
RESULTS: NEURONAL ENERGETICS
Motor neuron ASPA expression drives ATP synthesis and restores energetic homeostasis in ALS mice. Phenotypic rescue was associated with significant
reductions in local NAA and increased detectable aspartate, consistent with functional ASPA expression within neurons engaging local NAA reserves.
Most importantly for this indication, a significant increase in ATP levels were associated with transduction of neurons consistent with the aspartate
catabolic product engaging the MAS in motor neurons and the cortex and spinal cord.

INTRODUCTION

When NAA is catabolized by ASPA, aspartate is liberated, the bioavailability of which is
rate limiting for the malate-aspartate shuttle (MAS), which promotes ATP production via
mitochondrial oxidative phosphorylation. The MAS shuttles hydrogen ions contained within
glycolytic NADH across the mitochondrial membrane to provide reducing power to drive
the electron transport chain (ETC) and ATP synthesis. Transducing motor neurons with a
functional ASPA gene will create a novel source of aspartate that feeds into the MAS to
increase ATP production (Fig.1). Adeno-associated virus serotype 1 (AAV1) was employed
to deliver aspartoacylase

CONCLUSION

I. Transduction of SODG93A mice with an AAV-ASPA viral vector
resulted in improved motor performance and prolonged survival .
There was clear evidence of targeted ASPA-mediated transduction
of motor neurons resulting in appropriate substrate engagement
(reduced NAA and increased aspartate) that resulted in significantly
increased ATP bioavailability.

II. In other preclinical studies: 1) AAV-ASPA gene therapy proved to
be safe and well-tolerated across a wide range of vector doses, 2)
In vitro transduction of iPSC derived neurons from ALS patients with
ASPA resulted in same improved neuroenergetic outcomes as the
present study, and 3) Studies are ongoing in large animals to
optimize delivery and distribution of AAV-ASPA to the motor cortex
and spinal cord.

III. Collectively, these results warrant further investigation of AAV1-
ASPA as a novel form of neuroenergetic therapy for ALS.

Recombinant AAV
The native human ASPA CDS was cloned into a constitutive
expression cassette containing a shortened chicken beta-actin
promoter (CBh) and a bovine growth hormone polyadenylation
sequence, all flanked by self-complimentary AAV inverted
terminal repeat sequences.

SODG93A Mice
Mice containing 20-25 repeats of a mutant human SOD1 gene
(SODG93A) were purchased from a commercial vendor
(Jackson Laboratories). 6-7 week old animals were administered
1E11vg in a volume of 5μl via ICM under an approved institutional
animal use protocol. Motor function was assessed weekly by an
accelerating rotarod from 10-17 weeks of age. Survival data was
generated for all animals using a humane endpoint defined by
paralysis of both hind legs and/or inability to right from a
moribund state.

Analysis of Energy Metabolites
All of NAA, aspartate and ATP were analyzed using reverse
phase HPLC. NAA and ATP employed UV-Vis detection in a
single run. Aspartate in the same samples was analyzed by OPA
derivatization and
fluorescent detection.

METHODOLOGY & MATERIALS

ABSTRACT
Amyotrophic lateral sclerosis (ALS) is the most common form of motor neuron
disease (MND) and is obstinately intractable to currently available treatment
modalities. ALS affects motor neurons of the corticospinal tract and spinal cord,
which extend processes that target musculature that can exceed one meter in
length. Maintenance of axon potential at this scale imposes an acute need for
uninterrupted energy metabolism and therapeutic strategies that augment energy
metabolism may promote resistance to disease progression in both familial and
sporadic ALS. We present here the effects of a novel gene-therapy mediated
recompartmentalization of the naturally occurring glial hydrolase, aspartoacylase
(ASPA) to motor neurons of the spinal cord and motor cortex of SOD1G93A
transgenic mice. This intervention promotes catabolism of locally abundant N-
acetylaspartate (NAA) to liberate aspartate that fuels mitochondrial oxidative
phosphorylation and ATP synthesis. Transduction of SOD mice with an AAV1-ASPA
viral vector promoted transgene expression in neurons of the spinal cord and motor
cortex with a high degree of specificity, resulting in increased aspartate
bioavailability, the rescue of pathological ATP deficit, delayed the onset of
motor abnormalities and significantly increased lifespan. This novel therapeutic
approach to ALS recompartmentalizes a native and well tolerated enzyme to
promote ATP bioavailability for motor neuron function.
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Gene Therapy Mediated
Recompartmentalization of
Aspartoacylase Promotes Delayed
Onset of Motor Dysfunction and
Increases Lifespan in the
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RESULTS: THERAPEUTIC EFFICACY OF AAV1-ASPA IN
SOD1G93A MUTANT MOUSE MODEL OF ALS 

Motor Function Outcomes: 
AAV1-ASPA-delivered to ALS mice via the same ICM route resulted in a significant
increase in latency to fall relative to saline-"treated" mice on an accelerating rotarod.
This significance in latency to fall presented by AAV1-ASPA treated ALS mice was
most prominent at the latter stages of analysis, specifically 16 and 17 weeks of age,
meaning the progression of characteristic motor dysfunction was delayed by
AAV-ASPA treatment. At week 17, p=.00773.

Survival Outcomes: 
AAV1-ASPA gene therapy extended survival of SOD1G93A mice by 15 days which was
statistically significant when measured using the Log-Rank (Mantel-Cox) test
(p=0.002), indicating a significant survival advantage conferred by AAV1-ASPA
treatment.

NADH generated by glycolysis is
impermeable to the mitochondrial
membrane. Reducing oxaloacetate (OAA)
to malate via the transamination of
aspartate carries the reducing ions from
NADH into the mitochondrial membrane by
import of malate thus formed. Aspartate
bioavailability is rate-limiting for both the
MAS and NAA synthesis. Liberating the
aspartate sequestered within NAA in motor
neurons via transduction with an ASPA-
expressing viral vector increases aspartate
bioavailability for the MAS shuttle, which
increases the flow of reducing equivalents
generated by glycolysis to the ETC
resulting in increased ATP synthesis.

MAS & ATP PRODUCTION

RESULTS: TRANSDUCTION OF UPPER AND
LOWER MOTOR NEURONS WITH AAV1

Selection of vector serotype was based on stereological estimates of
transduced neurons in layer V of the motor cortex after delivery of an AAV1-GFP
reporter vector via injection to the cisterna magna (ICM). Cortical layer V (A)
stained positive for the AAV1-delivered GFP transgene, with transduced cells
presenting large pyrimadal cell morphology characteristic of motor neurons (B).
Over 98% of GFP-positive cells colabeled with the neuronal nuclear antigen
(NeuN; C), with ~14% of the total NeuN-positive population of cortical layer V co-
labeling with GFP. GFP-positive neurons were also detected in the lumbar spinal
cord, meaning the entire corticospinal tract was transduced with AAV1 delivered
via ICM.

Cortical NAA in Saline
treated SOD was
reduced 25% relative
to wild type
(p=0.00013), as per
expected for this
phenotype. NAA in
AAV1-ASPA SOD
mouse cortices was
10% less than that for
SOD saline cortices
(p=0.00052),
indicating a functional
ASPA transgene.

Bioavailable aspartate
was increased by
nearly 20% in AAV1-
ASPA SOD cortices,
indicating increased
availability of
catabolic substrate.

Detectable ATP in AAV-
ASPA SOD cortices was
increased by nearly
50% relative to SOD
saline cortices
(p=0.0084). Cortical ATP
is notably deficient in
SOD saline cortices by
some 75% (p=0.0063),
indicating AAV-ASPA
mediated NAA
catabolism results in
increased energy
metabolism in the SOD
cortex.

A reduction in
detectable NAA
indicates ASPA
transgene function. NAA
in AB-0089 treated SOD
spinal cords was 30%
lower than in saline
treated SOD spinal
cords (p=0.0013),
indicative of a functional
ASPA transgene.

Aspartate, a breakdown
product of NAA
catabolism by ASPA,
was increased by 40%
in the spinal cords of
AB-0089 treated
animals (p=0.026).

ATP levels in the spinal
cord of AB-0089 treated
SOD mice was increased
by 34% relative to saline
treated SOD mice
(p=0.027), representing
71% of normal ATP levels
in reference wild type
spinal cords indicating a
significant rescue of
energy deficit.

For more information, please contact Chrystyna Bedrij,
cb@aletheianeuro.com
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Amyotrophic lateral sclerosis (ALS) is the most common form of motor
neuron disease (MND) and is obstinately intractable to currently
available treatment modalities. ALS affects motor neurons of the
corticospinal tract and spinal cord, which extend processes that target
musculature that can exceed one meter in length. Maintenance of axon
potential at this scale imposes an acute need for uninterrupted energy
metabolism and therapeutic strategies that augment energy
metabolism may promote resistance to disease progression in both
familial and sporadic ALS. We present here the effects of a novel gene-
therapy mediated recompartmentalization of the naturally occurring
glial hydrolase, aspartoacylase (ASPA) to motor neurons of the spinal
cord and motor cortex of SOD1G93A transgenic mice. This intervention
promotes catabolism of locally abundant N-acetylaspartate (NAA) to
liberate aspartate that fuels mitochondrial oxidative phosphorylation
and ATP synthesis. Transduction of SOD mice with an AAV1-ASPA viral
vector promoted transgene expression in neurons of the spinal cord
and motor cortex with a high degree of specificity, resulting in
increased aspartate bioavailability, the rescue of pathological ATP
deficit, delayed the onset of motor abnormalities and significantly
increased lifespan. This novel therapeutic approach to ALS
recompartmentalizes a native and well tolerated enzyme to promote
ATP bioavailability for motor neuron function.
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Abstract



When NAA is catabolized by ASPA, aspartate is liberated,
the bioavailability of which is rate limiting for the malate-
aspartate shuttle (MAS), which promotes ATP production
via mitochondrial oxidative phosphorylation. The MAS
shuttles hydrogen ions contained within glycolytic NADH
across the mitochondrial membrane to provide reducing
power to drive the electron transport chain (ETC) and ATP
synthesis. Transducing motor neurons with a functional
ASPA gene will create a novel source of aspartate that
feeds into the MAS to increase ATP production (Fig.1).
Adeno-associated virus serotype 1 (AAV1) was employed
to deliver aspartoacylase

NADH generated by glycolysis is impermeable to the mitochondrial
membrane. Reducing oxaloacetate (OAA) to malate via the
transamination of aspartate carries the reducing ions from NADH into
the mitochondrial membrane by import of malate thus formed.
Aspartate bioavailability is rate-limiting for both the MAS and NAA
synthesis. Liberating the aspartate sequestered within NAA in motor
neurons via transduction with an ASPA-expressing viral vector
increases aspartate bioavailability for the MAS shuttle, which
increases the flow of reducing equivalents generated by glycolysis to
the ETC resulting in increased ATP synthesis.

Introduction MAS & ATP Production



Selection of vector serotype was based on stereological estimates of transduced neurons in layer V of the
motor cortex after delivery of an AAV1-GFP reporter vector via injection to the cisterna magna (ICM). Cortical
layer V (A) stained positive for the AAV1-delivered GFP transgene, with transduced cells presenting large
pyrimadal cell morphology characteristic of motor neurons (B). Over 98% of GFP-positive cells colabeled with
the neuronal nuclear antigen (NeuN; C), with ~14% of the total NeuN-positive population of cortical layer V co-
labeling with GFP. GFP-positive neurons were also detected in the lumbar spinal cord, meaning the entire
corticospinal tract was transduced with AAV1 delivered via ICM.

Results: Transduction of Upper and Lower Motor Neurons With AAV1



Motor neuron ASPA expression drives ATP synthesis and restores energetic homeostasis in ALS mice. Phenotypic rescue was associated with
significant reductions in local NAA and increased detectable aspartate, consistent with functional ASPA expression within neurons engaging
local NAA reserves. Most importantly for this indication, a significant increase in ATP levels were associated with transduction of neurons
consistent with the aspartate catabolic product engaging the MAS in motor neurons and the cortex and spinal cord.

Cortical NAA in Saline
treated SOD was reduced
25% relative to wild type
(p=0.00013), as per
expected for this
phenotype. NAA in AAV1-
ASPA SOD mouse cortices
was 10% less than that for
SOD saline cortices
(p=0.00052), indicating a
functional ASPA transgene.

Bioavailable aspartate
was increased by nearly
20% in AAV1- ASPA SOD
cortices, indicating
increased availability of
catabolic substrate.

Detectable ATP in AAV-
ASPA SOD cortices was
increased by nearly 50%
relative to SOD saline
cortices (p=0.0084).
Cortical ATP is notably
deficient in SOD saline
cortices by some 75%
(p=0.0063), indicating
AAV-ASPA mediated NAA
catabolism results in
increased energy
metabolism in the SOD
cortex.

A reduction in detectable
NAA indicates ASPA
transgene function. NAA
in AB-0089 treated SOD
spinal cords was 30%
lower than in saline
treated SOD spinal cords
(p=0.0013), indicative of a
functional ASPA
transgene.

Aspartate, a breakdown
product of NAA
catabolism by ASPA, was
increased by 40% in the
spinal cords of AB-0089
treated animals (p=0.026).

ATP levels in the spinal
cord of AB-0089 treated
SOD mice was increased
by 34% relative to saline
treated SOD mice
(p=0.027), representing
71% of normal ATP levels
in reference wild type
spinal cords indicating a
significant rescue of
energy deficit.

Results: Neuronal Energetics



Motor Function Outcomes: 
AAV1-ASPA-delivered to ALS mice via the same ICM route resulted in a significant increase in latency to fall relative to saline-"treated" mice on
an accelerating rotarod. This significance in latency to fall presented by AAV1-ASPA treated ALS mice was most prominent at the latter stages
of analysis, specifically 16 and 17 weeks of age, meaning the progression of characteristic motor dysfunction was delayed by
AAV-ASPA treatment. At week 17, p=.00773.

Survival Outcomes: 
AAV1-ASPA gene therapy extended survival of SOD1G93A mice by 15 days which was statistically significant when measured using the Log-
Rank (Mantel-Cox) test (p=0.002), indicating a significant survival advantage conferred by AAV1-ASPA treatment.

Results: Therapeutic Efficacy of AAV1-ASPA in SOD1G93A Mutant Mouse
Model of ALS



Recombinant AAV
The native human ASPA CDS was cloned into a constitutive expression cassette containing a
shortened chicken beta-actin promoter (CBh) and a bovine growth hormone polyadenylation
sequence, all flanked by self-complimentary AAV inverted terminal repeat sequences.

SODG93A Mice
Mice containing 20-25 repeats of a mutant human SOD1 gene (SODG93A) were purchased
from a commercial vendor (Jackson Laboratories). 6-7 week old animals were administered
1E11vg in a volume of 5μl via ICM under an approved institutional animal use protocol. Motor
function was assessed weekly by an accelerating rotarod from 10-17 weeks of age. Survival
data was generated for all animals using a humane endpoint defined by paralysis of both hind
legs and/or inability to right from a moribund state.

Analysis of Energy Metabolites
All of NAA, aspartate and ATP were analyzed using reverse phase HPLC. NAA and ATP
employed UV-Vis detection in a single run. Aspartate in the same samples was analyzed by
OPA derivatization and
fluorescent detection.

Methodology & Materials



I. Transduction of SODG93A mice with an AAV-ASPA viral vector
resulted in improved motor performance and prolonged survival . There was clear evidence
of targeted ASPA-mediated transduction of motor neurons resulting in appropriate substrate
engagement (reduced NAA and increased aspartate) that resulted in significantly increased
ATP bioavailability.

II. In other preclinical studies: 1) AAV-ASPA gene therapy proved to be safe and well-tolerated
across a wide range of vector doses, 2) In vitro transduction of iPSC derived neurons from
ALS patients with ASPA resulted in same improved neuroenergetic outcomes as the present
study, and 3) Studies are ongoing in large animals to optimize delivery and distribution of
AAV-ASPA to the motor cortex and spinal cord.

III. Collectively, these results warrant further investigation of AAV1-ASPA as a novel form of
neuroenergetic therapy for ALS.

Conclusion



For more information, please contact Chrystyna Bedrij, 
cb@aletheianeuro.com 
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