ mice), the severities of spongiform leuko-
dystrophy and brain neuron loss were substantially less than in
Aspa™"NU7 mice with two intact Nat8l alleles (Aspa™*7/Nur7/
Nat8I"* mice)."****' These observations suggested that elevated
[NAAg] causes leukodystrophy in the aspartoacylase-deficient brain,
and nominated Nat8l as a therapeutic target. To further evaluate this
treatment option, we administered an adeno-associated virus (AAV)
carrying a short hairpin sequence designed to knockdown Nat8l
expression into the cerebral ventricles and cisterna magna of
neonatal Aspa™""N"7 mice, and determined the effects on brain
Nat8] mRNA abundance, [NAAg], motor function, and extents of
spongiform leukodystrophy and cerebral cortical neuron survival
3 months later.
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Figure 1. Cerebral Cortical EGFP Transduction by iNat8I-V
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P/lba1/Dapi

Cerebral cortical expression of immunoreactive EGFP (shown in green) 3 months after intracerebroventricular/intracisternal iNat8l-V administration to postnatal day 1 (P1)

+/+ Nur7/Nur7

Aspa™™ and Aspa

neurons in the AspaNu7/Nur7

mice. (A) Colabeling (yellow) of NeuN* neurons colabeled with EGFP; immunoreactive EGFP was detected in 15.5% + 1.2% of NeuN* cortical
mice and 14.0% =+ 1.2% of NeuN* cortical neurons of Aspa™* mice (mean + SEM, n = 4, p = 0.84). (B) Colabeling of cerebral cortical Gfap*

astroglia with EGFP was rarely detected. (C) Colabeling of cerebral cortical Olig* oligodendroglial lineage cells with EGFP was rarely detected. (D) Colabeling of cerebral

cortical Iba1™ microglia/macrophages with EGFP was rarely detected.

RESULTS

Brain Vector Administration and Transduction

An AAV-Nat8l-shRNA vector (referred to henceforth as “iNat81-V”),
which included an Nat8l inhibitory short-hairpin RNA (shRNA)
sequence driven by the U6 promoter and an EGFP coding sequence
driven by the eSyn promoter, was administered into the cerebral ven-
tricles and cisterna magna of Aspa™"”/N""” and Aspa®’* mice on post-
natal day 1 (P1). Three months later, immunoreactive EGFP was
detected in 15.5% + 1.2% of NeuN" cortical neurons in the
Aspa™"N"7 mice and 14.0% + 1.2% of NeuN™ cortical neurons of
Aspa+/+ mice (mean + SEM, n = 4, p = 0.84). Fewer than 1% of cere-
bral cortical Gfap™ astroglia, Olig2* oligodendroglial lineage cells, and
Ibal™ microglia were EGFP" in cerebral cortex of these 3-month-old
iNat8l-V-treated Aspa™"”N""7 and Aspa** mice (Figure 1). Immu-
noreactive EGFP was also detected at age 3 months in Calbindin®
cerebellar Purkinje cells (67.0% = 3.1% in Aspa™* mice and
64.0% + 3.1% in Aspa™"”~"7 mice (mean + SEM, n = 4 mice/group,
p = 0.68) that had been treated with intracerebroventricular/intracis-
ternal iNat8l-V on P1.

P1iNat8I-V Treatment Diminishes Brain Nat8]l mMRNA Abundance
in AspaN"""/Nu7 and Aspa*/* Mice

Brain Nat8] mRNA abundance, assayed by qRT-PCR, was similar in
untreated 3-month-old Aspa** and Aspa™™"N"" mice, thus sug-
gesting that elevated [NAAg] in the aspartoacylase-deficient brain

does not exert feedback inhibition on brain Nat8l gene transcrip-
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tion. P1 iNat8l-V administration lowered brain Nat8] mRNA abun-
dance to a similar extent in 3-month-old Aspa™* and Aspa™"7/Nur7
mice, whereas intracerebroventricular/intracisternal administration
on P1 of a control AAV vector carrying an shRNA sequence de-
signed not to inhibit any known mammalian gene (referred to
henceforth as “Cont-V”) did not significantly alter brain Nat8l
mRNA abundance in 3-month-old Aspa™* or Aspa™"*7/Nur’
(Figure 2).

mice

P1 iNat8I-V Treatment Diminishes [NAAg] in Aspa™"""/Nu"7 and
Aspa*’* Mice

[NAAg] was more than 2-fold higher in untreated 3-month-old
Aspa™"”N7 mice than in age-matched untreated Aspa** mice.
P1 iNat8l-V treatment reduced [NAAg] by approximately one third
in both 3-month-old Aspa™"”/™"7 and Aspa** mice, whereas P1
Cont-V did not significantly alter [NAAg] in either 3-month-old
Aspa™7NU7 or Aspa*’t mice (Figure 3).

P1 iNat8I-V Treatment Improves Motor Function in

AspaNur7/Nur7 Mice

Accerating rotarod retention times of untreated 3-month-old
Aspa™"7N"7 mice were approximately half as long as those in un-
treated or P1 Cont-V treated AspaJr/Jr mice. P1 iNat8l-V, but not P1
Cont-V, lengthened rotarod retention times in AspaN“m N7 hice
tested at age 3 months, but did not alter accelerating rotarod retention

times in 3-month-old Aspa*’* mice (Figure 4).
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Figure 2. Brain Nat8]l mRNA Knockdown by iNat8I-V

gRT-PCR for brain Nat8l mRNA abundance in 3-month-old mice, normalized to
brain Hsp90 mRNA abundance. Each circle represents an individual mouse; open
circles males, filled circles females. Mouse treatment group sizes were: Aspa** no
treatment (no TX) 7; Aspa*’* + Cont-V 13; Aspa™* + iNat8l 13; Aspa™""/Nu7 no Tx 8;
AspaNNIT L Cont-V 6; AspaN /N7 4+ iNat8l-V 7. Means = SEMs are shown.
Brain Nat8l mRNA abundance was diminished in both Aspa*’* and AspaNu7/Nur?
mice by P1 iNat8I-V administration, but not by P1 Cont-V administration. Brain Nat8|
mRNA abundance in no Tx or Cont-V treated Aspa*/+ mice did not differ significantly
from those in untreated or Cont-V treated Aspa™ /™" mice. Two-way ANOVA
indicated no significant effects of gender. **p < 0.01; n.s., not significant.

P1 iNat8I-V Diminishes Brain Vacuolation and Astrogliosis in
AspaNur7/Nur7 Mice

There was prominent cerebellar white matter vacuolation in
untreated 3-month-old AspaN“m N7 mice, but much less so in P1
iNat8]-V treated 3-month-old Aspa™"”™"7 mice (Figure 5). P1
iNat8l-V also diminished reactive astrogliosis, visualized by GFAP

Nur7/Nur7 mouse

indirect immunofluorescence, in 3-month-old Aspa
cerebral cortex (Figure 6), and lowered whole brain Gfap mRNA
abundance, assayed by qRT-PCR, in 3-month-old Aspa™"7/Nu7

mice (Figure 7).

P1 iNat8I-V Prevents Cortical Neuron Depletion in
AspaNur7/Nur7 Mice

NeuN" neurons per unit area in frontal motor cortex (“motor cortex
neuron density”) was significantly lower in 3-month-old untreated
AspaNur7/Nur7 +/+
P1 iNat8l-V significantly increased motor cortex neuron density in
3-month-old Aspa™""N"" mice, but not in 3-month-old Aspa*’*
mice. P1 Cont-V treatment did not alter motor cortex neuron density
** or 3-month-old Aspa™"7/Nur’

mice than in 3-month-old untreated Aspa™" mice.

in either 3-month-old Aspa mice

(Figure 8).

DISCUSSION

Administration of an AAV-ASPA vector directly into the brain pa-
renchyma of ASPA-deficient children with pre-existing spongiform
leukodystrophy was only minimally effective in ameliorating their
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Figure 3. iNat8I-V Lowers [NAAg] in Aspa*’* and Aspa™“""/N"" Mice

HPLC for [NAAg] in 3-month-old mice, expressed as pmol/gram wet weight of brain.
Each symbol represents an individual mouse; open circles males, filled circles fe-
males. Mouse treatment group sizes were: Aspa*’* no Tx 8; Aspa*’* + Cont-V 6;
Aspa*’* + iNat8l-V 6; Aspa™"NUT no Tx 6; AspaUNUT L Cont-V 4;
AspaNUr/Nur7 1 iNat8I-V 8. Means + SEMs are shown. P1 Nat8l-V administration
diminished [NAAg] in both Aspa™* and Aspa™""N" mice, whereas P1 Cont-V
administration did not. [NAAg] in P1 iNat8l-V treated Aspa™“""Nu" mice, though
lower than in untreated or Cont-V treated Aspa™“"""N" mice, remained significantly
above levels in untreated 3-month-old Aspa** mice. Results in male and female
mice within each group did not significantly differ. Two-way ANOVA indicated no
significant effects of gender. ***p < 0.001; **p < 0.01; n.s., not significant.

neurological deficits®, perhaps because brain ASPA transduction effi-
ciency was low. However, both direct intracranial AAV-mediated
brain Aspa gene transduction and brain Aspa transduction via
systemic administration of an Aspa AAV vector of a serotype that
can cross the blood-brain barrier have been reported to prevent
spongiform leukodystrophy in aspartoacylase-deficient mice.**
one of those mouse studies, substantial protection against develop-

In

ment of spongiform leukodystrophy was achieved by selective
neonatal astroglial Aspa transduction,” thus arguing against an
obligatory oligodendroglial cell-autonomous requirement for aspar-
toacylase. Noteably in that study, the engineered astroglial aspartoa-
cylase expression substantially lowered [NAAg] in aspartoacylase-
deficient mice.

Prior studies established that homozygous constitutive Nat8l
knockout, profoundly lowers [NAAg] and prevents Aspa™"7”/Nu”
mice from developing leukodystrophy.'*** Constitutive knockout
of a single Nat8] allele, which reduced [NAAg] in these mice toward

but not below the normal range, reduced leukodystrophy severity.**’

Though initial progress has been made in developing specific Nat8l
antagonists,”” no druggable Nat8l inhibitor is yet available. We there-
fore tested the therapeutic efficacy in Aspa™"7/Nu7
brain Nat8] knockdown via neonatal combined intracerebroventricu-

mice of in vivo

lar/intracisternal administration of an AAV vector driving transduc-
tion of an Nat8l inhibitory shRNA construct. Evaluation of these P1

Molecular Therapy Vol. 26 No 3 March 2018 795
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Figure 4. Enhanced Motor Performance in iNat8I-V-Treated

AspaNur7/Nur7 Mice

Accelerating rotarod retention times in 3-month-old Aspa mice are
enhanced by P1 iNat8I-V treatment. Each circle represents an individual mouse;
open circles males, filled circles females. Treatment group sizes were: Aspa*’*noTx
8; Aspa™* + Cont-V 8; Aspa*’* + iNat8l-V 6; Aspa™""/N7 No Tx 8; AspaNuri/Nu?
Cont-V 6; Aspa™""/NU7 1 iNat8IV 5. Means + SEMs are shown. Retention times in
P1 iNat8l-V treated Aspa™""N"" mice were higher than in untreated or Cont-V
treated Aspa™""/Nu"" mice, and not significantly different from retention times in the
3 Aspa** mouse groups. Two-way ANOVA indicated no significant effects of
gender. **p < 0.001; n.s., not significant.

Nur7/Nur7

iNat8l-V treated Aspa™"”™"7 mice at age 3 months showed that
[NAAg] was lower than that in untreated AspaN“m Nur7 mice, accel-
erating rotarod performance was normal, brain vacuolation and as-
trogliosis were markedly attenuated, and cerebral cortical neurons
had been “rescued.” These results are consistent with the NAA
toxicity hypothesis.

Two recent studies found that elevating [NAAg] in Aspa*™™* mice,
either by oral administration of NAA-methyl ester” or by engineer-
ing neuronal transgenic overexpression of Nat8
to cause brain vacuolation. These results suggest that both aspartoa-

1,%° was not sufficient

cylase deficiency and elevated [NAAg] are necessary to elicit spongi-
form leukodystrophy in Canavan disease.

One consideration in evaluating the desirability of brain Nat8l knock-
down as a potential therapy for Canavan disease is that small inter-
fering RNAs can exert off-target effects.”” Of particular concern,
some shRNAs have proven to be neurotoxic after direct administra-

30,31

tion into brain parenchyma. In the present study, however, in

which the vectors were administered into the cerebrospinal fluid on
P1, cerebral cortical neuron density was not diminished in Aspa*’*
mice at age 3 months, and P1 iNat8l-V treatment prevented the
decrease in neuron density in motor cortex that was seen in untreated
Aspa™"7”N"7 mice. This iNat8l-V mediated “rescue” of cerebral
cortical neurons in Aspa™"""N"7 mice resembled that previously re-
ported in adult Aspa™""™"7 mice to result from constitutive Nat8l
knockout.”* Another possible deleterious effect of brain Nat8l knock-

down is suppression of synthesis of the neurotransmitter/neuromo-

796 Molecular Therapy Vol. 26 No 3 March 2018
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dulator N-acetyl-L-aspartyl-L-glutamate (NAAG), for which NAA
is an obligatory precursor.”> However, whereas a diminution in brain
NAAG concentration has been documented in homozygous constitu-
tive Nat8l knockout mice, in which [NAAg] was undetectably low,
brain NAAG concentration in heterozygous constitutive Nat8l
knockout mice, in which [NAAg] was similar to that obtained by
Nat8l knockdown, was maintained within the normal range.*

Though the present study has shown that P1 intracerebroventricular/
intracisternal iNATS8I-V administration lowers [NAAg] and sup-
presses development of spongiform leukodystrophy in aspartoacy-
lase-deficient mice, questions remain. First, because different
promoters were incorporated into iNat8l-V to drive transduction of
EGFP and of Nat8l shRNA, the selective neuronal distribution
of brain EGFP immunoreactivity in the iNat8l-V-treated mice
cannot be assumed to accurately reflect the cellular specificity of
Nat8l shRNA transduction, thus opening the possibility of yet
undetected off-target shRNA effects on brain non-neuronal cells as
well as on neurons. Second, because the treated AspaN“ﬂ/Nur7
were all sacrificed 3 months after iNat8l-V administration, the
longer-term effects of Nat8l knockdown on [NAAg] and brain
pathology in this murine Canavan disease model have not yet been
determined.

mice

MATERIALS AND METHODS

AAV Vector Design

Four predicted mouse Nat8] (RefSeq: NM_001001985) inhibitory
shRNA sequences, based on the Broad TRC algorithm, http://www.
broadinstitute.org/rnai/public/seq/search, were screened in an Nat8l
cDNA-transduced HEK293 cell line, with silencing testing performed
by qRT-PCR 48 hr after cell transfections. Nat8]l mRNA knockdown
efficiencies by these sequences ranged between 44% and 84%. The full
length of the most potent sequence, GCTGACATTGAGCAGTAC
TAC, was used to construct the Nat8] shRNA CACCGCTGACATT
GAGCAGTACTACCTCGAGGTAGTACTGCTCAATGTCAGCTT
TTTG, which included the hairpin loop sequence CTCGAG.

An AAV2/AAVS hybrid backbone was chosen for AAV-Nat8l-
shRNA vector construction, based on reports that intracerebroven-
tricular administration of AAV vectors of these serotypes yield
widespread brain neuronal transduction in neonatal mice.”>** The
Nat8l shRNA sequence, driven by a U6 promoter, was incorporated
in this vector.”> An EGFP transcript driven by the neuron-specific
eSyn promoter’> was also included to facilitate visualization of the
distribution of brain transduction by the AAV vector. We refer to
this Nat8l knockdown vector, which was manufactured by Vector
Biolabs (Malvern, PA, USA) as “iNat8l-V.” The iNat9l-V titer admin-
istered to mice in this study was 4.0 x 10" GC/mL.

To evaluate possible non-specific effects on the brain of P1 intracra-
nial AAV administration and shRNA transduction, a control vector
was also designed. This control vector, referred to as “Cont-V,” ob-
tained from Vector Biolabs, was also constructed on an AAV2/
AAV8 hybrid backbone, and also employed the U6 promoter to drive
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Figure 5. Diminished Cerebellar Vacuolation in
iNat8I-V-Treated Aspa™"""/N""” Mice

Top: cerebellar fields (low magnification top, and high
magnification of boxed area below) from (left) an untreated
3-month-old Aspa** mouse, (center) an untreated
3-month-old  Aspa™""N7 mouse, and (right) a P1
iNat8l-V treated 3-month-old Aspa™""™N"" mouse. The
sections were immunostained for MBP (green) and Gfap
(red), with DAPI nuclear counterstaining. P1 iNat8I-V
treatment diminished cerebellar vacuolation in 3-month-
old AspaNU""Nu7 mice. MBP immunostaining suggested
that P1 iNat8I-V treatment also diminished the extent of
myelin disruption in the 3-month-old Aspa™"""/N"" mice.
Scale bars, 100 pm (low magnification images) and 25 pm
(high magnification images). Bottom (graphs): NIH ImageJ
was used to quantify the proportion of cerebellar white
matter that was vacuolated (left) and average cerebellar
white matter vacuole area (in um? in groups of four
Aspa*’* no Tx, AspaNU""Nu7 no Tx, and AspaNu/Nur7
iNat8l-V. Means + SEMs are shown. ***p < 0.001, one-
way ANOVA.
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an shRNA sequence. Cont-V differed from iNat-V in two important
respects: (1) the Cont-V shRNA sequence was selected not to inhibit
any known mammalian gene and (2) the EGFP sequence in this vec-
tor was driven by a hybrid CMV immediate early enhancer/chicken
B-actin promoter,’® rather than by eSyn. The Cont-V titer adminis-
tered to mice in this study was 4.1 x 10"> GC/mL.

Mice

Aspa™™”* mice, obtained originally from the Jackson Laboratory
(RRID: MGI:5771788), were maintained on a C57BL/6] back-
ground. Mouse pups were derived from crosses between Aspa™™”"*
males and females, and were genotyped by Transnetyx (Cordova,
TN, USA) by a probe-based method. Aspa™"7N"7 pups were
born in the expected 1:4 Mendelian ratio. All mouse procedures
were approved by the UC Davis Institutional Animal Care and
Use Committee.

AAV Vector Administration

P1 male and female Aspa™*"N""7 and Aspa™" pups were anesthe-
tized on ice, and received 2.5 pL of either iNat8]-V or Cont-V by
slow injection into each lateral ventricle and into the cisterna magna

ing speed of 4 rotations per min (rpm) and a

speed step of 1.2 rpm every 10 s was used. The
mice received a 5-min training session on the apparatus each day
for 5 days, by which point each had achieved the reported plateau
performance.

Brain Harvest

Three-month-old mice were deeply anesthetized with ketamine/xyla-
zine, and their brains (including forebrain, cerebellum, and upper
brainstem) were harvested following perfusion with 20 ml of cold
PBS. To permit multiple assays from each mouse, the brain was cut
sagitally, and the left hemisphere was cut coronally at the bregma
with the anterior portion flash-frozen for RNA assay, while the pos-
terior portion (predominantly cerebellum and upper brainstem) was
flash-frozen for NAA assay. The right hemisphere and attached upper
brainstem and cerebellum were used for immunohistology. These
were fixed in 4% paraformaldehyde in PBS for 48 hr at 4°C, followed
by washing in PBS, cryoprotection in 30% sucrose, and embedding in
OCT prior to cryostat sectioning.

[NAAg]
NAA was measured by high-performance liquid chromatography
(HPLC),*"*” and expressed in pmol/g brain wet weight.

Molecular Therapy Vol. 26 No 3 March 2018 797
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RNA Extraction and qRT-PCR for Nat8l, Gfap, and Hsp90 mRNAs
Brain mRNA was isolated by RNeasy Lipid Tissue Mini Kit
(QIAGEN, catalog #74804) and subjected to on-column DNase diges-
tion to eliminate genomic DNA contamination. RNA concentration
was measured by Nanodrop 2000, and the quality of RNA was eval-
uated by Agilent Bioanalyzer, demonstrating RNA integrity numbers
(RINs) greater than 6.8. cDNA was synthesized by Omniscript RT Kit
(QIAGEN, catalog #205111). One pL of cDNA (equivalent to 5 ng of
RNA) was used as template for subsequent real-time quantitative RT-
PCR. RT-PCR was performed by using the SYBR green-based
method. The following primers were used:

Nat8l-forward 5'-ATCTTCTACGACGGCATCTTGG-3’
Nat8l-reverse 5'-GCGGGTCACAGCAAAACAG-3’
Gfap-forward 5'-CGGAGACGCATCACCTCTG-3'
Gfap-reverse 5'-AGGGAGTGGAGGAGTCATTCG-3
Hsp90-foreward 5'-GTCCGCCGTGTGTTCATCAT-3'
Hsp90-reverse 5'-GCACTTCTTGACGATGTTCTTGC-3'.

The mRNA levels of Nat8l and Gfap (y axis) were normalized to
that of the internal control gene Hsp90 (Hsp90ab1), using the equa-
tion: 2(Ct value for Hsp90 — Ct value for Nat8l or Gfap) where Ct (cycle
threshold) was defined as the number of cycles required for the
SYBR green fluorescent signal to cross the threshold.

Immunohistology

Ten micron thick cryostat sections prepared from forebrain and cer-
ebellum were air-dried at room temperature, then incubated in 10%
normal donkey serum (v/v) and 0.1% Triton X-100 (v/v) in PBS for
1 hr at room temperature. Primary antibodies included goat anti-
EGFP (1:400, Rockland Immunochemicals #600-102-215; RRID:
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AspaV7Nu7 + iNat8I-V
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Figure 6. Diminished Cerebral Cortical Astrogliosis
in iNat8I-V-Treated Aspa™"""/N"” Mice

Low magnification cerebral cortical images, immuno-
stained for GFAP and Iba1 with higher magnifications of

the boxed areas, are shown from a 3-month-old untreated

+/+ Nur7/Nur7

Aspa™™ mouse, a 3-month-old untreated Aspa’
mouse, and a P1 iNat8l-V treated 3-month-old
Aspa™ N7 moyse. Note prominent astrogliosis in the

untreated 3-month-old Aspa™"/NU7 mouse, with less

prominent astrogliosis in the P1 iNat8I-V treated 3-month-
old Aspa™U""Nu7 mouse. Scale bars, 100 um (upper
panels) and 25 pm (lower panels).

AB_218187); mouse anti-Gfap (1:100, Millipore
Sigma #MAB360; RRID: AB_2109815); rat
anti-MBP, aa 36-50 (1:5, Millipore Sigma
#MAB395; RRID: AB-240845); rabbit anti-

Olig2 (1:500, Millipore AB9610; RRID:
AB_570666); rabbit anti-Calbindin (1:200,
Spring Bioscience #E10340; RRID: AB_

1660695); and rabbit anti-IBA1 (1:500, WAKO
Chemicals #019-19471; RRID: AB_2665520). All species-specific sec-
ondary antibodies were obtained from Jackson ImmunoResearch,
and were used at 1:500. Images were created with a Nikon laser-scan-
ning confocal microscope and processed using NIS-Elements
software. Low magnification images were constructed from 8 consec-
utive stacked 1 pm confocal optical slices, and high magnification
images were constructed from three consecutive stacked lpm
confocal optical slices. Laser settings across treatment groups re-
mained consistent. The images shown in Figures 1, 5, and 6 were
captured initially in RGB then converted to CMYK using Adobe
Photoshop. Vacuole area and size in cerebellar white matter were

Male: open circle / Female: filled circle
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Figure 7. Diminished Brain Gfap mRNA Expression in iNat8I-V-Treated
AspaNur7/Nur7 Mice

Each circle represents an individual 3-month-old mouse; open circles represent
males, filed circles represent females. Treatment group sizes were Aspa*™* no
Tx 11; Aspa** + Cont-V 13; Aspa™* + iNat8l-V 13; Aspa™"/Nu7 no Tx 8;
AspaNU/Nu7 . Cont-V 6; and AspaNU"NU"7 + iNat8l-V 7. Means = SEMs are shown.

Two-way ANOVA indicated no significant effects of gender. ***p < 0.001.
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Figure 8. Diminished Loss of Cortical Neurons in iNat8I-V-Treated
AspaNur7/Nur7 Mice

Cerebral cortical NeuN* neurons per unit area were diminished in untreated
3-month-old Aspa™""N7 mice, but not in P1 iNat8l-V treated 3-month-old
AspaNU"Nur7 mice. Each circle represents an individual mouse, and there were four
mice in each treatment group. Non-biased stereology was employed to determine
the numbers of NeuN™ neurons per unit area of cerebral cortex. Means + SEMs are
shown. One-way ANOVA, **p < 0.001; **p < 0.01; n.s., not significant.

measured using the NIS-Elements Annotate and Measure tool. Quan-
tification of EGFP* and EGFP ™ cerebral cortical NeuN™ neurons and
cerebellar Calbindin® Purkinje neurons was done using NIH Image]J
software.

Stereological Quantification of Cortical Neurons

Coronal forebrain sections at bregma —1.1 were used for NeuN"
neuron counts, which were performed using an Olympus BX61-
DSU microscope with motorized stage and Stereo Investigator soft-
ware. The optical dissector and guard zone were set at 8 and 1 pum,
respectively, and the NeuN" counts were performed at 40x
magnification.”’

Data Management and Statistics

Assays were performed by blinded observers. Means + SEs are indi-
cated in the figures. Statistical analysis was by two-way ANOVA
(when effects of both treatment and sex were analyzed) or one-way
ANOVA (when only effects of treatment were analyzed), in either
case followed by the Tukey post hoc test to conduct pairwise compar-
isons between groups.
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