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Pathological Bergmann glia alterations and disrupted calcium
dynamics in ataxic Canavan disease mice

Vanessa L. Hull1:2, Yan Wang12, Travis Burns!:2, Sarah Sternbach?, Shuaishuai Gongl2,
Jennifer McDonough3, Fuzheng Guol2, Laura N. Borodinsky?#4, David Pleasurel:2
1Department of Neurology, University of California Davis School of Medicine, Sacramento,
California, USA

2Institute for Pediatric Regenerative Medicine, Shriners Hospital for Children, Sacramento,
California, USA

3Department of Biological Sciences, Kent State University, Kent, Ohio, USA

4Department of Physiology & Membrane Biology, University of California Davis School of
Medicine, Sacramento, California, USA

Abstract

Canavan disease (CD) is a recessively inherited pediatric leukodystrophy resulting from
inactivating mutations to the oligodendroglial enzyme aspartoacylase (ASPA). ASPA is
responsible for hydrolyzing the amino acid derivative N-acetyl-L-aspartate (NAA), and without
it, brain NAA concentrations increase by 50% or more. Infants and children with CD present with
progressive cognitive and motor delays, cytotoxic edema, astroglial vacuolation, and prominent
spongiform brain degeneration. ASPA-deficient CD mice (Aspa"7/nUr7y present similarly with
elevated NAA, widespread astroglial dysfunction, ataxia, and Purkinje cell (PC) dendritic atrophy.
Bergmann glia (BG), radial astrocytes essential for cerebellar development, are intimately
intertwined with PCs, where they regulate synapse stability, functionality, and plasticity. BG
damage is common to many neurodegenerative conditions and frequently associated with PC
dysfunction and ataxia. Here, we report that, in CD mice, BG exhibit significant morphological
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alterations, decreased structural associations with PCs, loss of synaptic support proteins, and
altered calcium dynamics. We also find that BG dysfunction predates cerebellar vacuolation and
PC damage in CD mice. Previously, we developed an antisense oligonucleotide (ASO) therapy
targeting Nat8l (A-acetyltransferase-8-like, “Nat8l ASO”) that inhibits the production of NAA
and reverses ataxia and PC atrophy in CD mice. Here, we show that Nat8l ASO administration

in adult CD mice also leads to BG repair. Furthermore, blocking astroglial uptake of NAA is
neuroprotective in astroglia-neuron cocultures exposed to elevated NAA. Our findings suggest that
restoration of BG structural and functional integrity could be a mechanism for PC regeneration
and improved motor function.

Keywords
Bergmann glia; Canavan disease; astrocytes; astrocyte calcium; ataxia; cerebellum; Purkinje cell

11 INTRODUCTION

Aspa mutations disrupting the function of the oligodendroglial-enriched enzyme
aspartoacylase (ASPA) cause Canavan disease (CD), a neurodegenerative pediatric
leukodystrophy (Matalon et al., 1988). The absence of ASPA-mediated cleavage of the
abundant brain metabolite N-acetyl-L-aspartate (NAA) results in a significant elevation of
brain NAA in CD patients (Baslow, 2000; Matalon et al., 1995). This manifests in infancy
and early childhood as profound cognitive and motor impairments, seizures, astroglial
vacuolation, and spongiform white matter degeneration (Hoshino & Kubota, 2014; Mendes
et al., 2017). Similarly, CD mice (Aspa™"7/"ur7) present with elevated NAA, spongiform
leukodystrophy, ataxia, and Purkinje cell (PC) damage (Hull et al., 2020; Traka et al., 2008).

Astrocytes are particularly damaged in CD, with CD mice exhibiting widespread astrogliosis
and extensive astroglial vacuolation (Baslow & Guilfoyle, 2009). Moreover, astrocytes

are the only parenchymal cell possessing a defined uptake mechanism for NAA: the
sodium-coupled dicarboxylate transporter NaDC3 (encoded by S/c13a3, Fujita et al., 2005;
Huang et al., 2000). Constitutive ablation of NaDC3 in CD mice protects against astroglial
vacuolation and ataxia in CD mice (Wang, Hull, et al., 2021). Here, we focus on a specific
subset of astrocytes, the Bergmann glia (BG), that undergo dramatic pathological changes in
CD mice.

BG are radial astrocytes that direct the cytoarchitectural and functional development of

the cerebellum, continuing to support neuronal survival and synaptic function throughout
life. These specialized cells maintain their unipolar morphology and send their extensive
processes through the molecular layer, terminating in subpial endfeet, which form the
cerebellar glial limitans (Grosche et al., 2002; Rakic, 1971; Ramdn y Cajal, 1909; Siegel et
al., 1991). Much like the radial glial cells of the cerebral cortex, BG fibers act as a cerebellar
scaffold that guides the migration of the dense excitatory granule cell (GC) population to
their final destination (Hartmann et al., 1998; Rakic, 1971). BG also regulate the complex
dendritic arborization of the PCs, inhibitory neurons that represent the sole motor output of
the cerebellum (Bellamy, 2006; Lordkipanidze & Dunaevsky, 2005).
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During synaptogenesis, the previously smooth BG fibers form lateral projections that
surround developing synapses in the molecular layer, forming glial microdomains (Grosche
et al., 1999). BG microdomains will eventually enwrap both parallel fiber (PF)-PC
synapses, which are the axonal inputs from the GCs, and climbing fiber (CF)-PC synapses
(Bellamy, 2006; Grosche et al., 2002). The combined input from PFs and CFs modulates

the inhibitory output of the PCs, influencing motor coordination, motor control, and learning
(De Zeeuw & Hoogland, 2015). At these synapses, BG facilitate rapid glutamate reuptake
mediated by glutamate transporters GLAST (glutamate aspartate transporter 1) and GLT1
(glutamate transporter 1; Bergles et al., 1997; Clark & Barbour, 1997; Rothstein et al.,

1994; Storck et al., 1992). BG also regulate ion homeostasis (Wang et al., 2012) and sense
and respond to both excitatory and inhibitory neurotransmission, the via expression of
Ca?*-permeable AMPARSs (Burnashev et al., 1992; Saab et al., 2012), and GABA, receptors
(Mller et al., 1994; Riquelme et al., 2002). Like all astrocytes, BG exhibit intracellular
calcium fluctuations that can be spontaneous (Grosche et al., 1999) or evoked by synaptic
activity (Hoogland et al., 2009).

Multiple animal models of BG ablation present with dysregulation of cerebellar neuronal
migration, abnormal PC arborization, loss of motor coordination, and ataxia (Cui et al.,
2001; Delaney et al., 1996), underscoring the vital role BG play in cerebellar development,
information processing and functional output (De Zeeuw & Hoogland, 2015). PCs are also
particularly susceptible to damage in cerebellar ataxias and recent studies show that BG
alterations often accompany, and may even precede, PC damage (see Cerrato, 2020 for a
comprehensive review of this topic). Here, in addition to describing complex alterations to
BG and BG-PC structural associations in CD mice, we also show improvements to BG
phenotypes after intracisternal delivery of an antisense oligonucleotide (ASO) previously
shown to lower brain NAA and reverse leukodystrophy, ataxia and PC damage in CD mice
(“Nat8l ASO,” Hull et al., 2020).

21 MATERIALS AND METHODS

2.11 Mice

Mice heterozygous for the Aspa™"" nonsense mutation (RRID:IMSR_ JAX:008607) were
maintained on a C57BI/6J background and crossbred to generate Aspa"'"/nUr7 “CD mice”
and sex and age-matched AspaVT/WT controls (wild-type “[WT] mice”). Aldh1L1-eGFP
(enhanced green flourescent protein) mice were also obtained from Jackson Laboratory
(RRID:IMSR_JAX:030247) and crossbred to generate Aldh1L1-eGFP/Aspa™r7/nur? cp
mice and sex and age-matched Aldh1L1-eGFP/AspaVTWT controls. For tissue harvest,
mice were deeply anesthetized with ketamine/xylazine and transcardially perfused with cold
phosphate-buffered saline. Cerebella were bisected sagittally and half was flash frozen for
mRNA/biochemical assays and half was postfixed in 4% paraformaldehyde (PFA) in PBS,
cryoprotected and embedded in optimal cutting temperature (OCT) compound and frozen.
All animal experiments were conducted with the approval of the Institutional Animal Care
and Use Committee of the University of California, Davis.
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NAA assays

Brain NAA concentration was assayed by high-performance liquid chromatography (HPLC)
(as described previously in Hull et al., 2020) and expressed in micromoles per gram tissue
wet weight.

Rotarod

Accelerating rotarod testing (4 rpm starting speed, increasing by 1.2 rpm every 10 s)
was performed by blinded observers. Each data point represents the average score for an
individual mouse over 9 trials.

gRT/PCR

Total MRNA was isolated from cerebellar samples and assayed by quantitative real-
time polymerase chain reaction (qQRT-PCR). Results were normalized to Hsp90 mRNA
abundance. Primer pairs are detailed in Table 1.

Cell culture

Whole brains were extracted from mice at postnatal days (p0—p2), followed by meticulous
removal of the meninges. Subsequent enzymatic digestion was carried out using a mixture
of papain (20 U/mL, Worthington) and DNase 1 (250 U/mL, Sigma) fortified with D-
(+)-glucose (0.36%, AMRESCO) at 37°C for 60 min. The tissue was then mechanically
triturated, resulting in a primary single-cell suspension (Wang, Hull, et al., 2021; Wang,
Zhang, et al., 2021). Posttrituration, the cells were seeded on poly-D-lysine (Millipore)
precoated cover glasses at a density of 5 x 10° cells/mL, in Dulbecco's Modified Eagle
Medium supplemented with 10% heat-inactivated fetal bovine serum and a penicillin/
streptomycin mix (all procured from ThermoFisher). On the subsequent in vitro day, the
medium was further enhanced with 1 pm of cytarabino furanoside (AraC, C998100, TRC)
for a duration of 24 h, to attenuate glial proliferation. Subsequently, medium was replenished
with a fresh batch of coculture medium, with half-media changes implemented daily
thereafter (Goshi et al., 2020; Hasan & Berdichevsky, 2021; Lesslich et al., 2022). On the
seventh day, the coculture medium was augmented with varied concentrations of N-acetyl-L-
asparate (NAA,; 1, 2.5, and 10 mM) or a vehicle control, and this was maintained for an
additional 2 days. Subsequently, the cells were fixed with 4% PFA for immunostaining.

Immunostaining and image analysis

PFA-fixed (4%), OCT embedded, frozen cerebella were cryosectioned at 14 pm (slide
mounted) or 50 um (freefloating) and immunostained. Tissue sections and coculture
coverslips were incubated with primary antibodies (Table 1) then incubated with secondary
antibodies conjugated with fluorescent labels and counterstained with 4,6-diamidino-2-
phenylindole (DAPI). All imaging was done on a Nikon C2 laser scanning confocal
microscope and consistent laser settings were used for all WT versus CD comparative
images. Image analyses were performed in NIS-Elements (neuron and vacuolation
quantification) or Imaris 9.7 (Bitplane, Zirich, Switzerland). Imaris was used to quantify
BG process features (filament tracer), BG volume (surface tool), BG-PC proximity (surface
tool with proximity filtering), VGLUT1/GIluR4 mean fluorescence intensity (MFI; surface
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tool), and VGLUT2 puncta per PC (spots tool). For Aldhl1L1-eGFP/vimentin volume
quantification, ROIs included the molecular layer and the PC layer but not the granular
layer. All other ROIs included only the molecular layer, excluding both the granular layer
and PC layer.

Calcium imaging

Mice (p20—p30) were deeply anesthetized with ketamine/xylazine and cerebella were
vibratome-sectioned at 250 um ice cold-cutting solution. Cutting solution consisted of 75
mM sucrose, 87 mM NaCl, 25 mM Glucose, 25 mM NaHCO3, 7 mM MgCl,, 2.5 mM

KCI, 1.25 mM NaH,PQy4, 0.5 mM CacCls,, bubbled with 5% CO,/95%0,. Slices were then
incubated in 1 um sulforhodamine 101 (SR101, Invitrogen) in artificial cerebrospinal fluid
(aCSF) for 20 min, followed by aCSF alone for 10 minutes, both at 34°C bubbling with 5%
C0,/95%0,. aCSF solution consisted of 125 mM NaCl, 25 mM Glucose, 25 mM NaHCOg,
7 mM MgCl,, 2.5 mM KCI, 1.25 NaH,PQOy4, and 2 mM CaCl,: ~300 mOsm. Slices were
then incubated in 5 M Fluo4-AM (ThermoFisher Scientific) in aCSF at room temperature
for 45 min, then washed in aCSF before being time-lapse imaged by a Swept-Field confocal
microscope (Nikon) at an acquisition rate of 5 Hz for 5 min. After spontaneous recordings
were performed, the same slices were treated with 0.3 um AMPA just prior to image
acquisition. Videos were analyzed using NIS Elements to measure Fluo4-AM+ transients

in SR101+ BG processes in the molecular layer. Fluorescence intensity (in arbitrary units,
AU) for sample traces was quantified as AF/ Fy with / being average baseline intensity.
Number of transients per minute over a 5-min recording window in an 1000 pm3 region of
interest (ROI) were averaged for each animal so that each data point represents the average
of three ROIs (each from a different slice) for one animal. Duration of transients is reported
in seconds (s) with each data point representing the average transient duration or rise time
duration during a 5-min recording window in a single BG cell microdomain (/7= 4 mice per

group).

Nat8l ASO therapy

A locked nucleic acid antisense oligonucleotide (“LNA-ASO,” Smith & Zain, 2019)
designed by Qiagen to knockdown Nat8I expression (“Nat8l ASO,” nucleotide sequence
GGCGTAGAGCAGTTGG) and a negative control LNA-ASO with no known eukaryote
targets (“control ASO,” nucleotide sequence AACACGTCTATACGC) were injected
intracisternally into 2-month-old sex-matched WT or CD Mice (0.5 nmol in 5 pL of aCSF,
rate of 1 uL/min; under isoflurane anesthesia). Brain tissue was harvested for analysis at 7,
14 days, and 2 months posttreatment. For full details, refer to Hull et al. (2020).

Statistics

Quantitative data are presented in the figures as means + SEM. Statistical analyses were
done by two-tailed, unpaired student's #test (with Bonferroni correction for multiple
comparisons where appropriate) or one- or two-way analysis of variance (ANOVA) with
post hoc Tukey's test as indicated in figure legends.

Glia. Author manuscript; available in PMC 2023 December 01.
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RESULTS

“CD mice” homozygous for the Aspa™"" nonsense mutation have no detectable ASPA

by Western blot assays (Traka et al., 2008) and exhibit marked overaccumulation of

NAA in brain tissue (Figure 1a). CD mice exhibit prominent astroglial and intramyelinic
vacuolation and astrogliosis throughout the brain by postnatal day (p30), quantified in Figure
1b and visible in images of cerebellar (Figure 1c, left panel) and thalamic (Figure 1c,

right panel) white matter. CD mice have lower rotarod retention times compared with age-
and sex-matched WT mice in maturity (Figure 1d). No obvious CD-related phenotypic
differences have been reported in CD mice on the basis of sex. Indeed, NAA levels, rotarod
performance, and therapeutic responses are similar in male and female mice (Hull et al.,
2020).

There is significant disruption to the morphology of BG of the cerebellum in adult CD

mice, characterized by fragmented and irregular processes that lose linearity and exhibit
swelling. These changes are visualized in tissue sections derived from transgenic mice that
express GFP under the aldehyde dehydrogenase 1 family member L1 (A/dh1L 1) promoter
(Aldh1L1-eGFP mice; Doyle et al., 2008) that have been coimmunolabeled for the BG
cytoskeletal marker vimentin (Figure 2a,b). Expression of calcium binding protein S1008 is
reduced in BG somata and processes in CD mice (Figure 2c¢). Volumetric analysis performed
in Imaris 9.7 (Bitplane) reveals that CD mice have more total Aldh1L1-eGFP volume per
BG (Figure 2d) and total vimentin volume per BG (Figure 2e). Next, we utilized the filament
tracing tool in Imaris to isolate and measure features specific to vimentin+ BG processes

in the molecular layer. BG processes in CD mice have a higher volume than WT mice
(Figure 2f). Furthermore, as outlined in the graphic in Figure 2g, there are a higher number
of segments per BG (Figure 2h), terminal points per BG (Figure 2i), and a higher number of
branches per BG process (Figure 2i) in CD mice as compared with WT mice.

We previously reported a substantial diminution in dendritic length and spine density in

PCs in CD mice (Hull et al., 2020). In conjunction with PC simplification, we find major
disruptions to BG cell morphology, BG soma are irregularly shaped, dislocated from their
natural position, and exhibit decreased SOX2 expression in CD mice (Figure 3a). Vimentin+
BG processes are enlarged, fractured, and/or absent in large swaths from areas where
calbindin+ PC dendrites are simplified and/or missing in CD mice (Figure 3a,b). These
features are in marked contrast to WT BG processes, which exhibit a more consistent
diameter and even spacing throughout the molecular layer where they are intricately
interwoven with complex PC dendritic arborization (Figure 3a,b). Aldh1L1-eGFP signal
from BG cell bodies in the PC layer of CD mice is irregular with hypo- and hyperintense
regions, compared with the consistent signal present in WT mice (Figure 3b). We generated
3D reconstructions of confocal images in Imaris which allows for proximity analysis
between Aldh1L1-eGFP+/vimentin+ BG and calbindin+ PCs. The results reveal that a lower
percentage of AldhlL1-eGFP and vimentin signal, respectively, are within 1 p of PC marker
calbindin in CD mice (Figure 3c,d). Taken together, these data demonstrate a significant
reduction in BG-PC structural associations in the CD cerebellum.

Glia. Author manuscript; available in PMC 2023 December 01.
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We reasoned that the dissociation of BG and PC could result in the loss of synaptic contacts
between the PFs of the excitatory GCs and PC dendrites, synapses which are typically
enwrapped and supported by BG microdomains. Coinciding with irregular BG and PC
morphology in CD mice (Figure 4a, top and bottom panels), immunostaining for vesicular
glutamate transporter 1 (VGLUTL1) + PF-PC synapses reveals a marked reduction of signal
in CD mice (Figure 4b,b’) as compared with WT mice (Figure 4a,a’), quantified by MFI
(Figure 4c). PCs also receive synaptic input from VGLUT2+ CF. CD mice exhibit a visible
decrease in VGLUT2+ CF terminals in the molecular layer (Figure 4e,e’,f,f’), which we
quantified in Imaris by counting the number of VGLUT2+ puncta per cell in the molecular
layer (Figure 4d).

Given the loss of BG-PC proximity and PF-PC/CF-PC synapses in the molecular layer,

we decided to explore other features of BG microdomains that could also be disrupted in
CD. BG microdomains highly express AMPARSs with a subunit composition unique in the
molecular layer: lack of GIuR2 with expression of GIuR1 and GIuR4 subunits, encoded by
GIuAZ, GIuA1, and G/luA4, respectively. This configuration confers calcium permeability in
the presence of glutamate (Burnashev et al., 1992; Keindnen et al., 1990; Muller et al., 1992;
Saab et al., 2012). We therefore used GIuR4 as a marker for BG Ca2*-permeable AMPARs
and observed a visible decrease in GIuR4 protein level in the molecular layer of CD mice
by immunohistochemistry (Figure 5a) which matches the decreased level of GluR4 MFI
(Figure 5b). G/uA4 message level in whole cerebellar tissue of CD mice is lower than in
WT (Figure 5c). BG processes also abundantly express glutamate transporters GLAST and,
to a lesser extent, GLT-1, which have demonstrated roles in glutamate reuptake (Bergles et
al., 1997). We find that CD mice exhibit a decrease in GLAST protein level visible by IHC
(Figure 5d) in the molecular layer as well as a decrease in total cerebellar S/cZa3 (encodes
GLAST, Figure 5e) and S/c1aZ (encodes GLT-1, Figure 5f) mRNA. In sum, we find that BG
in CD mice demonstrate significant losses to synapse-supporting microdomain proteins.

Next, we sought to determine the age at which cerebellar cellular abnormalities first arise
in CD mice. At p7, immature PCs (Figure S1a) and BG (Figure Sla,b) appear similar in
WT and CD mice. However by p14, a marginal increase in vimentin immunoreactivity
becomes observable in BG processes of CD mice (Figure S1c,d). By p21, BG irregularities
and PC dendritic abnormalities are clearly visible in CD mice (Figure Sle,f,f’), worsening
by p30 (Figure S1g,h,h”). BG processes in p21 CD mice are swollen, particularly in distal
regions, and exhibit irregular lateral protuberances, while somas also begin to take on the
asymmetrical shape seen in adult CD mice (Figure Sle,f,f’,g,9°). PCs in CD mice at p21
(Figure S1e) and p30 (Figure S1g) exhibit less complex dendritic branching and show a
less continuous relationship with BG processes, consistent with our findings in more mature
mice (Figure 3).

Ataxic gait is observed in CD mice as early as the second postnatal week however
extensive vacuolation is not observed throughout the brain until p21 (Traka et al., 2008).
Therefore, we decided to further characterize the onset of vacuolation in addition to BG-PC
abnormalities during this newly defined critical p14—p21 window. Cerebellar white matter
appears consistent in WT and CD mice at p15 (Figure 6a). However, BG show signs of
irregularity at these early timepoints, including decreased SOX2 signal in soma (Figure 6b),
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more intense/irregular aldh1l1-eGFP expression and increased glial fibrillary acid protein
(GFAP) immunoreactivity (Figure 6¢). PC morphology, however, appears similar between
WT and CD mice at p15 (Figure 6b).

Based on these findings, we hypothesized that BG could be a noncell autonomous
mechanism for PC dysfunction in CD, Prior /n vitro studies have demonstrated that neurons
do not take up NAA (Sager et al., 1999) and elevated NAA is not neurotoxic to neurons

in culture or slice preparations and does not alter electrophysiological properties of neurons
(Appu et al., 2017; Kolodziejczyk et al., 2009; von Jonquieres et al., 2018). Astrocytes,
however, readily take up NAA in culture (Sager et al., 1999) via the sodium-coupled

NAA transporter NaDC3 (encoded by S/c13a3, Fujita et al., 2005). Single-cell sequencing
data (Kozareva et al., 2021) and IHC confirm the expression of NaDC3 in BG (Figure

7a). In prior work, we have shown that constitutive ablation of NaDC3 also expressed in

the meninges and kidney, protects against astroglial vacuolation and ataxia in CD mice
(Wang, Hull, et al., 2021). To investigate the potential influence of astrocytes on neuronal
survival in the context of CD, we cocultured primary neurons and astrocytes in the presence
of increasing concentrations of NAA. We found that neuronal survival was significantly
reduced at 1 mM and higher concentrations of NAA in WT cultures (Figure 7b,c). However,
when the astroglial uptake of NAA was blocked by constitutive NaDC3 ablation (in cultures
derived from S/c13a3~ mice, Figure 7b,d), there was no significant effect on neuronal
survival at 1 or 2.5 mM concentrations of NAA.

To better understand the functional implications of the pathological changes we observe in
BG in CD mice, we performed imaging using the calcium indicator Fluo4-AM in acute
cerebellar slice preparations. We procured slices from mice aged p21—-p30 when, as we
have established, BG alterations are already present. In addition to broad full-cell and
multicell spanning calcium waves, we observed spontaneously occurring compartmentalized
calcium transients that colocalized with astrocyte-specific dye SR101 (Nimmerjahn et al.,
2004) in BG processes (Figure 8a). Recorded calcium transients were ~1-2 p wide and
appear consistent with signals observed in BG by others acute slice preparations (Beierlein
& Regehr, 2006; Burnashev et al., 1992; Grosche et al., 1999) and in SR101-loaded BG
processes during /in vivo calcium imaging (Nimmerjahn et al., 2009; Figure 8b,c). We
recorded a significantly lower frequency of spontaneous calcium transients in CD mice
compared with WT (Figure 8d). The duration of these events is also significantly prolonged
in CD mice (Figure 8e), while the rise time remains similar to that of WT mice (Figure

8f). After recording spontaneous transients, slices were treated with AMPA. AMPA-evoked
transients exhibit similar kinetics to spontaneous calcium transients in BG in WT samples,
while in CD mice, the duration of AMPA-evoked transients was longer (Figure 8e,f).
Overall, we find that BG in CD mice exhibit less spontaneous calcium activity and the
duration of spontaneous or AMPA-evoked single events is prolonged with no change in rise
time.

We previously developed an ASO targeting the knockdown of the NAA-synthesizing
enzyme NATSL (“Nat8l ASO”) with the prediction that decreasing elevated levels of brain
NAA would be therapeutic for CD mice. Intracisternal delivery of this Nat8l ASO to

adult, symptomatic CD mice reversed spongiform vacuolation and ataxia within 2 weeks of
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treatment and repaired PC dendritic atrophy leading to an increase in PC spine density (Hull
et al., 2020). We questioned whether BG damage was also reversible with this treatment
and indeed, BG in Nat8l ASO-treated mice exhibit more intact morphology than untreated
controls (Figure 9a). Treatment also results in an increase in GIuR4 immunostaining (Figure
9b) and GIuR4 MFI (Figure 9c) in the molecular layer of Nat8l ASO-treated CD mice

(30 days posttreatment) when compared with untreated CD mice or CD mice treated with

a control ASO with no known eukaryotic targets (“Ctrl-ASO”). These data correspond

with an increase in G/uA4 transcript (encoding GIuR4) which climbs to WT levels by 60
days postadministration (Figure 9d). The transcript levels of S/c1a3 (Figure 9e) and S/c1a2?
(Figure 9f), encoding GLAST and GLT-1, respectively, progressively increase over time

in Nat8l ASO-treated CD mice, ultimately also reaching WT levels. In summary, we find
that Nat8l ASO therapy improves BG morphology and increases BG microdomain protein
expression in CD mice.

DISCUSSION

The hallmark of CD is elevated brain NAA which, in the absence of functional ASPA,
results in widespread astroglial dysfunction, demonstrated here in BG of CD mice. NAA
is elevated throughout the brain by p21 in CD mice, with the highest NAA concentration
found in the cerebellum (Traka et al., 2008). Here we show that BG dysfunction present at
p15-p17 coincides with the first signs of motor disturbances in CD mice and importantly,
these features predate widespread vacuolation and PC abnormalities seen at p21.

Astrocytes, including BG, express the sodium-coupled dicarboxylic acid transporter NaDC3
(encoded by S/c13a3) making them the only parenchymal cell type with the ability to take
up NAA (Bergeron et al., 2013; Fujita et al., 2005; Huang et al., 2000). We hypothesize
that NaDC3-mediated overloading of astroglia with NAA and sodium causes osmolar
dysregulation and vacuolation in CD mice. In prior work, we demonstrated that constitutive
deletion of NaDC3 prevents leukodystrophy, astroglial vacuolation, and ataxia in CD mice
(Wang, Hull, et al., 2021; Wang, Zhang, et al., 2021). Here, we show that in the presence of
high NAA, primary neurons cocultured with NaDC3-deficient astrocytes have enhanced
survivability versus WT astrocytes. BG, as specialized astrocytes, also have S/lc13a3
transcript (Kozareva et al., 2021) and NaDC3 protein. Moreover, when ASPA-deficient
mice are supplanted with astroglial ASPA only, the CD phenotype is reversed (Gessler et
al., 2017), providing further support that astroglial-NAA overloading may be an essential
catalyst in the pathophysiology of CD.

The compromised structural integrity of BG and retraction of BG processes from PC
dendrites may be the underlying cause of PC simplification and PF-/CF-PC synaptic loss in
CD mice. PFs influence simple spike firing in PCs and play important roles in locomotion,
motor coordination, and motor learning (Galliano et al., 2013; Hoogland et al., 2015;
Vinueza Veloz et al., 2015), while CF input drives complex spikes, helping with movement
adjustment and fine motor coordination. CF and PF inputs to PCs are both critical for

motor learning and adaptation (Ito, 2002, 2006). We show that BG irregularities predate
PF-PC synaptogenesis and coincide with the final stages of CF pruning (Crepel et al., 1976;
Hashimoto & Kano, 2013), BG differentiation is temporally and functionally correlated
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with PC dendritic outgrowth and synaptogenesis in the molecular layer occurring around
the second postnatal week (Yamada & Watanabe, 2002). PF-PC synaptic dysfunction

is common in several mouse models of ataxia (including the ATXN1 mouse model for
spinocerebellar ataxia; Barnes et al., 2011; Ebner et al., 2013; Hoxha et al., 2016; Koeppen,
2005; Smeets et al., 2021; Zuo et al., 1997) and frequently observed in conjunction with

BG dysfunction (Burright et al., 1995; Custer et al., 2006; Shiwaku et al., 2013). Disruption
of CF-PC synapses is seen in postmortem tissue from patients with spinocerebellar ataxias,
Parkinson's disease, and essential tremor (Koeppen, 2005; Kuo et al., 2017; Lin et al., 2014).

BG express glutamate transporters GLAST and GLT-1 that facilitate glutamate reuptake,
thereby shaping the time course of postsynaptic receptor activation (Bergles et al., 1997;
Dzubay & Jahr, 1999; Takahashi et al., 1996). GLAST and GLT-1 also protect against
extrasynaptic glutamate spillover (Brasnjo & Otis, 2001; Reichelt & Kndpfel, 2002),
prevent excitotoxicity due to prolonged glutamate elevation (Meldrum & Garthwaite, 1990),
and decrease the activation of AMPARs on PCs at PF-PC synapses during repeated
stimulation (Marcaggi et al., 2003). GLAST-null mice exhibit disturbances in PF-PC
synapses (Miyazaki et al., 2017), neuronal atrophy (Rothstein et al., 1996), and motor
discoordination (Watase et al., 1998), all of which are phenotypes we have now documented
in CD mice. GLAST loss is evident in multiple spinocerebellar ataxias (Lin et al., 2000;
Perkins et al., 2010), Alzheimer's disease (Sjobeck & Englund, 2001), and more specifically,
BG GLAST depletion in ATXN1 mice has been associated with PC loss (Cvetanovic, 2015).

In addition to glutamate transporters, BG microdomains also feature Ca2*-permeable
AMPARSs, unique in the molecular layer for their GluR1/GluR4-subunit composition. These
Ca?*-permeable AMPARSs within BG exhibit a relatively high Ca2* conductance even in
low Ca?* (Burnashev et al., 1992) and Ca2* entry results in a robust reduction in the

resting BG potassium conductance (Mdller et al., 1992). Ca2* influx through these AMPARs
is considered the primary mechanism by which BG can “sense” functional synapses

when they first become active (Bellamy, 2006; lino et al., 2001). Selectively deleting BG
AMPARSs or blocking their Ca2* permeability triggers retraction of BG processes from PC
synapses (lino et al., 2001; Saab et al., 2012), increasing the amplitude and duration of PC
currents, delaying glutamatergic synapse formation and impairing fine motor coordination
in developing mice (Saab et al., 2012). Conversely, overexpression of BG AMPARs drives
the extension and overgrowth of BG processes (Ishiuchi et al., 2001). BG AMPARs are
therefore not only crucial for regulating the structural and functional establishment of
microdomains during development, but they are also integral to synaptic stability and axonal
outgrowth in adults.

We also observed a reduction in spontaneous Ca2* activity and an increase in the total
duration, but not the rise time, of BG spontaneous and AMPA-stimulated localized Ca2*
transients in BG of CD mice. The Ca?* transients we recorded are consistent with
spontaneous and PF-stimulation-induced signals isolated to BG microdomains in cerebellar
slices (Beierlein & Regehr, 2006; Grosche et al., 1999) and “calcium sparkles” reported

by (Nimmerjahn et al., 2009) during /n vivo calcium imaging of awake, behaving mice.

PF and/or CF stimulation reliably produces localized calcium transients in BG (Beierlein
& Regehr, 2006; Grosche et al., 1999; Hoogland et al., 2009; Matsui & Jahr, 2004),
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therefore the AMPA-evoked Ca?* fluctuations we observed in BG potentially result from
the combined influence of Ca2* entry through BG Ca%*-permeable AMPARSs and activation
of metabotropic glutamate receptor 1/purinergic receptors which triggers IPR3-mediated
calcium release from internal stores.

The implications of the loss of spontaneous BG activity and prolonged intracellular calcium
elevation we observed in CD mice are widespread (see Shigetomi et al., 2016 for a review of
calcium signaling in astrocytes). Using optogenetic stimulation, Sasaki et al. (2012) showed
that increased intracellular calcium in BG induces glutamate release, activates AMPARS on
PCs, induces LTD in PF-PC synapses, and ultimately leads to disturbances in associative
motor learning and/or motor performance of cerebellar mediated behaviors. K* uptake by
BGs is a Ca2*-dependent processes known to regulate PC membrane potential and PCs
show an increase in spike activity when extracellular K* is depleted due to increased

BG Ca?* signaling in acute slices and in vivo (Wang et al., 2012). Activation of BG
AMPARSs also strongly inhibits BG-BG gap junctional coupling (Muller et al., 1996) and
increased intracellular Ca2* in astrocytes has been shown to elevate intracellular calcium in
neighboring neurons (Nedergaard, 1994; Parpura et al., 1994).

The integral roles that BG play in cerebellar structural and functional development are
highly evident given the strong phenotypes associated with BG dysregulation and damage,
many of which have been demonstrated here in CD mice. BG actively participate in
cerebellar information processing by regulating synaptogenesis and supporting synaptic
activity, indirectly via ion buffering and careful shaping of the glutamate curve, and/or
directly via calcium signaling, glutamate release, and upstream activation of LTD pathways
at PF-PC synapses (De Zeeuw & Hoogland, 2015). Our results indicate disruptions to all of
these functions in CD mice. Our results also indicate that astroglial overloading with NAA
via NaDC3 can damage neuronal health /n vitro. Furthermore, ataxia predates cerebellar
vacuolation in CD mice, coinciding instead with early BG abnormalities. Given the intimate
relationship between BG and PCs, and the significant dependence of PC on BG for synaptic
development, stability, and ongoing support, BG damage may potentially represent a noncell
autonomous mechanism of PC degeneration in CD. We are encouraged by our findings that
many of the BG alterations seen in CD mice are improved by Nat8l ASO therapy. Overall,
our findings point to early disruptions to BG integrity and dysregulation of the BG-PC
relationship as a driver for CD pathogenesis and warrant further investigation into potential
therapeutic targets for BG repair in CD and other neurological diseases.
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FIGURE 1.
Canavan disease mice present with ataxia and widespread brain vacuolation. (a) NA-acetyl-L-

aspartate brain concentration by HPLC (wild-type [WT]: 5.0 + 0.64, Canavan disease (CD):
9.7 £0.76; p=.0016 by two-tailed Student's #test). (b) Percent white matter vacuolation

in adult murine cerebellum (WT: 0.3% % 0.1%, CD: 37.7% * 4.4%) and thalamus (WT:
0.2% + 0.1%, CD: 48.9% + 4.4%). p < .0001 by two-tailed Student's #test for both. (c)
Representative tissue sections from adult WT (top panel) and CD (bottom panel) mouse
cerebellum (left panels) and thalamus (right panels) immunolabeled with antibodies against
myelin marker MBP (myelin basic protein; green), astrocyte marker GFAP (glial fibrillary
acidic protein; red) and counterstained with DAPI (blue). Scale bar = 50 um. (d) Rotarod
retention times in seconds(s): p30: WT: 133 £ 9, CD: 39 + 10; p40: WT: 149 £ 8, CD: 55

+ 6; at p50 WT: 169 £ 6, CD: 65 £+ 4; and p60 WT: 171 + 9, CD: 57 + 3. p<.0001 for all
comparisons by two-tailed Student's #test. (For all graphs: WT = gray and CD = blue. Data
points represent averages for individual mice. Values reported are means (column height) £
SEMs (error bars). **p < .01,****p < .0001).
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FIGURE 2.

Bergman glia exhibit discontinuous, swollen processes and irregular somatic morphology
and position in Canavan disease (CD) mice. (a,b) Representative confocal images of the
cerebellum from p60 wild-type (WT; top panel) and CD (bottom panel) transgenic Aldh1L1-
eGFP mice, coimmunolabeled with Bergmann glia (BG) cytoskeletal marker vimentin (red)
and DAPI (blue). (a,a”) 30 p z-stack images (scale bar = 50 p). (b) 10 p z-stack images
(scale bar = 50 ). (b”) High power view of (b’; scale bar = 10 ). (c) Cerebellar sections
from p60 WT (top panel) and CD (bottom panel) mice immunostained with pan-astrocyte
marker S1008 (green; scale bar = 50 pm). (c’) Higher power view of (c). (scale bar = 10
um). (d) Average Aldh1L1-eGFP volume (um?3) per BG cell: WT: 313.3 + 60.6, CD: 517.2
+45.6. p=.0361 by two-tailed Student's #test. () Average total vimentin volume (um3) per
BG cell: WT: 176.5 + 39.4, CD: 313.4 + 35.0. p=.0408 by two-tailed Student's #test. (f)
Vimentin+ process volume (um3): WT: 15.3 + 1.1, CD: 27.2 + 2.1; p=.0048), (g) schematic
depicting BG process specific features quantified by vimentin signal and reported in (h—j):
(h) Number of process segments: WT: 13.9 + 1.1, CD: 21.3 + 1.1; p=.0056), (i) Number of
process branches (WT: 2.9 £ 0.2, CD: 3.9 £ 0.1; p=.0076). (j) Number of terminal points
(WT: 8.2+£0.6,CD: 12.2 £ 0.6; p=.0052). pvalues for f, h, i, j by 2-tailed Student's #tests
with Bonferroni correction for multiple comparisons. For all graphs: WT = gray and CD =
blue. Data points represent averages for individual mice. Values reported are means (column
height) + SEMs (error bars). *p < .05; **p < .01). GCL, granule cell layer; ML, molecular
layer; PCL, Purkinje cell layer.
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FIGURE 3.
Bergmann glia (BG)-Purkinje cell (PC) interactions are disrupted in Canavan disease (CD)

mice. (a) Representative confocal images (30 u z-stack) of cerebellar sections from adult
wild-type (WT; top panel) and CD (bottom panel) mice immunolabeled with PC marker
calbindin (green) and BG markers vimentin (cytoskeletal, red), SOX2 (somatic, white)
counterstained with DAPI (blue; scale bar = 50 um). High power view shown in (a’; scale
bar = 10 um). (b) 4 p z-stack confocal images from Aldh1L1-eGFP+ (green) WT (top
panel) and CD (bottom panel) mice costained with calbindin (red) and vimentin (white;
scale bar = 10 um). (c) Percent of BG marker Aldh1L1-eGFP within 1 u proximity of PC
marker calbindin in CD (69.25 + 4.4) and WT (86.2 + 1.9) mice (p=.0121 by two-tailed
Student's #test). (d) Percent of BG process marker vimentin within 1 i proximity of PC
marker calbindin in CD (46.5 £+ 4.0) and WT (80.3 = 1.7) mice (o =.0002 by two-tailed
student's £test). (For all graphs: WT = gray and CD = blue. Data points represent averages
for individual mice. Values reported are means (column height) + SEMs (error bars). *p <
.05, ***p < .001).
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FIGURE 4.
Loss of parallel fiber (PF)- and climbing fiber-Purkinje cell (PC) synapses in Canavan

disease (CD) mice. (a) Representative images from adult wild-type (WT; top panel) and
CD (bottom panel) Aldh1L1-eGFP+ (green) mice immunostained with PC marker Spectrin
B-111 (red), PF-PC synaptic marker vesicular glutamate transporter 1 (VGLUTL; white) and
DAPI (blue) with VGLUT1 and DAPI in isolation in (a’; scale bar = 50 um). (b) High
power images of (a), VGLUT1 and DAPI isolated in (b’; scale bar = 10 pm). (c) Mean
fluorescence intensity of VGLUT1 signal in the molecular layer in CD (865 + 92, blue)
and WT (1206 £ 104) mice (p=.0397 by two-tailed student's #test). (d) Average number
of VGLUT2+ puncta per PC in CD (635 £ 89) and WT (1123 £+ 117) mice (p=.0106 by
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two-tailed student's #test). (e,f) Low power images (scale bar: 50 um) from Aldh1L1-eGFP+
WT (top panel) and CD (bottom panel) mice: () Aldh1L1-eGFP (green) and spectrin B-I11
(red). (f) CF—PC synapse marker VGLUT?2 (green) and spectrin B-111 (red). (f") VGLUT2
(green) signal isolated. (g) High power view (scale bar = 10 um) of (f), VGLUT2 (green)
and spectrin p-111 (red). (g”) VGLUT?2 (green) signal isolated. (For all graphs: WT = gray
and CD = blue. Data points represents averages for individual mice. Values reported are
means (column height) + SEMs (error bars). *p < .05; **p < .01).
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FIGURE 5.
Bergmann glia (BG) exhibit a loss of Ca2*-permeable AMPARS and glutamate transporters

in Canavan disease (CD) mice. (a) Representative cerebellar sections from adult wild-type
(WT; top panel) and CD (lower panel) Aldhl1L1-eGFP+ (green) mice immunostained for
Ca?*-permeable AMPAR subunit GluR4 (red) and counterstained with DAPI (blue) with
GluR4 signal isolated in (a’; scale bar = 50 pm). (b) Mean fluorescence intensity of
GluR4 in molecular layer of WT (1225 + 16) and CD (843 + 145) mice (p=.047

by one-way ANOVA, full comparisons shown in Figure 8b). (c) Relative G/uA4 mRNA
abundance (normalized to Hsp90) by qRT-PCR in WT (0.089 + 0.00087) and CD (0.064
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+ 0.0021) mice (p < .0001 by one-way ANOVA, full comparisons shown in Figure

8¢). (d) Representative cerebellar sections from WT (top panel) and CD (lower panel)
Aldh1L1-eGFP+ (green) mice immunostained for glutamate transporter GLAST (red) and
counterstained with DAPI (blue), with GLAST signal isolated in (d’; scale bar = 50 pm). (e)
Relative S/c1a3 (encodes GLAST) mRNA abundance (normalized to Hsp90) by gqRT-PCR in
WT (0.17 £ 0.021) and CD (0.11 + 0.013) mice (p = .0003 by one-way ANOVA with post
hoc Tukey's test, full comparisons shown in Figure 8e). (f) Relative S/cZa2 (encodes GLT-1)
mMRNA abundance (normalized to Hsp90) by gRT-PCR in WT (0.061 + 0.0080) and CD
(0.37 £ 0.0028) mice (p=.0221 by one-way ANOVA, full comparisons shown in Figure 8f).
(For all graphs: WT = gray and CD = blue. Data points represent individual mice. Values
reported are means (column height) = SEMs (error bars). *p < .05; ***p< .001; ****p <
.0001).
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SOX2

FIGURE 6.
Bergmann glia (BG) dysfunction predates cerebellar vacuolation and Purkinje cell damage

in Canavan disease (CD) mice. Representative cerebellar sections from p15 wild-type

(WT; top panel) and CD (bottom panel) mice. Panel (a) shows cerebellar white matter is
immunostained myelin basic protein (MBP; green) and glial fibrillary acid protein (GFAP;
red). High power views in panel (b) show Purkinje cells stained with calbindin (green)

and Bergmann glia stained with GFAP (red) and SOX2 (white). Panel (c) shows transgenic
Aldh1L1-eGFP expressing WT (top) and CD (bottom) mice stained with GFAP (red) to
illuminate BG morphology. Scale bar = 50 um in (a) and (c) and 10 um in (b). Panels (a) and
(b) have been counterstained with DAPI (blue).
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FIGURE 7.

Blocking astroglial uptake of NAA is neuroprotective in primary astrocyte-neuron
cocultures. (a) Representative sections from wild-type (WT:; top panel) and S/c13a3/~
(bottom panel) mice showing Bergmann glia expression of dicarboxylic acid transporter
NaDC3 (encoded by S/c13a3, red) in the cerebellar molecular layer, counterstained with
DAPI (blue). Scale bar = 50 um. (b) Quantification of the number of MAP2+ neurons
present in primary neonatal murine astroglia-neuron cocultures derived from WT mice

= gray and cells derived from constitutive S/c13a3 knockout mice (S/c13a3/~) = green.
Cocultures were exposed to elevated A-acetyl-L-aspartate (NAA) for 48 h at the following
concentrations: 1 mM (WT: 41.3% + 3.4% of control, p < .0001; S/c13a37'~: 104.9% =+
7.4% of control, ns), 2.5 mM (WT: 22.3% + 2.3% of control, p< .0001; Slc13a3/~: 93.1%
+ 5.4% of control, ns), and 10 mM (WT: 27.8% + 2.2% of control, <0.0001; S/c13a37~
72.5% * 5.2% of control, p=.0081). Comparisons are against number of neurons in
cocultures not treated with NAA, by one-way ANOVA with post hoc Tukey's test. WT and
Slc13a3!~ control cultures were not significantly different. Representative images used for
quantification are provided in (c) for WT cocultures and (d) for S/c23a3”~ cocultures where
DAPI = blue, GFAP = green and MAP2 = red. Scale bar = 10 um. Values reported are means
(column height) £ SEMs (error bars). **p < .01; ****p < .0001).
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FIGURE 8.

Bergmann glia (BG) Ca2* transients are less frequent and prolonged in Canavan disease
(CD) mice. (a) Confocal image of single time frame of acute wild-type (WT) cerebellar
slice loaded with Ca2* sensitive dye Fluo4-AM (green) and labeled with the astrocyte-
specific SR101 dye (red). Arrowheads point to spontaneous Ca2* transients occurring in BG
processes. Asterisks indicate Purkinje cell somata, not labeled by either dye. Scale bar = 10
um. (a’) Confocal image of Ca2* transients (arrowheads) in distal BG processes near the
pia. (b) Still capture from video at peak (left) of transients (arrowheads) and 4 seconds later
(right). (c) Representative BG Ca?* transient traces from WT (gray) and CD (blue) mice. (d)
Frequency of spontaneous transients in BG per minute in 1000 um?3 ROI. Each data point
represents the average of 3 ROIs for 1 mouse (WT: 25.0 £ 2.7, CD: 4.0 £ 0.54; p<.0001 by
two-tailed student's #test). (e) Total duration (s) of spontaneous (WT: 6.5 £ 0.074, CD: 7.2 +
0.21; p=.0321) and AMPA-evoked (WT: 6.5+ 0.12, CD: 7.3 + 0.15; p=.0064) transients
(comparisons by one-way ANOVA with post hoc Tukey's test). (f) Rise time of spontaneous
(WT:3.3+0.070, CD: 3.4 £ 0.15, ns) and AMPA-evoked transients (WT: 3.3 + 0.055, CD:
3.8 £0.21, ns; all comparisons by one-way ANOVA with post hoc Tukey's test). For (d,e),
each data point represents the average of one microdomain over a 5-min recording window
from n=4 mice per group (for all graphs: WT = gray and CD = blue. Values reported are
means (column height) + SEMs (error bars). *p < .05; **p < .01; ****p < .0001).
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FIGURE 9.
Antisense oligonucleotide therapy repairs Bergmann glia (BG) irregularities observed in

Canavan disease (CD) mice. (a) Representative cerebellar sections immunostained with BG
process marker vimentin (red) and BG somatic marker SOX2 (white) from wild-type (WT;
left), CD (middle) and CD mice 60 days after intracisternal injection of Nat8l antisense
oligonucleotide (ASO; right) at low (top panel, scale bar = 50 pm) and high (bottom panel,
scale bar = 10 pm) power. (b) Representative cerebellar sections immunostained with marker
for Ca2*-permeable AMPAR subunit GluR4 (red) and DAPI (blue) from WT BG process
marker vimentin (red) and BG somatic marker SOX2 (white) from WT, CD, and Nat8lI
ASO-treated CD mice, 60 days posttreatment at low (top panel, scale bar = 50 pm) and

high (bottom panel, scale bar = 10 um) power. (¢) Mean fluorescence intensity of GIuR4
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in molecular layer of untreated WT (1225 + 16) and CD (843 + 145; same data shown in
Figure 5b) mice as well as CD mice treated with control (ctrl) ASO (721 + 18) and CD

mice treated with Nat8l ASO (1314 £ 76) 60 days postadministration. p values by one-way
ANOVA with post hoc Tukey's test: WT versus CD: p=.0479, CD + Nat8l ASO versus CD:
p=.0167, CD + Nat8l ASO versus CD + Ctrl ASO: p=.0044. (d) Relative G/uA4 mMRNA
abundance (normalized to Hsp90) by qRT-PCR in untreated WT (0.089 + 0.00087) and CD
(0.064 = 0.0021) mice (p < .0001, same data shown in Figure 5c) and Nat8l ASO-treated
mice 7 days post (WT: 0.087 £ 0.0042, CD: 0.068 + 0.00096, p = .0443), 14 days (WT:
0.080 + 0.0040, CD: 0.085 + 0.0044, ns), and 60 days post (WT: 0.084 £ 0.0076, CD: 0.081
+ 0.0043, ns) injection (comparisons by one-way ANOVA with post hoc Tukey's test). (e)
Relative S/c1a3 mRNA abundance (normalized to Hsp90) by gRT-PCR in untreated WT
(0.17 £ 0.021) and CD (0.11 + 0.013, blue) mice (same data presented in Figure 5e, p=
.0003), 7 days posttreatment with Nat81 ASO in WT (0.18 £ 0.0041) and CD (0.12 £ 0.018)
mice (p=.0352), 14 days posttreatment with Nat8l ASO in WT (0.17 £ 0.011) and CD
(0.14 £ 0.015) mice (ns) and 30 days posttreatment with Nat81 ASO in WT and CD mice

in WT (0.18 £ 0.0041) and CD (0.15 + 0.011) mice (ns; comparisons by one-way ANOVA
with post hoc Tukey's test). (f) Relative S/cZa2 mRNA abundance (normalized to Hsp90) by
gRT-PCR in WT (0.061 £ 0.0080) and CD (0.37 + 0.0028) mice (same data presented in
Figure 5f, p=.0221), 7 days posttreatment with Nat81 ASO in WT (0.075 £ 0.0071) and
CD (0.063 + 0.0062) mice (ns), 14 days posttreatment with Nat8l ASO in WT (0.075 *
0.0073) and CD (0.059 + 0.0052) mice (ns) and 30 days posttreatment with Nat8l ASO in
WT and CD mice in WT (0.054 + 0.0056) and CD (0.053 + 0.0026) mice (ns; comparisons
by one-way ANOVA with post hoc Tukey's test). (For all graphs: WT = gray and CD = blue,
treatments specified. Values reported are means (column height) + SEMs (error bars). *p <
.05; **p < .01; ***p<.001).
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