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Abstract Evidence is accumulating that an imbalance be-
tween pathways for degeneration or survival in motor neu-
rons may play a central role in mechanisms that lead to
neurodegeneration in amyotrophic lateral sclerosis (ALS).
We and other groups have observed that downregulation, or
lack of induction, of the PI3K/Akt prosurvival pathway may
be responsible for defective response of motor neurons to
injury and their consequent cellular demise. Some of the
neuroprotective effects mediated by growth factors may
involve activation of Akt, but a proof of concept of Akt as
a target for therapy is lacking. We demonstrate that specific
expression of constitutively activated Akt3 in motor neurons
through the use of the promoter of homeobox gene Hb9
prevents neuronal loss induced by SOD1.G93A both
in vitro (in mixed neuron/astrocyte cocultures) and in vivo
(in a mouse model of ALS). Inhibition of ASK1 and
GSK3beta was involved in the neuroprotective effects of
activated Akt3, further supporting the hypothesis that induc-
tion of Akt3 may be a key step in activation of pathways for
survival in the attempt to counteract motor neuronal degen-
eration in ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating disease
affecting motor neurons in motor cortex, brain stem, and
spinal cord, leading to axon degeneration, muscle atrophy,
paralysis, and ultimately death of the patient usually within
2-5 years from diagnosis. For most cases (90 %), the origin
of the disease is not known (sporadic ALS), whereas remark-
able progress has been made in the field of familial ALS
based on genetic discoveries of dominant mutations which
cover more than 50 % of the familial cases (reviewed in [1]).
Notably, sporadic and familial ALS have similar pathologi-
cal hallmarks, suggesting that the two forms of ALS may
share similar pathogenic mechanisms. One of the most com-
mon cause of inherited ALS which account for 20 % of the
familial cases has been associated, 20 years ago, with muta-
tions in the gene encoding the Cu/Zn superoxide dismutase
(SOD1). This discovery led rapidly to creation of transgenic
mice overexpressing the human gene encoding for SOD1
mutated in Gly93-Ala (SOD1G93A). SODIG93A mice re-
capitulate several aspects of the disease and, therefore, they
provide a powerful model system to identify pathophysio-
logical mechanisms associated with ALS and to screen po-
tential therapeutics [2—4]. Recently, numerous attempts have
been made to generate new animal models of ALS based on
the discovery of other genes linked to ALS, particularly
those encoding TDP-43 and FUS/TLS [5, 6]. However, these
new models that overexpress the wild type gene or its mu-
tated form, or even those lacking the gene, show a patholog-
ical phenotype that, in most cases, is far from the patholog-
ical features of human ALS, making their validity question-
able. Though the causes of ALS are still unknown, several
mechanisms are implied in ALS pathogenesis, such as
excitotoxicity, protein aggregation, neuroinflammation, or
defects in the delivery of trophic factors from muscles to
the perykarion due to axonal transport impairment or energy
failure. These alterations may perturb homeostasis of the
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motor neuronal cell, thus creating an unbalance between the
intracellular signaling pathways of degeneration and surviv-
al, eventually causing cell death. Several efforts have been
made to counteract the degenerative intracellular signaling in
ALS motor neurons, while less attention has been paid to the
modulation of survival and antiapoptotic pathways, such as
the phosphatidylinositol-3 kinase (PI3K)/Akt.

In the adult nervous system, the PI3K/Akt pathway plays
amajor role in the transduction of survival signals in neurons
and in mediating protection against toxic insults. This is
particularly evident in some acute neurological disorders,
including epilepsy [7], transient ischemia of the spinal cord
[8], and cerebral ischemia, in which Akt induction is a
physiological response of surviving neurons to acute injury
[9-11]. In contrast, in chronic neurodegenerative diseases,
such as Huntington's disease (HD) [12], Alzheimer's disease
(AD) [13—15], and ALS [16-20], a lack of or no change in
the induction of the prosurvival PI3K/Akt pathway has been
reported.

PI3K and Akt are key players in the transduction of
signals from membrane receptors to intracellular and nuclear
targets. Upon activation, the catalytic subunit of PI3K phos-
phorylates phosphoinositides (PI) at the 3-position of the
inositol ring to generate phosphatidylinositol-3-phosphate
(PI3P), PI(3,4)P2, and PI(3,4,5)P3. PIP3 is recognized by a
pleckstrin homology (PH) domain in Akt structure, which
mediates translocation of Akt from the cytoplasm (where
Akt usually resides in an inactive state) to the plasma mem-
brane (where Akt undergoes phosphorylation at Thr308 and
Serd473 mediated by phosphoinositide-dependent kinases 1
and 2). These phosphorylations induce a conformational
change that determines Akt activation and its dissociation
from the plasma membrane to the cytoplasm and nucleus,
where it phosphorylates many different substrates leading to
activation of the appropriate physiological response [21, 22].

PI3K activities and protein levels were higher in the
membrane fractions of spinal cord from ALS patients than
controls. However, the downstream targets, such as Akt and
S6K, were not upregulated in ALS tissues, suggesting that
this signal transduction cascade may be impaired in the
disease [16]. In a subsequent study, the same group reported
a reduction of PI3K levels and activity, with no change in
Akt, in the spinal cord of a pmn mouse model of ALS [17]. In
spinal cord homogenates of late onset SOD1.G93A trans-
genic mice, PI3K and total Akt protein levels were low even
before the onset of symptoms [18]. Downregulation of
phospho-Akt has also been detected in the spinal motor
neurons of presymptomatic SOD1.G93A mice, and this
was confirmed by immunohistochemistry in postmortem
samples from ALS patients [20].

A gene expression profiling study comparing laser-
captured motor neurons from patients with SOD]1-related
ALS compared with neurologically normal control cases

identified multiple genes involved in the PI3K signaling
cascade that were expressed differentially in motor neurons
that survived the disease. The authors suggested that the
RhoA/PI3K/PTEN and Akt3/protein kinase C epsilon path-
ways could play a role in preventing neuronal cell death in
these motor neuron populations [23]. These data are in line
with the observation that Akt3, one of the three isoforms of
Akt, displays specific neuroprotective properties in NSC34
cells, antagonizing mutant SOD1 toxicity, whereas Aktl
appears to have a more general antiapoptotic effect [24].
The same group provided further evidence of a role of
Akt3 in neuroprotection with the identification of a novel
Akt3-interacting protein, BTBD10. Overexpression of
BTBD10 in NSC34 cells inhibited PP2A activity, preventing
Akt3 dephosphorylation and leading to suppression of mu-
tant SOD1-induced cell death [25], downregulation of
BTBD10 led to motor neuron death in vitro, and motor
neuron loss and locomotor deficits in Caenorabditis elegans
[26].

Based on these findings, we proposed to generate a con-
stitutively activated mutant protein construct derived from
the fusion of Akt3 with a myristylation recognition sequence
[27-29] to be delivered specifically to motor neurons from
SOD1.G93A mice. We tested its effect on motor neuron
survival, providing proof of concept of Akt3 as a potential
therapeutic target for neuroprotection in ALS.

Materials and Methods
Plasmid Constructs

Myr.AKT1 and pAKT3 plasmids were kindly provided by
Dr. Brian Hemmings (FMI, Switzerland). Myr.AKT1 is de-
rived from pcDNA3.1H" (Invitrogen) by cloning the cDNA
of human AKT1 (accession number NM_001014432), fused
in frame to HA-tag and a myristylation sequence. pAKT3
derives from pCMVS5 by cloning the cDNA of human AKT3
gene (accession number NM_181690.1) fused at the N-
terminal with HA-tag. The Myr. AKT3 construct was generated
by PCR, using pAKT3 plasmid as template, a forward primer
containing 39-bp coding for a myristilation sequence (5'-
GGGGTACCGCCGCCACCATGGGCTGCGTTTGCTC-
GTCGAATCCCGAGGACGACGCTGCTTACCCATAC-
GATGTTCCAG-3') and a reverse primer annealing to AKT3
C-terminus (5'-GGTCTAGATTATTCTCGTCCACTT-
GCAGAGT-3") with a proofreading Pfx DNA polymerase
(Invitrogen). The myristylation sequence is in bold; the nucle-
otides annealing to HA.AKT3 sequence are underlined. The
amplicon was then cut by Kpnl and Xbal and ligated into
plasmid pMyr.AKTI1, after Kpnl/Xbal excision of the
Myr.AKT1 construct. The construct was finally sequence-
verified using T7 as sequencing primer and then excised from
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pcDNA3.1H" by Kpnl/Xbal cut and religated into Pmel/Spel
sites of pWPXLd lentiviral vector, after excision of green
Sfluorescent protein (GFP) (Pmel and Spel sites destroyed).
This vector was called WPX.Myr.AKT3. As a final step, the
enhancer elements of Hb9, fused to beta-globin minimal pro-
moter, were excised from the Bg.Hb9 1.6Kb plasmid (de-
scribed in [30]) by Sa/l/Shfl digestion and then religated into
Sall/Swal sites of WPX.Myr. AKT3 (Sbfl and Swal sites
destroyed), after excision of the EFI-alpha ubiquitous
promoter. The new W.1.6.Myr.AKT3 viral vector con-
struct was then used to generate high-titer viral vectors
for delivery in vivo.

Transfection of the HEK293 Cell Line

One day before transfection cells were passaged in six-well
plates at 50 % confluence. The next day, cells were
transfected with purified DNA constructs (Myr.AKTI or
Myr.AKT3) using Effectene transfection reagent (Quiagen)
according to the manufacturer's instructions. DNA (0.5 and
1.0 mg) was used for each construct to ensure maximum
efficiency of expression. Medium was replaced 16 h after
transfection, and then 72-h post-transfection cells were
pelleted and lysed with radioimmunoprecipitation assay
(RIPA) buffer for 30 min on ice. Lysates were cleared by
centrifugation at 15,000g for 15 min at 4 °C, and protein
concentration was measured with the bicinchoninic acid
assay (BCA) method (Pierce). Thirty micrograms of proteins
from each sample was separated by 10 % sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
blotted on nitrocellulose membrane. Immunoblotting exper-
iments were run according to published protocols [19] with
primary antibodies directed to P-Akt (rabbit polyclonal
specific for phospho-Ser*’? of AKT, 1:500 dilution, Cell
Signaling), P-GSK3beta (rabbit polyclonal specific for
phospho-Ser’ of GSK3beta, Cell Signaling), P-ASKI
(rabbit polyclonal specific for phospho-Ser®® of ASKI,
Cell Signaling), HA-tag (mouse monoclonal, 1:100 dilution,
Cell Signaling), or actin (mouse monoclonal, 1:5000 dilution,
Millipore).

Viral Vectors

High-titer lentiviral vectors were produced according to pub-
lished protocols [30]. Since the viral vectors carried motor
neuron-specific promoters, the titer of the viral stocks
was assayed as described [31], in parallel with vectors
of known titer-carrying EFla ubiquitous promoter cas-
settes, by infecting neuronal cultures instead of HEK293
cell line. The titer of viral vectors was in the range of
1.0-1.2x10° TU/mL.

@ Springer

Infection of SOD1.G93A Neuron/Astrocyte Cocultures
and Quantitative Assessment of Motor Neuron Survival

Primary spinal neurons were prepared from 14- to 15-day-
old SOD1.G93A or NTg mouse embryos (C57/BL6, Harlan,
Italy). Spinal cords were isolated by dissection and the
meninges removed. Spinal cords were then mechanically
dissociated using a fire-polished glass Pasteur pipette in
Hank's Balanced Salt Solution (HBSS, Ca®", and Mg*" free)
supplemented with glucose (33 mM). The cell suspension
was layered onto a 4 % bovine serum albumin (BSA) cush-
ion, centrifuged at 1,000 rpm for 10 min, and the cells from
the pellet were resuspended in culture medium composed of
Neurobasal (Gibco) supplemented with 10 % inactivated
horse serum, 16.5 mM glucose, 1 ng/mL brain-derived
neurotrophic factor (BDNF), 2 mM glutamine, 100 mg/mL
streptomycin, and 60 mg/mL penicillin. A mixture of hor-
mones and salts composed of insulin (25 mg/mL), transferrin
(100 mg/mL), putrescine (60 mM), progesterone (20 nM),
and sodium selenate (30 nM) (all from Sigma-Aldrich) was
also added to the culture medium. Cells were plated (one
spinal cord per eight wells) in 48-well Nunc multiwell plates
that had been previously coated with a confluent monolayer
of astrocytes, prepared according to a published protocol
[32]. Cells were cultured at 37 °C in a humidified atmo-
sphere of 95 % air and 5 % CO,. Cultures were infected
1 day after plating of neurons, with concentrated viral stocks
(2x10° TU/well), without araC. One day after infection fresh
medium was added to the cells and araC was added to a final
concentration of 10 mM to inhibit glial cell proliferation.
Cells were then kept in culture for five more days, and finally,
paraformaldehyde (PFA) was fixed and processed for immu-
nocytochemistry with anti-SMI32 antibody (Covance,
1:1,000 dilution) to highlight motor neuronal profiles, anti-
NeuN primary antibody (Chemicon, 1:250 dilution) to iden-
tify the whole neuronal population, and Hoechst-33258 dye to
highlight nuclei [30]. Motor neurons and total neurons were
measured by counting SMI32-positive cells with typical mo-
tor neuronal morphology and large cell bodies (diameter>20-
um) and NeuN-positive cells, respectively, in 20 adjacent
frames per well at 10x magnification. Data were then
expressed as the ratio of the number of motor neurons to the
total neurons in culture. The difference between groups was
analyzed by two-way ANOVA followed by Bonferroni's post
hoc test, using Prism 4 for Windows, version 4.03 (GraphPad
Software Inc.).

1298V SOD1.G93A Mice

In vivo experiments were done in female 129Sv mice
overexpressing human SOD1 mutated in G93A. They were
generated in the laboratory by more than ten backcrosses of
SOD1.G93A C57BL/6 males with nontransgenic female
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129SV mice. These mice develop the first signs of neuropa-
thology at the motor neuronal level around 4 weeks of age,
and the first symptoms of muscular dysfunction appear
around 14 weeks, with progressive reduction in the extension
reflex of the hind limbs when the mice are raised by the tail.
At about 15 weeks, the mice show a progressive muscular
weakness, with increasing difficulty in staying on a rotating
bar. At 18 weeks, the animals have complete hindlimb pa-
ralysis and cannot recover if laid on one side [33].

Intraspinal Injections

129SV SOD1.G93A female mice at 12 weeks of age
were used. Thirty minutes before surgery, animals re-
ceived an injection of ampicillin (0.03 mg/kg, s.c.) and
buprenorphine (0.05 mg/kg, s.c.). All surgical proce-
dures were then done under deep anesthesia with
2.5 % Avertin (2,2,2 tribromoethanol in 2-methyl-2-butanol,
400 mg/kg, i.p.). A laminectomy of L; vertebra was done to
uncover lumbar spinal cord at levels L,—Ly, as described [30].
Using a glass capillary (40+5 mm diameter), viral solution
was injected bilaterally in the spinal cord in two sites separated
2 mm along the spinal cord (1.5 uL/site; flow rate of 0.2-
puL/min). Stereotaxic coordinates were referred to the midline
of the dorsal horn of the spinal cord. The needle was posi-
tioned £0.5 mm aside from the midline and deep into the
parenchyma to 0.8 mm below the pia; the injector was left in
place for 1 min and then retracted for 0.2 mm before starting
the delivery. After completion of the injection, the needle was
left in place for another 2 min and then gently withdrawn.
Dorsal muscles were juxtaposed with absorbable sutures, and
skin sutured and disinfected. After surgery, animals were kept
on a warm pad for 30 min and then placed in separate cages
for recovery. The day after operation, the mice were checked
for motor deficits due to accidental damage to the spinal cord.
Mice with any signs of motor impairment 1 day after the
surgical intervention were not considered further in the
analysis.

One week after the operation, the mice were tested for
motor performances (grip strength and latency to stay on the
rotarod bar), as described [33]. Tests were repeated twice a
week until the end stage of the disease. Body weight was
recorded before each test session. Mice at the end stage of the
disease that were unable to right themselves within 30 s after
being placed on one side were euthanized by a high dose of
anesthetic and perfused for immunohistochemical analyses,
as described [19]. Neuromuscular impairment was analyzed
by two-way ANOVA for repeated measures followed by
Bonferroni post hoc test for comparison of groups. The
survival time of the treated groups was analyzed by the
logrank test.

Procedures involving animals and their care were conducted
in accordance with the institutional guidelines, which are in

compliance with national (D.L. no. 116, G.U. suppl. 40, Feb.
18, 1992, Circolare No.8, G.U., 14 luglio 1994) and interna-
tional laws and policies (EEC Council Directive 86/609, OJ L
358, 1 DEC.12, 1987; NIH guide for the Care and use of
Laboratory Animals, US National Research Council, 1996).
The animals were housed under standard conditions (22+1 °C,
60 % relative humidity, 12 h light/dark schedule), three per
cage, with free access to food (Altromin, MT, Rieper) and
water.

Histology and Immunohistochemistry

Surviving motor neurons was measured by NISSL staining
of 24 spinal cord sections 30 um thick, 300 um apart, and
collected between spinal cord levels L, and L4. NISSL-
stained samples prepared for quantitative analysis were ex-
amined under an Olympus BX61 light microscope, and
images of the ventral spinal cord were collected with a
camera, using analySIS software (Soft Imaging Systems,
ver. 3.2). Areas and numbers of cells with clear nucleus
and nucleolus in the ventral horn spinal cord were measured
using Imagel] (free domain software) on the previously col-
lected calibrated images. Motor neurons were defined as
cells with area larger than 250 pum? similarly to other studies
[33, 34]. The mean number of surviving neurons/hemisection
for each animal was then calculated. The mean of three
to four animals for each experimental group was used in
the analysis. The difference between groups was evalu-
ated by one-way ANOVA followed by Tukey Kramer's
post hoc test and confirmed by Kruskal-Wallis nonpara-
metric test.

Immunohistochemistry for P-Akt (activated Akt),
microtubule-associated protein 2 (MAP2) (neuronal stain),
and HA-tag (tag fused to myr.AKT3 construct) was done on
30-um-thick coronal sections obtained from the lumbar spi-
nal cord of PFA-perfused NTg mice or SOD.1G93A mice
killed at different stages of disease progression. Free-floating
sections were incubated with 5 % normal goat serum (NGS),
0.05 % Triton in PBS 1 h at room temperature (RT); endog-
enous biotin was blocked by Avidin—Biotin Blocking solu-
tion (Vector). Subsequently, sections were probed with the
appropriate primary antibody (anti-P-Akt rabbit monoclonal
antibody, 1:500 dilution, cat. no. 3787 from Cell Signaling
and anti-MAP2 rabbit polyclonal antibody, 1:4,000 dilution
from Millipore); anti-HA-tag mouse monoclonal antibody,
1:100 dilution, from Cell Signaling) in 5 % NGS 0.1 %
Triton in PBS O/N at 4 °C and then washed in PBS. For P-
Akt or MAP2 staining, the signal was detected by incubation
for 1 hat RT in 1 % NSG, PBS with a secondary biotinylated
antibody (anti-rabbit, 1:200 dilution, from Vector) followed by
tyramide amplification (PerkinElmer) [35]. For HA-tag stain-
ing, the signal was detected by incubation for | hat RT in 1 %
NGS and PBS with an anti-mouse antibody, 1:500 dilution,
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and conjugated to Alexa.488 fluorophore (Invitrogen). No
signal was detected in negative-control sections, incubated
without the primary antibody.

Results

Activated Akt3 Protects SOD1G93A Motor Neurons
in Primary Astrocyte/Neurons Cocoltures

Myr.Akt3 was prepared by fusion of a myristylation se-
quence to the N-terminal of human HA.Akt3, a fusion pro-
tein containing HA-tag at its N-terminal (Fig. 1a). The func-
tion of this construct was first tested in vitro, in comparison
with Myr.Aktl, a similar fusion protein previously validated
[28]. Efficient induction of the Akt pathway was detected
with both Myr.Aktl and Myr.Akt3, as demonstrated by
increased levels of Akt phosphorylated at Ser*’®, and a
corresponding increase of GSK3beta phosphorylated at
Ser’ (a specific downstream target of Akt) in transfected
HEK293 cell line (Fig. 1b). The Myr.Akt3 construct, without
the CMV promoter, was then subcloned into a lentiviral
vector cassette, under a motor neuron-specific promoter
[30], and used to infect murine primary neuron/astrocyte
cocultures and for in vivo studies. Western blot experiments
on lysates from these cultures 5 days after infection, con-
firmed that the Myr.Akt3 construct markedly increased P-
Akt levels (Fig. 2a). We then verified whether the Myr.Akt3
construct counteracted motor neuronal death in neuron/
astrocyte cocultures from SOD1.G93A animals (Fig. 2b).
Cells were infected 1 day after plating using lentiviral vec-
tors expressing Myr.AKT3 under Hb9-derived motor
neuron-specific promoter (group AKT3 in Fig. 2). As control
groups, cells were infected with GFP-expressing lentiviral
vectors (GFP) or not treated (NT). There was a significant
and selective reduction of motor neuron (MN) viability in the
cocultures expressing SOD1.G93A without any treatment.
Surviving MNs in the SOD1.G93A group (G93A) were
47.34+7.01 % of those counted in nontransgenic (NTg)
cultures. Infection of NTg cultures with lentiviral vectors
tended to reduce the number of surviving MNs, compared
to untreated NTg cultures. MN counts in GFP or AKT3-
infected NTg cultures were 81.48+4.28 and 83.95+6.53 %,
respectively, compared to untreated NTg cultures, and this
effect was not significant. However, when SOD1.G93A cul-
tures were infected with GFP, a significant 20 % reduction of
viable MNs was reported (59.01+4.98 % MNs compared to
GFP-infected NTg), whereas in AKT3-infected G93A cultures
the MNs were significantly rescued (81.31+2.90 % viable
MNs compared to AKT3-infected NTg cultures). Immunocy-
tochemistry of Myr.Akt3 expression indicated that the con-
struct had been expressed by 62.47+5.12 % of the surviving
MNs in AKT3-infected G93 A cultures. Immunocytochemistry
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also showed that expression of the Myr.Akt3 construct in
murine primary neuron/astrocyte cocultures increased the
phosphorylation of two of the downstream targets of Akt,
GSK3beta (specifically, phosphorylated at Ser9) (Fig. 2c)
and ASK1 (specifically, phosphorylated at Ser83) (Fig. 2d).
In fact, Akt-mediated phosphorylation of GSK3beta and
ASK1 is involved in neuronal survival.

Activated Akt3 Reduces the Spinal Motor Neuron Loss
but Does not Ameliorate the Course of the Disease
in SOD1G93A Mice

Given the neuroprotective effect of Myr.Akt3 on
SOD1.G93A motor neurons in vitro, lentiviral vectors ex-
pressing Myr.Akt3 were tested by intraspinal injection in 12-
week-old SOD1.G93A mice. At this stage of the disease, the
body weight of SOD1.G93A animals starts to differentiate
from that of nontransgenic littermates and the hind limbs
show reduced abduction, although no deficits are reported in
motor tasks tests yet. The mice were divided into groups as
follows: (1) intraspinal injection of lentiviral vectors ex-
pressing Myr.Akt3 (AKT3, n=7 mice), (2) intraspinal injec-
tion of a vector expressing GFP (EV, n=6), and (3) surgical
laminectomy without injection (CTR, n=5). The expression
of the transgene was first visualized by immunohistochem-
istry through staining of the HA-tag (at 2 and 5 weeks after
injection, corresponding, respectively, to symptom onset and
late stages of the disease). Myr.Akt3 was clearly expressed in
spinal cord motor neurons of animals injected with
Myr.Akt3 lentivectors, as highlighted by colocalization
of HA-tag staining with MAP2 neuronal marker; expres-
sion was maintained until the late stages of disease
progression (Fig. 3b and c). HA-tag was mainly localized
at the submembrane and cytoplasmic level, with a weak
signal in the nucleus. This is consistent with prevalent
membrane targeting of the fusion protein due to the
myristylation sequence.

To analyze the effects of Myr.Akt3 expression on motor
neuronal survival and disease progression, we analyzed
treated animals twice a week for motor performance, and
they were euthanized at the end stage of the disease for
histological examination. NISSL staining was used to high-
light neuronal profiles in spinal cord sections collected from
treated animals. The number of large-sized motor neurons
(with an area larger than 250 um?®) was considered in the
analysis. The mean number of surviving cells in the
Myr.AKT3-treated group (AKT3, 16.53+0.86 cells per
hemisection) was significantly higher than the empty
vector-treated group (EV, 12.67+1.06 cells per hemisection),
and the control group (CTR, 11.81+0.27 cells per
hemisection) (Fig. 4a and c—¢). The number of motor neu-
rons in NTg littermates was 20.0+0.89 cells per hemisection
(data not shown). No difference between groups was reported
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Fig. 1 Generation of a constitutively active AKT3 construct and
in vitro tests. a Schematic representation of the main features in the
sequence of Myr.AKT! and Myr.AKT3 constructs. The sequences
coding for the myristylation signal and HAtag have been fused, in
frame, to the cDNA for AKTI and AKT3. Kpnl and Xbal restriction
sites used for subcloning the constitutively activated AKT constructs
are indicated on the scheme; b representative immunoblots performed

for the number of surviving small-sized neurons with area
range: 200-250 um? (Fig. 4b), supporting a specific effect of
Myr.AKT3 on motor neuronal cells.

Motor neurons infected with Myr.Akt3 displayed more in-
tense P-Akt immunoreactivity than in the control group (arrows
in Fig. 4f-), indicating that expression of the transgene had
indeed increased Akt activation. However, this signal was only
partially colocalized with HA-tag, suggesting that the basal
level of Akt phosphorylation may be higher in surviving motor
neurons of SOD1.G93A animals (arrowheads in Fig. 4j-k).

Despite the neuroprotective effect of Myr.Akt3 in
SOD1.G93A, treatment did not significantly alter the disease
progression and survival of SOD1.G93A mice, compared to
the control groups (Fig. 5). We could not detect any difference
between the three groups for body weight loss or deficits in
rotarod performance. Only in the grid test, Myr. Akt3-treated
mice performed better than sham-operated and EV-treated
control groups during the initial symptomatic phase. With
disease progression, Myr.Akt3-treated mice showed a tenden-
cy to perform better in the grid test only in comparison with
the sham-operated group, while their motor performance
seemed worse than the group given only EV. Disease progres-
sion in animals that received EV was not significantly differ-
ent from the control sham-operated group, except for a ten-
dency to a less steep loss of motor performance in the grid test,
starting from 111 days of age. Despite these subtle differences
in the Myr.Akt3-treated group at the early phases of the
pathology, the onset and progression of disease was not sig-
nificantly delayed by the Myr.Akt3 treatment.

Discussion

Activation of survival and antiapoptotic pathways, such as
the PI3K/ALkt, is an essential process triggered by neurons to

KDa

Myr.AKT1 Myr. AKT3

NT 0.5 1.0 cv NT CV 0.5 1.0
‘ P-Akt (Ser473) ‘“
S —— Actin e —
B — P-GSK3B (Ser9) —— — TT W
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on HEK293 cell lysates after transfection with Myr.AKT1 or
Myr.AKT3 (nug of DNA used for transfection are indicated) or with
an empty control vector (CV), compared to the nontransfected (NT)
condition. There was a strong increase of Akt phosphorylation
(at Ser*’®) with Myr.AKT1 and Myr.AKT3 constructs. This was
paralleled by increased phosphorylation of GSK3b at Ser’, one of the
downstream targets of activated Akt

counteract the induction of degenerative pathways under
stressful and toxic stimuli [22]. The disruption of this bal-
ance in favor of degenerative signaling cascades may lead to
motor neuronal demise, as in ALS. Our and other groups
have reported sustained activation of proapoptotic signals
mediated, for example, by p38MAPK in the motor neurons
of mouse models and patients with ALS [35-37], whereas
there was no change or even a decrease in survival factors
like Akt [19, 20]. Thus, induction of the PI3K/Akt pathway
may be crucial to counteracting motor neuron demise in
ALS.

Several experiments on SOD1.G93A transgenic mice
support this view. Delivery of insulin-like growth factor 1
(IGF-I) to SOD1.G93 A mice through motor neuron-targeted
viral vectors [38], or by intrathecal infusion [39], partially
reduced motor neuron loss and delayed disease progression,
and this was paralleled by increases of phoshorylated
(activated) Akt (P-Akt) in the spinal cord. Similarly, a glial
cell-derived neurotrophic factor (GDNF)-expressing adeno-
virus injected into hindlimb muscles of the same animal
model produced sustained induction of P-Akt in the motor
neurons of the spinal cord [40]; moreover, intracerebroven-
tricular injection of VEGF in SOD1.G93A rats improved
motor performance, prolonged survival, and raised P-Akt
levels in the spinal cord [20, 41].

IGF-I receptors alpha and beta are highly oxidized in the
motor neurons of symptomatic SOD1.G93A mice; this im-
pairs IGF-I-mediated signal transduction, contributing to the
impairment of Akt-mediated survival signaling in these cells
[42], with potential drawbacks for treatments based on IGF-I
delivery. Moreover, downregulation of BTB10D, an inhibi-
tor of PP2A, may be responsible for reduced Akt phosphor-
ylation in ALS patients and mouse models [26]. This points
to insufficient phosphorylation of Akt as affecting the sig-
naling downstream of Akt, leading to motor neuron demise.
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Fig. 2 Effect of Myr.AKT3 on motor neuron survival in neuron—astro-
cyte cocultures from SOD1.G93A mice. a Representative immunoblots
on lysates from neuron astrocyte cocultures after infection with
Myr.AKT3, or with a control GFP-expressing lentiviral vector, compared
to the uninfected (N7 no treatment) condition. Phosphorylation of Akt (at
Ser*”?) was increased with Myr.AKT3 construct. b Quantitative assess-
ment of motor neuron survival in neuron astrocyte cocultures from
untransgenic (NTg) or SOD1.G93A (G93A) mice. Cells were infected
with lentiviral vectors expressing Myr. Akt3 (AKT3) or GFP reporter gene
(GFP), or left untreated (NT) as control. Each column shows the number
of viable motor neurons (as a percentage of NTg-NT samples). Each
value is the mean+S.E.M. of four to eight samples. Motor neuron
viability was significantly reduced in untreated (NT) or GFP-expressing
(GFP) SODI1.G93A cultures. The effect was completely rescued in
Myr.Akt3 (AKT3)-expressing SOD1.G93A cultures. $=p<0.05 vs.
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Empty vector

Myr.AKT3

respective NTg; *=p<0.01 vs. GFP-G93A; #=p<0.001 vs. NT-G93A;
two-way ANOVA followed by Bonferroni's post hoc test. ¢ Laser scan-
ning confocal microphotographs of phosphorylated (Ser9) GSK3b (red
signal) and GFP reporter gene or HAtag fused to Myr.AKT3 (green
signal) in mixed neuron astrocyte cocultures transfected with empty
vector-expressing GFP or a vector expressing Myr. AKT3 under Hb9-
derived motor neuron-specific promoter. The phospho-GSK3b signal is
increased in cells expressing Myr.AKT3, reflecting induction of the Akt
pathway. Scale bar 50 um. d Laser scanning confocal microphotographs
of phosphorylated (Ser83) ASK1 (red signal) and GFP reporter gene or
HAtag fused to Myr.AKT3 (green signal) in mixed neuron astrocyte
cocultures transfected with empty vector-expressing GFP or a vector-
expressing myr.AKT3 under Hb9-derived motor neuron-specific promot-
er. The phospho-ASK1 signal is increased in cells expressing Myr. AKT3,
reflecting induction of the Akt pathway. Scale bar 20um
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HAtag MAP2

Fig. 3 Expression of Myr.AKT3 in ventral horn spinal cord motor
neurons in vivo. Laser scanning confocal photomicrographs of
Myr.AKT3 expression (HAtag, green signal) and MAP2 neuronal stain
(red signal) in lumbar spinal cord neurons of control mice at 14 weeks
of age (a—c), 14-15 weeks SOD1.G93A mice (d—f) and SOD1.G93A
mice at 17-18 weeks (g—h). Viral vectors expressing the Myr.AKT3

The present study is the first to address the possibility of
inducing Akt activation selectively in spinal cord motor
neurons by an approach based on a lentiviral vector carrying
motor neuron-specific regulatory sequences derived from the
promoter of homeobox gene Hb9, which we recently gener-
ated [30]. The main advantage is the use of the activated
selective neuronal Akt (Myr-Akt3) which may overcome
possible defects in signal transduction to induce Akt phos-
phorylation. In this way, we provided direct proof of concept
that specific and sustained induction of activated Akt in
motor neurons can protect these cells from toxic stimuli both
in vitro and in vivo. In fact, there was complete rescue of
motor neuron loss in SOD1.G93A neuron/astrocyte cocul-
tures and a 41.6 % increase of surviving motor neurons at the
end stage of disease in SOD1.G93A animals treated with
Hb9-Myr.Akt3 lentiviral vectors. The effect in vivo is in
general agreement with reports of viral vector-mediated de-
livery of other survival factors, such as bel-2 or IGF-I, to
motor neurons of SOD1.G93A mice (65.2 and 34 % in-
crease, respectively) [38, 43]. Akt induction might mirror
the actions of bcl-2 as both are expected to exert
antiapoptotic effects due to inhibition of Bad and subsequent
inhibition of cytochrome c release from the mitochondria.

In cell cultures, Myr.Akt3 mediated phosphorylation of
ASK1 (at Ser®®) and GSK3 beta (at Ser”). Phosphorylation of

Merge

..-NTQ
9

SOD1.G93A
Sympt. st.

SOD1.G93A
Advanced st.

construct under Hb9-derived promoter were injected at 12 weeks.
Myr.AKT3 is expressed in large and very large ventral horn neurons
in control mice, confirmed by colocalization between HAtag and MAP2
neuronal marker (¢). Myr.AKT3 expression is also maintained in
SOD1.G93A at the symptomatic (f) and advanced stages of the disease
(i). Scale bar in i applies to a—h 50 um

ASK1 in Ser®, unlike that on Thr®*°, has been associated
with inhibition of the activity of this kinase [44]. Under
physiological conditions, Ser83 of ASK1 is fully phosphor-
ylated and inactive, while upon oxidative stress, Ser® of
ASKI1 is dephosphorylated, leading to restoration of ASK1
activity [45].

On the other hand, we reported a remarkable increase of
phosphorylated Thr®*® (activated) ASK1 upstream of the
p38MAPK death pathway in the motor neurons of
SOD1G93A mice [46]. The activation of ASK1, induced by
ER stress and triggered by the specific interaction of Derlin-1
with mutant SOD1, seems to be vital for disease progression
in SOD1 mutant mice [47]. Deletion of ASK 1 from these mice
reduced the motor neuron loss and extended their life span
[47]. ASK1 negatively regulates the proteasome function
through inhibition of 19S proteasome ATPase [48]. This sup-
ports the hypothesis from our and other groups of proteasomal
malfunction as a key pathogenic mechanism responsible for
the motor neuron loss in SOD1G93A mice [49-54].

GSK3b, another substrate of Akt, is involved in ALS
disease process [55]. Treatment with a GSK3b inhibitor
(starting from the presymptomatic stage) significantly de-
layed symptom onset in SOD1.G93A mice. However, once
clinical symptoms developed, this neuroprotective effect was
no longer significant due to activation of GSK3b-unrelated
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Fig. 4 Effect of Myr. AKT3 on motor neuron survival in vivo in
SOD1.G93A mice. a—b Median number of surviving large motor neu-
rons (a; area higher than 250 pm?) and small area neurons (b; area
range: 200—250 pm?) in the lumbar spinal cord of SOD.1G93A mice at
the end stage of disease after treatment with Myr.AKT3 (AKT3; n=5),
compared to animals injected with empty vector (EV; n=3) or sham-
operated mice (CTR; n=3). *=p<0.05; Kruskal-Wallis nonparametric
test for comparison of medians. c—e Representative images of NISSL
staining performed on spinal cord sections from sham-operated (C7TR)
mice, mice given empty vector (EV) or Myr.AKT3 (4KT3) at the end
stage of the disease. Scale bar in e applies to ¢ and d: 100 um. f—k Laser
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AKT3

scanning confocal microphotographs of P-Akt (red) or HAtag (green)
immunostaining in SOD1G93A animals treated with Myr. AKT3-ex-
pressing lentivirus (i-k), as compared to mice injected with empty GFP-
expressing lentivector (f~h). Strong spotlike P-Akt immunoreactivity
was detected throughout the grey and white matter in both treated
groups, probably reflecting activation of the pathway in glial cells
(asterisks in f-h and j, and k). Motor neurons of animals injected with
empty vector showed faint P-Akt staining (arrows in f-h); in contrast,
immunoreactivity for P-Akt was intense in motor neurons expressing
Myr.AKT3 (arrowheads in i-Kk). Scale bar in k applies to f—j: 50 um
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Fig. 5 Effect of Myr.AKT3 on motor performance and survival in vivo
in SOD1.G93A mice. a Survival curves for AKT3 (Myr.AKT3 treat-
ment) and EV (injected with empty vector and CTR (sham operated)
groups. Logrank analysis of probabilities showed no significant differ-
ence. b—d Body weight (b) and performance on grid test (¢) and on
rotarod (d) of Myr.AKT3-treated mice (AKT3; n=7), compared to

degenerative pathways (such as caspase-8 and Fas) [56].
Thus, the inhibition of GSK3b and ASK1 after expression
of constitutively active Akt3 in vitro suggests that targeting
Akt3 may be a promising approach for more effective and
sustained neuroprotective effects. This warrants further in-
vestigation in in vivo models of ALS.

Despite significant protection of motor neuron in the lum-
bar spinal cord, we did not observe any beneficial effect on
disease progression with Hb9-Myr.AKT3 treatment. Other
preclinical studies on rodent models of ALS have reported
similar protection of motor neuronal cell bodies under differ-
ent conditions, with little or no effect on disease progression
and survival [57-59]. This was explained with an insufficient
protection of the peripheral axons and distal synapses. In fact,
distal axonal degeneration has been reported in the early stages
of disease in SOD1G93A mice [60]. It is possible that also, in
our mice, there is a lack of protection of the motor axon
terminals. In fact, factors others than Akt3 have been reported
to be essential for the integrity of the distal axonal connec-
tions, for example, the acetylated x-tubulin, which levels were
increased after histone deacetylase 6 (Hdac6) deletion in as-
sociation with the axonal protection and increased survival of

Age (days)

control sham-operated mice (CTR; n=5) and to those injected with
empty vector (EV; n=6). In the grid test, the AKT3 group tended to
have a less steep loss of motor performance starting from 111 days of
age. On the same test, group EV had slightly better performance than
the control group at 107 days of age. Two-way ANOVA for repeated
measures showed no significant effect for any group in any test

SOD1G93A mice [61]. However, this aspect deserves further
analysis.

Other hypotheses may also account for the lack of effect
on motor dysfunction and survival. For example, there are
evidence that muscle fibers are themselves a target of
SOD1G93A-mediated pathology [62, 63].

From this point of view, recent studies showed that PI3K
was decreased in the gastrocnemius of SOD1IG93A mice
before the symptoms onset, and these changes were followed
by structural and regulatory cytoskeletal alterations leading
to a dramatic muscle wasting [64]. On the contrary, PI3K
was increased in the triceps, which may reflect an important
compensatory response mechanism that helps forelimb mus-
cles to maintain normal function longer than hindlimbs [64].
In addition, reduced levels of Akt have been described in
muscles from ALS patient [65]. Therefore, altogether, these
data suggest that activating the Akt pathway in muscle too
may be vital to counteract the progressive atrophy of this
tissue and to ameliorate the disease course.

In line with this hypothesis, the delivery of IGF-1-expressing
lentiviral vector to the peripheral muscles was sufficient to
increase the survival of SOD1G93A mice, although a higher
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efficacy was observed with the delivery to both the muscle and
the spinal cord. This effect was associated to increased levels of
P-Akt> 47 into the spinal cord [38]. In addition, while direct
injection of GDNF-expressing viral vectors into the lumbar
spinal cord of SOD1.G93 A mice did not prevent motor neuron
loss and denervation, the delivery of GDNF into the muscles
was able to maintain intact axonal projections to the periphery
and protect motor neurons [66, 67].

Conclusions

Overall, our findings provide compelling evidence that in-
duction of the Akt pathway, particularly the Akt3, could be a
potential strategy to sustain motor neuron survival in the
spinal cord. However, it seems that potential therapeutic
interventions could need to combine a protective effect on
neuronal cell body with preservation of the axonal projec-
tions and the integrity of peripheral muscles.
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