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Alternating Hemiplegia of Childhood (AHC) is a devastating autosomal dominant disorder caused by ATP/A3 mutations,
resulting in severe hemiplegia and dystonia spells, ataxia, debilitating disabilities, and premature death. Here, we
determine the effects of delivering an extra copy of the normal gene in a mouse model carrying the most common
mutation causing AHC in humans, the D8OIN mutation. We used an adeno-associated virus serotype 9 (AAV9) vector
expressing the human ATPJA3 gene under the control of a human Synapsin promoter. We first demonstrated that
intracerebroventricular (ICV) injection of this vector in wild-type mice on postnatal day 10 (P10) results in increases in
ouabain-sensitive ATPase activity and in expression of reporter genes in targeted brain regions. We then tested this
vector in mutant mice. Simultaneous intracisterna magna and bilateral ICV injections of this vector at P10 resulted, at
P40, in reduction of inducible hemiplegia spells, improvement in balance beam test performance, and prolonged survival
of treated mutant mice up to P70. Our study demonstrates, as a proof of concept, that gene therapy can induce favorable
effects in a disease caused by a mutation of the gene of a protein that is, at the same time, an ATPase enzyme, a pump,

and a signal transduction factor.

Keywords: AAV9, Na*/K*-ATPase, Mashl*~ mice, alternating hemiplegia of childhood

INTRODUCTION

ATP1A3-RELATED DISORDERS resulting from mutations in
the ATPIA3 gene represent a new group of disorders, the
most common of which is Alternating Hemiplegia of
Childhood (AHC)."* AHC is a devastating neurological
disorder that manifests disabling episodes of hemiplegia
and dystonia, ataxia, severe developmental impairment,
and premature death.>~® Approximately 80% of all AHC
cases are caused by heterozygous ATPIA3 mutations,
with the D801N mutation accounting for 40% of AHC
patients.” ! Currently, the only available therapy is
the calcium channel blocker flunarizine, which causes
partial reduction in hemiplegia spells, but has no effect
on the other usually very severe manifestations of
AHC.'"*"' Thus, there is need for the development of
therapies for this disease.

Our group has developed two knock-in mouse mod-
els of AHC: (1) The first carries the D80IN mutation
(Mashlool, Atpla3™*"* MashI*"), which faithfully re-
produces the human condition and (2) the other carries the
E815K mutation, the second most common mutation in
humans, which is present in 25% of AHC patients and
which results in the most severe form of the disease.'>™”
The prohibitively high mortality exhibited by the E§15K
mouse model, as compared with the lower mortality of
the D801N model, precluded it from this study. Advances
made in reversing the phenotype in the DS8OIN mutant
mouse model would still be applicable to the more severe
E815K mutation.'>™"”

The gene therapy approach to treat AHC and other
genetic ATPIA3-related diseases is supported by studies
demonstrating the rescue of behavioral abnormalities in
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the mouse model carrying the I§10N Afp/a3 mutation by
injection of a bacterial artificial chromosome (BAC)
containing the wild-type (WT) Atpla3 gene into pronuclei
of fertilized oocytes.'® In this model of Afpla3 mutation,
Clapcote and associates showed that there is a 36-42%
reduction of ouabain-sensitive Na*, K*-ATPase activity in
whole brain homogenates as compared with WT; simi-
larly, in our D801N Mashlool model, we found a 44%
reduction of ouabain-sensitive Na*, K*-ATPase activity in
hippocampal samples as compared with WT mice.'"?
These reductions were even more pronounced in cell
cultures expressing such mutations.'®'® Due to the limited
benefits and feasibility of the BAC-mediated rescue ap-
proach to be translated to the human condition, we pursued
gene therapy-mediated rescue of the AHC phenotype. '

Adeno-associated virus (AAV) mediated gene therapy
is a promising mode of therapy for rare and severe neu-
rogenetic disorders, in mouse models and in humans.”-*'~**
Gene therapy that will prove to be effective in the DSOIN
model can be used as a therapy for AHC patients with other
mutations and for neurological disorders that are secondary
to ATP1A3-related ATPase deficiency such as Alzhei-
mer’s and Parkinson’s diseases as ATP1A3 dysfunction
has been implicated to contribute to cell death in these
disorders.”>~*® In this study, we investigated the effects of
AAV-mediated gene therapy in the D80O1N mutant mouse
model. We chose to study the rescue effects of an adeno-
associated virus serotype 9 (AAV9) due to its high trans-
duction efficiency into neurons, the site of ATP/A3 gene
expression; in addition, AAV9 has a safety profile that
enabled its approval as a vector for gene therapy for spinal
muscular atrophy.”?*7°

MATERIALS AND METHODS
Mice

D801N mutant mice, as generated and as previously
shown to faithfully reproduce the human condition, were
used in this study.16’17 In all experiments, sex-matched
littermates were used. The experimenters were blinded to
the genotype of mice, and to the groups of animals that
received the test and control vectors; all experiments were
analyzed in a blinded manner. All procedures were ap-
proved by the Duke University Institutional Animal Care
and Use Committee.

Test and control vectors
AAV vectors with the ATP/A3 transgene (test vector)
and lacking transgene (control) were generated by the

Duke University Department of Neurobiology Viral
Vector Core facility. The test vector (Fig. 1), AAV9-hSyn-
ATP1A3-Myc-FLAG-p2A-mCherry-SV40polyA, con-
tained FLAG-tag at the 3’ terminal of ATPIA3 coding
sequence with a P2A cleavage site inserted between
mCherry and FLAG-tag DNA coding regions. The control
vector consisted of AAV9-hSyn-mCherry.

Design and cloning of the ATP1A3 gene into AAV vector
backbone: ATPIA3 (NM_152296) Human Tagged ORF
Clone obtained from OriGene was amplified by polymerase
chain reaction (PCR). The PCR product was digested with
BamHI-Kpnl restriction enzymes and cloned upstream to
mCherry ORF into the pAAV backbone carrying the human
synapsin (hSyn) promoter, WPRE, and SV40 poly-A signal.
The plasmid (pBKS828) sequence was verified by Sanger
sequencing. pBK292 expressing mCherry-WPRE-SV40-
poly-A was used as control. mCherry was included in the
design of the vector for two reasons: (1) It was included in
the control vector to demonstrate transduction of that vec-
tor. (2) It was included in the test vector so that this would be
as close as possible to the control vector. In addition, be-
cause of the cleavage site between mCherry and FLAG,
mCherry would be cleaved away from FLAG-ATPI1A3.
This would allow detection of any neurons that may have
vector transduction with expression of mCherry but not of
the fusion, FLAG-ATP1A3, protein.

To generate AAV vectors, triple-plasmid protocol of
production was used as previously described.’’ The ex-
pression plasmid carrying the hSyn-ATP1A3-mCherry
transgene was supplemented with the helper plasmid,
pAdDeltaF6 (gift from Dr. Jim Wilson, plasmid No.
112867; Addgene) and with the packaging plasmid ex-
pressing rep2; cap9 (pAAV2/9; gift from Dr. Jim Wilson,
plasmid No. 112865; Addgene). The plasmids were
transfected into 293T cells (ATCC® CRL-3216"), and
replicated viral vectors were collected and purified by
CsCl gradient. The purified vector was subjected to dial-
ysis followed by assessing physical titer by real-time PCR
and functional titer by transduction into SH-SY5Y cells
(ATCC CRL-2266 ).

Vector injection procedures

Postnatal day 10 (P10) mice were pre-anesthetized in
an induction chamber with 3% isoflurane and then trans-
ferred to a stereotaxic frame. Isoflurane, 1.5-2%, was sup-
plied through a facemask throughout the duration of the
surgery.l(”17 A Hamilton syringe filled with test or con-
trol vector was inserted through the frontal plate (lateral to

Figure 1. AAV9 vector design: schematic diagram of the test vector with transgene (4.891 kb including ITRs). AAV9, adeno-associated virus serotype 9; ITRs,

inverted terminal repeats. Color images are available online.
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the metopic suture and rostral to the coronal suture) into
the right or left ventricle of the mouse to deliver the viral
vector.>® For intra-cisterna maga (ICM) injections, we first
exposed the posterior dura mater. We then similarly injected
the vector through the dura mater overlying the cerebellum.
Initial pilot experiments to establish the technique consisted
of ICM injection of Trypan blue 0.4% to demonstrate
staining of the cerebellum by using our technique.

Age of testing

Mice were injected at P10. This corresponds to early
infancy in humans, the age at which AHC symptoms
typically appear.6’13 They underwent behavioral testing
starting at P40, corresponding to pubescence in humans,
the age at which all symptoms of AHC have been fully
manifested for years.®'*'* Behavioral testing was again
repeated, in adulthood, at P70 and mice were sacrificed for
carrying out further western blot analyses.

ATPase enzyme activity assays

Mice were injected with viral vectors at P10 and de-
capitated at P40 after anesthesia with urethane (1,000-
2,000 mg/kg; intraperitoneal [IP] injection). The head was
cooled in liquid nitrogen and then the different brain re-
gions were dissected in a cold (4°C) assay buffer. The
hippocampi, cortex, basal ganglia/thalamus, brainstem,
and cerebellum were dissected, and they were stored at
—80°C for use in ATPase assays. Tissues were homoge-
nized by using 30 mM Tris-HCI (pH=7.4).%%4°

Protein concentration was measured by using the Brad-
ford method (Coomassie Protein Assay Kit; Thermo Fi-
scher, Waltham, MA), and ATPase activity assay using
10 pug protein was performed by following the instructions
from the assay kit manufacturer (MAK113; Sigma-Aldrich,
St. Louis, MO). The amount of inorganic phosphate (Pi)
released from the added ATP was determined colorimetri-
cally and quantitated by using a phosphate standard curve.
Ouabain (3 mM) was used to determine ouabain-sensitive
ATPase activity from the total ATPase activity. The AT-
Pase assay coefficient of variation was consistently below
5%, usually in the 1-2% range, and correlation coefficients
of the standard curves were consistently >0.98.

Immunohistochemistry and reporter gene
expression

Mice were anesthetized with urethane (1,000-2,000 mg/
kg; IP injection) and perfused transcardially with cold
phosphate buffered saline (1 X PBS) followed by 4% para-
formaldehyde (PFA) solution, as previously described.'®!”
The brains were extracted and postfixed in 4% PFA at 4°C
overnight. After postfixing, brains were cryoprotected in
30% sucrose solution in PBS at 4°C until the brains sank to
the bottom. Frozen cryostat sections (40 um) from the whole
brain were collected in PBS containing 0.01% sodium azide
and stored at 4°C until use for immunohistochemistry.

To evaluate reporter gene expression, the selected brain
sections were mounted on superfrost+slides and air-dried.
Sections were then washed with 1 X PBS three times and
incubated in NGS 10%, Triton X-100 0.1%, bovine serum
albumin (BSA) 1% for 2h at room temperature. Slices
were washed three times with 1 X PBS and incubated with
NGS 5%, Triton X-100 0.1%, BSA 1%, Anti-FLAG-Tag
M2 antibody (1:1,000, Cat. No. F3165; Sigma-Aldrich) in
1 xPBS at 4°C on a plate shaker overnight. Sections were
washed three times with 1XPBS after incubation with
secondary antibody goat-anti mouse Alexa Fluor 488
conjugated (1:400, Cat. No. 16-308; Sigma-Aldrich) in
NGS 5%, Triton X-100 0.1%, BSA 1% in 1xPBS for
2-3 h atroom temperature. After a final wash with 1 X PBS
in the dark, sections were incubated with DAPI diluted
in PBS (1:4,000) for 20 min and cover-slipped by using
Fluromont-G (Electron Microscopy Sciences).

Images were acquired by using a Leica SP5 inverted
and/or Leica SP8 upright confocal microscope. The ImageJ
software (NIH, Bethesda, MD) was used to count stained
cells. The expression of the test and control vectors was
assessed with red and green fluorescence for mCherry and
FLAG-tag, respectively. DAPI was used to stain nuclei,
allowing identification of individual cells.*' For ATPIA3
transgene expression, we used FLAG-tag antibody staining
as a marker. FLAG-tag, mCherry, and DAPI-positive cells
were considered as cells expressing the transgene. The
cells positive to DAPI and mCherry were considered as
cells expressing reporter gene (lack of a transgene).

We assessed the degree of expression in each of five
regions of the brain by using a semi-quantitative scale of 0
(no expression), +1 (1-25% of cells express transgene),
+2 (25-50% of cells express the transgene), and +3 (50—
100% of cells express the transgene). These regions were
hippocampus, cortex, basal ganglia/thalamus, brainstem,
and cerebellum. Specific brain regions were identified
according to the mouse Allen Brain Atlas.

Behavioral testing

We performed the cold-water immersion test to induce
hemiplegia and dystonia and a battery of tests, described
next, that we previously demonstrated and that reflects the
phenotype of AHC in mutant mice.'>"'7**** In humans,
hemiplegia and dystonia spells are two major causes of
morbidity in AHC patients and these spells are often in-
duced by stress, exposure to extreme temperatures, and
exposure to cold water.'>'* Similarly, in our Mashl*~
D801N mutant mice, dystonia and hemiplegia spells occur
spontaneously and with stressful stimuli.

The cold-water immersion test was described by Isak-
sen and associates to induce dystonia spells in mice car-
rying the Azpla3 D801Y mutation.** We have found that
using a similar procedure in MashI*~ mice induces spells
consisting of a sequence of dystonia followed by hemi-
plegia in about half or more of our mice. Racine stages IV
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or V seizures also, often, follow. Thus, we compared the
mutant control and mutant treatment groups as to the oc-
currence (yes/no) of hemiplegia and of dystonia spells and
as to the occurrence (yes/no) of stage [V/V seizures induced
by the test just cited and as previously performed by us. 17.42
For behavioral assessment, we performed the following
tests as previously described by us and by others: balance
beam (8 mm diameter round rod), grip strength (forelimb
and hindlimb), T-Maze, gait analysis, rotarod, and open
field tests.'>~'7**4* Behavioral tests were video-taped, and
data were reviewed by a blinded observer.

Western blot

Mice were deeply anesthetized with urethane (1,000—
2,000 mg/kg; IP injection) and decapitated. Hippocampus
and cerebellum were dissected rapidly and quickly frozen in
liquid nitrogen. The samples were homogenized by using a
tissue homogenizer (47747-358; VWR) in RIPA buffer
(10 puL/mg tissue) 150 mM NaCl, 1.0% Triton X-100, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
50 mM Tris, pH 8.0 containing ultra-tablet protease inhibitor
cocktail (5892970001; Sigma-Aldrich). After incubating
homogenate on ice for 10 min, the sample was centrifuged at
13,000 g for 15min. The supernatant was collected and
stored at —80°C. Protein concentration was measured by
using the Pierce BCA protein assay kit. Ten micrograms
(hippocampal) and 20 ug (cerebellar) of extracts were sub-
jected to 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to nitrocellulose
membranes, and probed with antibodies.

Primary antibodies used in this study include mouse
monoclonal anti-FLAG M2 antibody (F3165; Sigma-
Aldrich) at 1:400 dilution and rabbit anti-actin antibody
(A2066; Sigma-Aldrich) at 1:10,000 dilutions. Secondary
antibodies at 1:10,000 dilution used in this study were
horseradish peroxidase-conjugated anti-mouse (115-036-
003; Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) and horseradish peroxidase-conjugated anti-
rabbit (Jackson ImmunoResearch Laboratories). For
chemiluminencence the membranes were incubated in
Amersham ECL"™  western blotting detection kit
(GERPN2232; Sigma-Aldrich) for ~2min in the dark.
Amersham imager 600 was used to capture images.
Quantification of protein bands was carried out by using
Imagel software version 1.52q (NIH).

Vector genome quantification

Mice were anesthetized deeply with urethane (1,000-
2,000 mg/kg) and were transcardially perfused with cold
PBS to remove blood. After that, the brain was extracted
and selected brain regions were extracted and stored at
—80°C. Genomic DNA (gDNA) was extracted by using a
DNeasy Blood and Tissue Kit (Cat. No. 69506; QIAGEN,
Valencia, CA) from the tissues harvested from AAV-
injected animals at the study endpoint. The TAAV ge-

nomes were quantified similarly to previously described
methods.*’ Briefly, quantitative real-time PCR was carried
out by using Power SYBR Green Master Mix and custom
primers to the SV40 polyadenylation signal that follows
the transgene complementary DNA (cDNA) in the rAAV
genome (Forward: 5’gcagacatgataagatacattgatgagtt3’,
Reverse: 5’agcaatagcatcacaaatttcacaa3’). Samples were
run on a QuantStudioS (Applied Biosystems) in triplicate
and compared with a standard curve by using the rAAV
genome plasmid. Analysis was completed with coordi-
nating QuantStudio Design and Analysis Software.

Real-time quantitative polymerase
chain reaction

To assess transgene expression, we performed real-time
quantitative polymerase chain reaction (RT-qPCR) for
FLAG. Mice were anesthetized deeply with urethane
(1,000-2,000mg/kg) and were transcardially perfused
with cold PBS to remove blood. The brain regions of in-
terest were dissected from the perfused brain and stored at
—80°C. RNA was extracted according to the manufactur-
er’s directions by using an miRNeasy Kit (Cat. No.
217004; QIAGEN) from the tissues harvested from AAV-
injected animals at the study endpoint. Messenger RNA
(mRNA) was converted to cDNA according to the man-
ufacturer’s directions by using a High-Capacity cDNA
Reverse Transcription Kit (Cat. No. 436814; Applied
Biosystems). AAV-derived cDNA was quantified (For-
ward Primer: 5-GAGGATCTGGCAGCAAATGATA
TCC-3’; Reverse Primer: 5-ACGTCTCCTGCTTGCTT
TAACAG-3’), and compared with endogenous levels of
GAPDH (Cat. No. Mm99999915_g1; Applied Biossys-
tems). Samples were run on a QuantStudioS (Applied
Biosystems). Analysis was completed with coordinating
QuantStudio Design and Analysis Software.

Experiment I: effect of test vector on ATPase
enzyme activity

In this experiment, we compared two groups of WT
mice (n=3/group). Group I mice were injected with
20% 10'% vg of active vector (5 uL of 4x 10" vg/mL) in
the right lateral ventricle at P10 and were sacrificed at P40.
Group II mice were similarly injected with control vector
at P10 and were sacrificed at P40. We, then, compared the
enzyme activity of the ouabain-sensitive fraction of AT-
Pase in the right hippocampus and in other ipsilateral brain
regions (cortex, thalamus/basal ganglia, brain stem, and
cerebellum) of both groups. We determined, as described
earlier, the ouabain-sensitive fraction since ATP1A3-
related ATPase activity is ouabain-sensitive.'®°

Experiment lI: effects of test vector
on transgene expression and dose
optimization study
In this experiment, we injected WT P10 mice and tested
mice at P40 for mCherry and FLAG-tag expression. We
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initially used unilateral intracerebroventricular (ICV) in-
jection (four mice, dose 20 x 10'° vg of test vector, 5 uL of
4% 10" vg/mL) to assess for hippocampal expression. We
then used ICM injection on a separate group of mice (four
mutants, dose 15x10'° vg, 10 uL of 1.5x 10" vg/mL) to
assess for cerebellar expression. Based on the observation
that robust expression was achieved only in the areas
contiguous to the injections sites, we performed the next
experiment, using concurrent ICM and bilateral ICV in-
jections in each animal. In this experiment, we studied
three groups of WT mice (three mice/group), each re-
ceiving a different dose of the test vector. The doses were
of 9% 10" vg (divided as 3x 10'° vg in each site) for the
first group, then 18 x 10" vg (divided as 6 x 10'° vg in each
site) for the second group, and finally 27 x 10'° vg (divided
as 9x 10'* vg in each site) for the last group (2, 4, and 6 uL
per site of 1.5x10"* vg/mL, respectively). We then eval-
uated whether administration of an even higher ICV dose
would increase reporter gene expression beyond the im-
mediately contiguous areas. The two doses were: 7.5 x 10'°
vg and 20x 10" vg (5 and 13.5 uL of 1.5x 10" vg/mL)
applied ICV unilaterally. We then based the doses in ex-
periment III on the results of this optimization experiment.

Experiment IlIA: effects of optimized test
vector on phenotype during pubescence

In the first part, we compared five groups of animals at
P40. After optimization of dose and route of injection as
described in the earlier experiment II, we conducted this
experiment III by using the following combined ICM and
bilateral ICV injections dosing regimen (7.5 X 10 vg per
each site, 5 ulL of 1.5% 103 vg/mL, into the ICM and bi-
lateral ICV sites, 22.5x 10'° vg/mouse). We injected mice
at P10 and studied them as of P40. The five groups were
the following, naive WT receiving no injections (n=10),
WT-control group receiving control vector (n=10), WT-
treatment group receiving test vector (n=4), Het-control
group (n=10), and Het-treatment group (n=9). We then
performed the above battery of behavioral tests that reflect,
as reported by us previously, the behavioral impairments
in our mouse model corresponding to human AHC
symptomatology.'®!'” The different groups and respective
numbers of animals are included in Table 1.

Table 1. Summary of groups

No. of Mice Type of Injection at P1(P
Naive WT 10 None
WT-control 10 Control vector
WT-treatment 4 Test vector
Het-Control 10 Control vector
Het-Treatment 9 Test vector

2For hoth control and test vectors, the doses injected were 7.5x 10" vg
per each site, 5 ul of 1.5x 10 13 vg/mL, into the ICM and hilateral ICV sites,
225x10" vg/mouse.

ICM, intra-cisterna maga; ICV, intracerebroventricular; P10, postnatal day
10; WT, wild-type.

Experiment IlIB: effects of optimized test
vector on phenotype during adulthood

After completing the behavioral studies, mice were
allowed to mature into full adulthood and the behavioral
tests were repeated on surviving mice as of P70 on the
same groups. Survival among the groups was compared
by using the Kaplan-Meier survival curves. Animals from
each group were sacrificed after completion of the be-
havioral tests, and western blot experiments were per-
formed by using FLAG-tag antibodies as a marker for
ATPIA3 transgene expression.

Experiment IV

To perform vector genome quantification, we injected a
parallel group of five mutant mice ICM and bilateral ICV
with the same dosing regimen as was used in experiment
III and sacrificed them at age P40. Brain regions were
dissected as described earlier and internal organs, includ-
ing heart, liver, lung, and diaphragm, were harvested for
vector genome quantification by using the methodology
described earlier.

Statistics

We performed the Student’s #-test and analysis of var-
iance (ANOVA) for normally distributed data or the
Mann-Whitney and Kruskal-Wallis tests for data that
failed the normality test. After completing ANOVA for
multiple groups, we performed Student-Newman-Keuls
test for post hoc pairwise comparisons. Kolmogorov-
Smirnov test was used to determine normality. After
Kruskal-Wallis test, post hoc pairwise comparisons were
performed by using Dunn’s method. For categorical var-
iables, we performed the Fisher Exact test. For comparison
of mortality data, we used the Kaplan-Meier survival
analysis with the log-rank test. All statistics were per-
formed by using the SigmaPlot 14.0 program (SYSTAT,
Inc., Chicago, IL). Data are presented as mean =+ standard
error of the mean. Statistical significance was considered
when p was <0.05.

RESULTS
Experiment I: test vector increased
ATPase activity

When we performed ATPase assays on P40 WT mice
injected at P10 with 20x10'° vg of test vector (AAV9-
hSyn-ATP1A3-Myc-FLAG-p2A-mCherry-SV40polyA),
ICV unilaterally in the right ventricle, we found the test
vector group’s ouabain-sensitive ATPase activity to be
102% higher in the ipsilateral hippocampus than in hip-
pocampus of the control vector group. Control vector:
57.24+17nmol Pi/mg/min, test vector: 115.9+10nmol
Pi/mg/min (p=0.046, n=3/group). In other ipsilateral
areas, the changes did not achieve statistical significance
but, generally, the areas closer to the lateral ventricle
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showed higher activity; 37% higher in the cerebral cortex,
26% higher in the basal ganglia/thalamus, 16% higher in
the brain stem, and none in the cerebellum (all compari-
sons p >0.05).

Experiment Il: optimized test vector dosing
resulted in robust transgene expression

After unilateral ICV injection of 20x10'® vg of test
vector, we found robust expression in the ipsi lateral hip-

pocampus, +3 score for both mCherry and FLAG-Tag, but
not in other brain areas (predominantly O scores) (Fig. 2A—
D; n=4). To establish ICM injection technique, trypan
blue (0.4%) was injected in WT mice (n=3). Two hours
post-injection mice were sacrificed, and robust trypan blue
staining was found in the cerebellum (Fig. 2E). After
ICM injection of 15 x 10'* vg of test vector, we found, in
all four mice, robust expression in cerebellar cortical ar-
eas contiguous to the injections site, +3 score, for both

Figure 2. Transgene expression of test vector. (A—F) Transgene expression after single ICV or ICM injections of test vector. Reporter gene expression as
assessed by mCherry and ATP1A3 transgene expression assessed by using anti-FLAG-tag antibody. Injections were performed at P10, and sacrifice was done
at P40 [confocal merged images in (A-D, F), FLAG, green; mCherry, red; DAPI, blue, n=4 mice]. (A) Hippocampal CA3 region expression (unilateral ICV
injection of 20 10" vg). (B) Higher magnification image taken from selected region in (A). Note that mCherry is located in the cytoplasm, whereas FLAG-tag is
located on the cell membrane. (C) Hippocampal CA1 region expression after injection of the ICV dose just cited. (D) Higher magnification image taken from the
CA1 region after injection of the ICV dose just cited. (E) Trypan blue (0.4%) staining of cerebellum 2h after ICM injection showing robust staining of the
cerebellum (n=3 mice). (F) Cerebellar reporter gene expression after ICM injection (15x 10" vg, n=4 mice). Robust expression is seen in cerebellar Purkinje
cells in cerebellar cortex but not in deeper areas. (G-N) Transgene expression after combined ICM and bilateral ICV injections. Reporter gene expression as
assessed by FLAG-tag and mCherry after vector injections of test vector of 9x 10'° in each (total 27 x 10" vg/mouse). Injections were performed at P10, and
sacrifice was at P40 (confocal merged images in all, FLAG, green; mCherry, red; DAPI, blue, n=3 mice): FLAG staining is high in hippocampus (G, H) and in
cerebellum close to ICM injection site (K). It is lower in cortex (I, J), and hardly any in cerebellum distant from ICM injection site (L), brainstem (M), and
thalamus (N). In all figures, arrows show cells expressing transgene (FLAG-tag) whereas arrowheads show lack of transgene (positive only to reporter gene
mCherry). Scale bar in (A, C, J) 10 um, (B, D, H) 25 um, (F) 20 um, (G, 1) 100 um, and (K-N) 500 um. ICM, intra-cisterna maga; ICV, intracerebroventricular;
P10, postnatal day 10. Color images are available online.
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mCherry and FLAG, and only O to +1 expression in more
distant areas (Fig. 2F). After combined injections (bilateral
ICV+ICM), we found robust expression of both markers,
particularly of FLAG, with the higher dose of 9x 10'° vg
per site (total 27x 10'° vg per mouse) but not with the
lower doses of 3 or 6 vg x 10" of test vector per site (total
9 and 18 vgx 10'° of test vector per mouse).

Importantly, with the higher dose, the hippocampus
showed FLAG expression score of +3 in CA3 and CAl
(Fig. 2G, H). Cortex and cerebellum showed overall ex-
pression scores of +1 but higher expression scores of +3
were in areas close to the injection sites in cerebral and
cerebellar cortices (Fig. 2I-K) and lower expression scores
of 0 to +1 in areas that are more distal (Fig. 2L, N). These
low expression areas included basal ganglia/thalamus, and
brainstem. In these experiments, we noted that mCherry
was located in the cytoplasm since it is cleaved from the
ATP1A3-FLAG, whereas ATP1A3-FLAG fusion protein
was detected in the cell membrane. This indicated not only
that the virally expressed ATP1A3 transgene is expressed
but also that the ATP1A3 protein is transported to its
functional locale, the cell membrane.

In our vector, since the FLAG coding DNA sequence is
at the 3” end of the ATP1A3 coding sequence, it is expected
to be transcribed only after the ATP1A3 coding sequence is
transcribed. Thus, the demonstration of a positive signal
for FLAG implies the transcription and expression of ex-
ogenous ATP A3 through the test vector. In addition, data
from our western blot analysis, see next, based on the size
of the band detected (110 kDa) demonstrated the expres-
sion of the exogenous ATP1A3-Flag Tag fusion protein.
With the lower doses of 6 x 10'° vg per site and 3x 10'° vg
per site, expression levels were much lower, all scores in
the range of 0 to +1 (data not shown), as compared with the
expression levels observed and described after the just
cited higher dose of 9x10'° vg per site. We then studied
whether the administration of an even higher ICV dose
would increase transgene expression beyond the imme-

diately contiguous areas. We found no further increases in
FLAG transgene expression with more than doubling of
the just cited high dose of 9% 10'® vg in the lateral ven-
tricle (Supplementary Data S1).

Experiment lllA: optimized test vector
dosing resulted in reduction of hemiplegia
spells and in improvement in balance beam
performance at P40

Here, we compared the just described five groups of
mice (Table 1): naive WT receiving no injections, WT-
control group receiving control vector, WT-treatment
group receiving test vector, Het-control group, and Het-
treatment group. We found that significantly decreased
occurrence of cold water induced hemiplegic spells in the
Het-treatment group as compared with the Het-control
group (Fig. 3A). This indicated that exogenous delivery of
WT ATPIA3 prevented cold-water induced hemiplegia:
Hemiplegia occurred in 50% of Het-control animals and in
none of the Het-treatment mice (p=0.044, Fisher exact
test). The mean duration of hemiplegia in the Het-control
group was 70+35s.

The hemiplegia episodes were always preceded by
dystonia in these Het-control mice. Only one mouse from
Het-treatment (which received the transgene) group de-
veloped dystonia, but this animal did not develop subse-
quent hemiplegia. The occurrence of cold-water induced
dystonic spells and of stage IV/V seizures was not sig-
nificantly different between the Het-control and the Het-
treatment groups (Fig. 3B, C, p=0.235 and 0.438, re-
spectively, Fisher exact test). There was a trend for a
shorter duration of dystonia in the Het-treatment group
than in the Het-control group (Fig. 3D, p=0.062).

Importantly, we found a significant difference in the
balance beam test time to traverse the beam. That time was
shorter for the Het-treatment group as compared with the
time taken by the Het-control group (Fig. 3E, p=0.0105).
The number of hindlimb slips that were exhibited by the

>

Figure 3. Behavioral effects of test vector on AHC phenotype of the same group of animals tested at P40 and again at P70. (A-F) During pubescence at P40
(Het-control vs. Het-treatment). (A) Hemiplegia induced by cold-water exposure ( p=0.044, Fisher exact test). (B) Dystonia induced by cold-water exposure
(p=0.235, Fisher exact test). (C) Stage IV/V seizures induced by cold-water exposure ( p=0.438, Fisher exact test). (D) Duration of cold-water induced
dystonia ( p=0.062, Student's t-test). (E) Comparison of the time taken to complete the balance beam test. The Het-control group was different from each of the
other groups ( p<0.001 for differences among groups and p<0.0105 in all post hoc paired comparisons of the Het-control group, one way ANOVA). Importantly,
with post hoc analysis, a statistically significant difference was present between the Het-control and Het-treatment groups ( p=0.0105). (F) Comparison of the
number of slips during the balance beam test. There was a statistically significant difference among the groups ( p<0.001). With post hoc analysis with Mann-
Whitney U test, there was no difference between the Het-control and Het-treatment groups ( p=0.113) and both groups were different from all the WT groups
(p<0.024 in all comparisons). WT naive (n=6), WT CTRL (n=10), WT treatment (n=4), Het CTRL (n=6), and Het treatment (n=9) mice. (G-L) During adulthood
at P70 (Het-control vs. Het-treatment). Only the number of beam slips showed significance whereas the other tests did not: The number of beam slips at P70 (L)
was better in the Het-treatment group as compared with the Het-control group. (G) Hemiplegia induced by cold-water exposure ( p=1.00, Fisher exact test).
(H) Dystonia induced by cold-water exposure ( p=0.258, Fisher exact test). (1) Stage IV/V seizures induced by cold-water exposure ( p=1.00, Fisher exact test).
(J) Comparison of duration of cold-water induced dystonia spells ( p=0.229, Student’s t-test). (K) Comparison of the time taken to complete the balance beam
test. There was a difference among the groups ( p<0.001), but the Het-control group was no longer different from the Het-treatment group ( p=0.144, Student’s
t-test). (L) Comparison in the number of slips during the balance beam test. There was a difference among the groups ( p<0.05). On post hoc analysis, using
the Mann-Whitney U test, a statistically significant difference was present between the Het-control and the Het-treatment groups ( p=0.021). Both groups
were also different from all three WT groups ( p<0.042 in all comparisons). WT naive (n=6), WT-CTRL (n=10), WT treatment (n=4), Het CTRL (n=5), and Het
treatment (n=9) mice. AHC, alternating hemiplegia of childhood; ANOVA, analysis of variance; WT, wild-type. Color images are available online.
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Het-treatment group was lower than that exhibited by the
Het-control group, but it did not achieve statistical sig-
nificance (Fig. 3F, p=0.113). We also performed addi-
tional behavioral tests (Table 2). The T-maze, open field,
and grip strength tests showed significant differences be-
tween WT and mutants (p <0.05 in all comparisons) but
not between the Het-control and Het-treatment groups or
the WT-control and the WT-treatment groups (p>0.05 in
all paired comparisons, one-way ANOVA). The rotarod
test did not show any difference among any of the groups.

Since our prior studies had shown that there is a sex
difference in behavioral testing in only gait analysis,16 we
compared all parameters of gait testing, forelimb and
hindlimb base of support (BOS), and stride length of
males and females of the Het-treatment and Het-control
group. We found a trend toward beneficial effect in
the males’ forelimb BOS (male Het-treatment 1.43 =%
0.088 cm, male Het-controls 1.77+0.088 cm, n=3 in each
group, p=0.0557, Student’s -test). All other comparisons
of the two groups for males and females were not signif-
icant (p=0.380-1.00 in all comparisons).

Experiment llIB: optimized test vector
dosing resulted in improvement in survival
and in balance beam performance at P70

The results of the behavioral tests (Fig. 3G-L and
Table 3) showed that the number of hindlimb slips on
the balance beam test in the Het-treatment group was
significantly lower than in the Het-control group (Fig. 3L,
p=0.021), consistent with a favorable effect of the test
vector on the balance beam performance. None of the
other behavioral tests, however, showed any difference.
Importantly, however, none of these behavioral tests, nor
the weight comparisons showed that the mutant-treatment
group was worse than the mutant-control group. This ar-
gues against a deleterious effect of delivery of an extra

copy of the gene. As seen in the Kaplan-Meier survival
curve (Fig. 4A), there was a significant reduction in mor-
tality of Hets that had received treatment compared with
Het-controls (p=0.002, the log-rank test).

Analysis of serial weights (Fig. 4B) recorded at P10,
P40, and P60 of surviving mice (Fig. 4B) revealed the
following. There was an effect of mutation status
(p<0.001) and of age (p<0.001) but not of treatment
(p>0.05). Specifically, weights at P10 of all groups were
not different (p >0.05 in all comparisons). Weights at P40
were not different between the WT-control and WT-
treatment (p>0.05) nor between the Het-control group
and the Het-treatment group (p>0.05). The WT-control
group and the Het-control group were different (p <0.001)
as were the WT-treatment and Het-treatment groups
(p<0.001), indicating neither beneficial nor detrimental
effects of the test vector on weight in the surviving animals
(the animals that died were not able to be included in this
analysis). Weights at P60 showed results similar to those at
P40; WT-control and WT-treatment groups did not differ
(p>0.05) nor did the Het-control and the Het-treatment
groups (p>0.05). The WT-control and the Het-control
groups were different (p<0.001) as were the WT-
treatment and Het-treatment groups (p <0.001).

Transgene expression (Fig. 4C-F) was assessed by
western blot after completion of the behavioral tests.
Western blot of the hippocampus (Fig. 4C, D) and cere-
bellum (Fig. 4E, F) using FLAG-tag antibody showed that
adult mice injected at P10 manifested FLAG-tag positiv-
ity, indicating expression and translation of FLAG. In the
hippocampus, all six out of six tested Het-treatment mice
had a positive FLAG band and all three out three tested
WT-treatment mice had such a FLAG band. However, in
the cerebellar samples, only one out of six tested Het-
treatment mice had a positive FLAG band and only one out
of three tested WT-treatment mice had such a FLAG band.

Table 2. Results of the five behavioral tests at postnatal day 40 that showed no differences between mutant-control

and mutant-treatment groups

wr wrt Mutant Mutant p-Value, p-Value, Mutants p-Value, Mutant Control

Test Control Treatment Control Treatment All Groups vs. WTs vs. Mutant Treatment
Rotarod (s) 96.2+£185 1448+16.7 116+17.3 117.1£20.1 0.498 0.694 0.969
Grip strength

Forelimb (N) 1.1£0.05 1.3+0.07 0.7+0.05 0.8+0.08 <0.001 <0.001 0.391

Hindlimb (N) 0.7+0.09 0.7£0.1 05+0.04 0.5+0.05 <0.001 <0.001 0.781
T-maze (%) 65+5.7 55+6.5 35+119 38+86 0.035 0.002 0.84
Gait analysis

HL stride (cm) 6.3+£0.2 6.9+0.07 44402 47402 <0.001 <0.001 0.375

FL stride (cm) 6.3+£0.2 6.8+0.07 45+0.3 44+02 <0.001 <0.001 0.788

HL BOS (cm) 2.1+0.07 22+0.07 25402 26£0.1 0.050 0.003 0.680

FL BOS (cm) 1.6+0.05 1.9+0.06 1.7£0.2 1.5+0.06 0.054 0.217 0.280
Open field

Total crosses (normalized®) 1.3+02 0.9+0.1 1.8+£05 25402 0.003 0.001 0.068

Time in center (normalized?) 0.6+0.1 06+0.2 1.3+05 1.0+0.2 0.128 0.02 0.953

#Number of crosses and time in center was divided by the mean value of the WT naive mice group and then groups were compared to reduce variability due

to non-group-related factors.
BOS, base of support; FL, forelimb; HL, hindlimb.
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Table 3. Results of the five behavioral tests at postnatal day 70 that showed no differences between mutant-control

and mutant-treatment groups

wTt wTt Mutant Mutant p-Value, p-Value, Mutants p-Value, Mutant Control
Test Control Treatment Control Treatment All Groups vs. WTs vs. Mutant Treatment
Rotarod (s) 107.6+£22.5 132.2+538 89.2+11.8 105.8+20.8 0.504 0.291 0.500
Grip strength
Forelimb (N) 1.55+0.03 1.55+0.04 1.03+0.10 0.83+0.06 <0.001 <0.001 0.306
Hindlimb (N) 1.04+0.16 1.06+0.13 0.83£0.07 0.67+0.08 0.048 0.031 0.668
T-maze (%) 62.0+4.9 625148 48.0+8.6 30.0+5.3 0.002 <0.001 0.056
Gait analysis
HL stride (cm) 6.55+0.05 6.967+0.203 490+0.339 4.886+0.284 <0.001 <0.001 1.00
FL stride (cm) 6.55+0.05 6.967 +0.260 4.150+0.446 4.50+0.231 <0.001 <0.001 0.904
HL BOS (cm) 2.00£01 2.067+0.208 2.825+0.35 3.014+0.249 0.028 0.0001 0.980
FL BOS (cm) 1.600+£0.2 1.833+£0.145 1.650£0.132 1.614+0.0857 0.741 0.905 0.999
Open field
Total crosses 62.9+16.4 26.0+25.0 91.8+24.1 11044277 0.283 0.052 0.960
Time in center 84.0+20.6 147.4+50.5 160.5+48.5 216.5+60.7 0.154 0.015 1.00
As expected, none of the mice that had received control DISCUSSION

vector showed FLAG bands either in the cerebellar or in
the hippocampal lysates (p=0.032, Fig. 4C-F, 3-6/
group). In addition, the intensity of FLAG bands was much
stronger in the hippocampal than in the cerebellar lysates.
This is consistent with continued expression of the
transgene into adulthood, although more so in the hip-
pocampus than in the cerebellum.

Experiment IV: robust test vector viral
genome expression

Vector genome quantification in different brain areas
(Fig. 4G) showed higher test vector expression in the
hippocampus than the cortex (p=0.0181), basal ganglia
(p=0.0179), cerebellum (p=0.0164), and brain stem
(p=0.0163). Paired comparisons of all other brain re-
gions were not significant, p>0.9613 in all pairwise
comparisons. Internal organ vector genome quantifica-
tion (Fig. 4H) showed that heart had higher transduction
than liver, p=0.0013, lung, p<0.0001, and diaphragm,
p<0.001. In addition, the liver had higher transduction
than the diaphragm, p=0.0329. Other paired comparisons
were not significant, p>0.1631 in both comparisons.
These results indicated efficient vector distribution and
transduction into brain areas and the expected concurrent,
although, lower transduction into studied organs.

In this article, we demonstrated, as a proof of concept,
that delivering a normal copy of the ATPIA3 gene can
ameliorate some of the manifestations of AHC in the mouse
model carrying the most common AHC-causing mutation.
These favorable effects include improvement in the oc-
currence of hemiplegia spells at P40, improvement in bal-
ance beam performance at P40 and P70, and, most
importantly, improved survival through P70. The potential
underlying mechanism of improvement in survival and
in hemiplegia spells may be related to amelioration in
spreading depolarization, which has been linked to pre-
mature death and to hemiplegia spells in AHC, as discussed
later.">"” A potential mechanism of improvement of bal-
ance is an amelioration of abnormal cerebellar Purkinje cell
function through the effects of transgene expression.

It is interesting that some of the beneficial effects noted
at P40 were not observed in adulthood. There are several
potential explanations. The first is that, by P70, the most
severely affected mice in the Het-control group had died,
and the less severely affected survivors of that group were
the ones compared with the Het-treatment group. The
second possible explanation is potential loss of effect of
the test vector with age. It has been shown that ATP1A3
dysfunction can result in neuronal injury and death in
multiple disease models. > 284648 1t i therefore, con-

>

Figure 4. Effect of test vector on survival, weight, vector genome quantification, and long-term transgene expression. (A) Kaplan-Meier Survival analysis
revealed marked effect of therapy with worse survival for the Het-control group as compared with the other groups ( p=0.002, log-rank test). (B) Serial weights
of surviving animals. There was no difference between the two mutant groups nor was there a difference between the two WT groups (p>0.05 in both
comparisons). Each of the WT groups did differ from each of the mutant groups ( p<0.001 in all comparisons). Note that the curves represent the means of
surviving mice and, thus, are likely an over-representation of the weights of the Het-control group since animals that died in that group, and who could not be
included in this analysis, had not thrived and very possibly had lower weights than those mutants who survived. (C) lllustration of western blot of hippocampal
and cerebellar (E) samples from test and control vector treated mice. Transgene expression was detected by using FLAG-tag antibody. Note that FLAG band
intensity was much stronger in hippocampal lysate than in the cerebellar lysates. This difference supports the continued presence of ATP1A3 protein
expressed from DNA delivered through the test vector at P10, more so in the hippocampus than in the cerebellum. (D, F) Bar diagrams showing comparison of
densitometry results of the treatment and control groups in hippocampal and cerebellar lysates, respectively (n=3-6 mice/group). (G) Test vector genome
quantification in different brain areas of a parallel group (n=>5) mutant mice injected at P10 with the same dosing regimen used for the behavioral experiments
11IA and I1IB and sacrificed at P40. (H) Test vector genome quantification in internal organs of the same parallel group of animals in 4G (n=5). *Indicates the
FLAG immunoreactive bands in cerebellar lysate. Color images are available online.
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ceivable that there is, in AHC, ongoing ATP1A3-related
neurodegeneration and that this neurodegeneration failed
to be completely reversed by the test vector, resulting in
loss of beneficial effects over time. In support of this hy-
pothesis is another study we recently completed (Uchitel
et al., submitted). We have shown that Mashl™ ”~ mice older
than 3 months perform less well on behavioral tests than
P30-P40 mice, indicating worsening function with age. In
addition, because there is continued neurogenesis in the
cerebellum into adulthood,*** newly formed cerebellar
neurons would not have the transgene because AAV9 does
not result in propagation into dividing cells and this could
have contributed to the lack of observable difference in the
time to traverse the balance at P70.

To investigate which of the two explanations cited
above is more likely, we performed a statistical compari-
son of the balance beam performance results of the P40
mice studied in our experiment IITA but with the elimi-
nation of any mice that died later after P40. We reasoned
that if the first explanation were correct, then performing
that analysis would result in loss of the difference, at P40,
between the control and test treatment groups. On the other
hand, if the difference was still found, with the elimination
of any mice that died between P40 and P70, then this
would strongly argue against that hypothesis. When we
performed that analysis, we found that the difference was
still present (mean beam transversal time 42.38+19.7 s
and 8.75%2.58 s, p=0.0084). This strongly supports that
there is a decrease of active vector effect over time.

To investigate whether there is decreased transgene
expression at the later age of P70, as compared with P40,
in the cerebellum that could potentially explain the loss of
effect in the balance beam performance over time we
conducted the experiment described in Supplementary
Data S2. Briefly, RT-qPCR for FLAG was performed on
the cerebellar samples of three groups of mice (n=5-6/
group), all injected with the same doses of active vector as
in experiment IIIA and sacrificed at P20, 40, and 70, re-
spectively. The results showed an approximately fourfold
higher transgene mRNA expression at P40 as compared
with P70, suggesting that a reduction in transgene ex-
pression may be contributing to the observed loss of effect
over time (Supplementary Data S2, Supplementary Figure
S1).

The strengths of our study include our choice of AAV9,
because it has good central nervous system transduction
after both ICV and intravenous injections, improving
the translational potential of our studies.”**>® We also
chose the hSyn promoter, because it is neuron specific, as
demonstrated in the brain and spinal cord of rodents and
primates,S 152 and because the ATPIA3 gene is expressed
in neurons rather than in glia.**>> Another strength of our
study is the use of our AHC mouse model that carries the
disease’s most common mutation and faithfully repro-
duces the manifestations of AHC. This approach will

likely enhance the chances of success of future translation
of AHC gene therapy into human application.

A novel aspect of our article is that prior studies of gene
therapy in neurogenetic disorders have used viral vectors
to correct abnormalities of proteins that are either one of
the following: enzymes: structural, ion channel, or signal
transduction proteins.****3* ATPIA3-related Na*, K-
ATPase is at the same time an ATPase enzyme, an im-
portant cellular ion pump, and a signal transduction fac-
tor.>>® Thus, our study introduces gene therapy as a
method to correct abnormalities resulting from a mutation
of an ATPase, which represents a new class of target
molecules with multiple combined functions. This is the
first study, to our knowledge, addressing a molecule that
affects all of the functions cited earlier.

Our study points to future directions for the research
of AHC. One of those directions is the investigation of
the effect of transgene expression on the physiology of
the hippocampus. We have previously shown that the
hippocampus in mutant mice is predisposed to spreading
depolarization.'® Spreading depolarization has been im-
plicated as an underlying mechanism of hemiplegia and of
sudden unexpected death in epilepsy and in AHC.>'®>’
The improvements we observed in decrease in hemiple-
gia and in improved survival may, thus, be secondary, at
least in part, to the amelioration of the predisposition to
spreading depolarization. This is a hypothesis that could
be the focus of future investigations.

An additional area for future research raised by our
findings is investigating the discordance in response be-
tween performance related to cerebellar function (balance
beam, improvement) and performance related to one as-
pect of hippocampal function (T-Maze, no improvement).
This discordance occurred despite higher transgene ex-
pression in the hippocampus than in the cerebellum. One
possibility is that this discordance may be related to an
underlying corresponding difference in the role of
ATP1A3-related ATPase activity in the function of the
hippocampus and cerebellum during the pubescent period.
In support of this possibility is that in adolescent humans
ATPI1A3 expression in the cerebellum is high whereas it is
moderate to low in the hippocampus.58 Increased expres-
sion of ATPIA3 likely implies more important contribu-
tions to normal function of the specific region at that stage
of development. In addition, lack of detection of an effect
on memory deficits on the T-maze test may be related to
hippocampal injury, resulting from the effects of mutation
that may have occurred before the test vector was injected.
This potential explanation is supported by the observation
in humans that in infancy at around the age of 4 months
there is high expression of ATPIA3.%® Currently, there are
no mouse data on the ontogeny of expression of Azpla3 in
hippocampus and cerebellum, similar to what is available
on humans, so this should be an area of interest for future
investigations.
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Finally, another area to investigate is the effect of gene
therapy on cellular biology and physiology of the mutant
mice, including on misfolding of ATP1A3 protein and on
electrophysiological properties of pyramidal cells and in-
terneurons.'”>° Despite the encouraging results, not all
impairments, which are manifestations of AHC, improved
in our model. This is possibly related to the limited extent
of transgene expression in multiple areas of the brain,
despite the robust active vector spread demonstrated by
our viral genome quantification results. This limited ex-
pression may be related to the size of the ATPIA3 gene,
which is close to the limit of the capacity of AAV9. Thus,
future studies need to concentrate on improving the ex-
pression by either modifying the vector or using alterna-
tive vectors. Another possibility is that there may be a
dominant negative effect since such an effect has been
hypothesized to explain in vitro findings in Xenopus oo-
cytes expressing mutated ATPIA3.°® However, such an
effect is likely not existent in vivo since mutant mice
carrying disease-causing mutation have only a <50% re-
duction in oubain-sensitive ATPase activity.

Other or even more long-term effects and potential
toxicities of the therapy also need to be determined. For
example, if modification of the test vector results in better
expression of the transgene in areas distant from the in-
jection sites, this may result in induction of gain-of-
function disease. We believe that there is a need to perform
further studies aimed at achieving more extensive trans-
gene expression through either the use of multiple injec-
tion sites, of repeated doses, or of a different vector.

Importantly, is that in our current study none of the tests
we performed demonstrated worsening of the Het-
treatment group as compared with the Het-control
group. This provides preliminary evidence against marked
deleterious effects of delivery of an extra copy of the gene.
In the behavioral experiments, we did not use higher doses
of the AAV9 vector since results of our experiment
showed that increasing the dose further did not increase
reporter gene expression. Future studies will need to
concentrate on optimizing vector constructs to enhance the
translational potential AHC gene therapy, as has been
done for other diseases.”” > For example, we have al-
ready performed preliminary experiments using AAVS
and are planning to test other vectors also.

CONCLUSION

In conclusion, our study demonstrates the feasibility to
achieve improvements when gene therapy is applied to a
disease model resulting from a mutation in an ATPIA3
gene. This has potential implications in the therapy of

ATPase-related diseases, not only in the brain but also
in ATPase-related diseases of other organs. In addition,
our study supports the performance of further studies that
would optimize transgene expression in the therapy of
the AHC mouse model to, hopefully, lead to translation to
human applications. The AHC is a devastating disease in
urgent need of an effective therapy.”™!' Because it is a
severe orphan disease, it will likely qualify for the special
facilitated FDA (U.S. Food and Drug Administration)
programs for such diseases. In addition, therapies that
may be effective in AHC could potentially benefit the
growing number of syndromes under the umbrella of
ATPIA3-Related Spectrum Disorders." ATPIA3-related
ATPase dysfunction is a newly recognized mechanism
for neuronal injury, not only in disorders manifesting
energy crises such as status epilepticus or hypoxia%’47
but also, perhaps more importantly, in neurodegenerative
disorders such as Parkinson’s Disease and Alzheimer’s
Disease.”> 247 Thus, therapies developed for AHC may
have implications in other disorders with secondary
ATPIA3-related ATPase dysfunction. Conceivably,
similar gene therapy approaches can also potentially be
used in the therapy of deficiency diseases of other AT-
Pases, such as V-ATPases, which are important in mul-
tiple types of human disease.®'
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