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Abstract

High levels of oxidative stress is detected in neurons affected by many neurodegenerative diseases,
including Huntington’s disease (HD). Many of these diseases also show neuronal cell death and
axonal transport defects. While nuclear inclusions/accumulations likely cause cell death, we
previously showed that cytoplasmic axonal accumulations can also contribute to neuronal death.
However, the cellular mechanisms responsible for activating cell death is unclear. One possibility
is that perturbations in normal axonal transport alter the function of the phosphatidylinositol 3-
kinase (PI3K)-protein kinase B (AKT)-pathway, a signal transduction pathway that promotes
survival/growth in response to extracellular signals. To test this proposal /n vivo, we expressed
active PI3K in the context of pathogenic huntingtin (HTT-138Q) in Drosophila larval nerves,
which show axonal transport defects and neuronal cell death. We found that excess expression of
active P13K significantly suppressed HTT-138Q-mediated neuronal cell death, but had no effect
on HTT-138Q-mediated axonal transport defects. Expression of active PI3K also rescued
Paraquat-mediated cell death. Further, increased levels of pSer9 (inactive) glycogen synthase
kinase (GSK) 3p was seen in HTT-138Q-mediated larval brains, and in dynein loss of function
mutants, indicating the modulation of the pro-survival pathway. Intriguingly, proteins in the PI3K/
AKT-pathway showed functional interactions with motor proteins. Taken together our
observations suggest that proper axonal transport is likely essential for the normal function of the
pro-survival PI3K/AKT-signaling pathway and for neuronal survival /n vivo. These results have
important implications for targeting therapeutics to early insults during neurodegeneration and
death.
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Key messages:

. Constitutively active PI3K rescues neuronal cell death induced by excess
HTT138Q

. Constitutively active PI3K has no effect on axonal blockages induced by excess
HTT138Q

. Constitutively active PI3K suppresses neuronal cell death induced by Paraquat

. Dynein loss of function or excess HTT138Q show increased levels of pGSK3p-
ser9.

. Components of the PI3K pathway show functional interactions with motor
proteins.

Introduction:

Several studies have shown that mutations in both kinesin or dynein, the two motor proteins
involved in axonal transport are directly linked to many neurodegenerative diseases. For
example, mutations in KIF1B, a kinesin-3 involved in the axonal transport of synaptic
vesicles cause peripheral neuropathy in a form of Charcot-Marie-Tooth disease. Mutations in
kinesin-1, KIF5A causes a form of Hereditary Spastic Paraplegia, a condition that arises due
to axonal degeneration of motor and sensory neurons that is maximal at the distal ends of the
longest axons of the CNS. Missense mutations in dynein and dynactin cause ALS-like
progressive motor neuron degeneration, with motor neuron cell loss [1]. Defects in axonal
transport have also been observed in other neurodegenerative diseases such as Alzheimer’s
Disease (AD), Parkinson’s Disease (PD), and Huntington’s Disease (HD), often before
protein aggregation, neuronal cell death and behavioral phenotypes [1]. Therefore, long
distance transport within narrow caliber axons is likely critical for neuronal homeostasis and
survival.

Oxidative stress has also been implicated in many neurodegenerative diseases contributing to
neuronal synaptic dysfunction and neuronal loss. Upregulation of reactive oxygen species
(ROS) released by microglia and other inflammatory cells can cause axonal degeneration.
Work has shown that hydrogen peroxide (H,05) inhibited the axonal maotility of
mitochondria and Golgi derived vesicles suggesting that exposure to ROS can disrupt axonal
transport contributing to axonal degeneration [2]. Further, ultraviolet stress has been shown
to perturb the transport of amyloid precursor protein (APP)-containing vesicles in
mammalian neurons [3]. EtOH exposure disrupted the axonal motility of dense core-vesicles
in Drosophila larval axons [4]. Together, these studies indicate that the axonal transport
pathway is extremely vulnerable as the neuron responses to exogenous stressors. However,
the mechanisms of how oxidative stress contributes to neuronal dysfunction and loss are
unknown.

We previously showed that pathogenic huntingtin (HTT) containing expanded polyQ repeats
disrupted axonal transport and caused axonal accumulations together with neuronal cell
death [5]. Neuronal cell death was also induced by targeting pathogenic HTT to the nucleus
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with no effect on axonal transport, suggesting that defects in transport can lead to cell death.
However, the mechanisms of how cell death is initiated or the signaling pathways that are
activated are unknown. One pathway that is of particular interest is the PI3BK/AKT/GSK3p
pro-survival signaling pathway, because it is both sufficient and necessary for trophic factor
dependent neuronal survival and synaptic plasticity, and mediates survival signals in a wide
range of neuronal cells [6]. Binding of NGF or BDNF to their cognate tyrosine kinase
receptor activates the PI3K/AKT pathway and elicits the recruitment of phosphoinositide 3-
kinase (PI3K) [7-9]. PI3K in turn with phosphoinositide phosphates PIP2 and PIP3 activate
the serine/threonine kinase, AKT. Work has identified GSK3p as a critical downstream
effector for the PI3BR/AKT survival cascade in primary neurons [10,11]. In response to
survival factors, AKT can mediate neuronal survival by repressing the activity of GSK3p by
phosphorylation of GSK3p at serine 9 [12]. Indeed, evidence for a substantial pro-survival
role for GSK3p, when inhibited by phosphorylation at ser9 has been shown in several cells,
including pluripotent stem cells [13-16]. However, when activated by phosphorylation at
tyrosine 216, GSK3p can promote apoptosis by inhibiting pro-survival transcription factors
(CREB and heat shock factor-1) [17], by facilitating pro-apoptotic transcription factors such
as p53 [18] causing neuronal cell death.

Therefore, GSK3p can also induce apoptosis in a wide variety of conditions including DNA
damage, hypoxia and endoplasmic reticulum stress [19]. However, while the mechanisms of
the PI3K/AKT pro-survival signaling pathway under stress and neurodegeneration appear to
be complex, whether disruption of axonal transport inhibits pro-survival signaling is
unknown.

Here we test the proposal that perturbations in axonal transport alter the function of the
PI3K/AKT pro-survival signaling pathway /n vivoin Drosophila. We found that neuronal
expression of constitutively active PI3K significantly suppressed neuronal cell death induced
by expanded polyQ repeats, while no effect was seen on axonal blockages induced by
expanded polyQ. Expression of constitutively active PI3K also suppressed Paraquat-
mediated neuronal cell death. Intriguingly, larvae expressing expanded polyQ repeats or
larvae carrying a loss of function mutant for dynein showed increased phosphorylation of
GSK3p at serine 9. Components of the pro-survival signaling pathway and motor proteins
showed functional interactions in the context of axonal transport. Taken together our
observations suggest that normal axonal transport is likely essential for the maintenance of
the pro-survival PI3K/AKT-signaling pathway and for neuronal survival. This work has
important implications for the development of therapeutics targeted to early insults during
neuronal dysfunction.

Neuronal expression of human Huntingtin with expanded polyQ repeats cause axonal
transport defects and cell death.

Previous work showed that HTT moves bi-directionally /7 vivo in larval segmental nerves
[20], and in vitro in primary neuronal cultures [21-22]. Larvae expressing human HTT with
15Q repeats (HTT-15Q-normal) show smooth staining in larval segmental nerves with an
antibody to a synaptic vesicle protein cysteine string protein (CSP), similar to what is
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observed in WT larvae (Fig 1A). These larvae also show smooth HTT (mRFF) staining
within their segmental nerves (Fig 1A). In contrast, larvae expressing expanded polyQ
repeats in the context of HTT (HTT-138Q) show axonal blockages that contain CSP and
HTT (mRFP) (FiglA). Quantification analysis indicates that the extent of axonal blockages
is comparable to what was previously seen for loss of function mutations of motor proteins
[5, 25, 65-66] (FiglA, Table 1). These blockages are likely due to disruption of transport as
previous work showed decreased APP or HTT vesicle velocities in larval axons expressing
expanded polyQ alone or in the context of HTT [5, 20-22]. Further, EM analysis of larval
nerves from larvae expressing expanded polyQ repeats showed many types of identifiable
axonal cargo (mitochondria, dense core vesicles) within axonal blockages [5].

Larvae expressing HTT-138Q show neuronal cell death in contrast to larvae expressing
HTT-15Q, as assayed using the TUNEL assay (Fig 1B, Table 1). Quantification analysis
show significant amounts of neuronal cell death in HTT-138Q compared to HTT-15Q or
WT. These observations are similar to our previous work where both axonal blockages and
neuronal cell death were observed in larvae expressing expanded polyQ repeats alone or in
the context of HTT or MJD [5]. To identify how axonal transport defects contribute to
neuronal cell death, we previously examined larvae expressing expanded polyQ repeats with
a nuclear localization sequence (NLS) or a nuclear export sequence (NES). Restricting the
expression of pathogenic polyQ to the nucleus using NLS caused neuronal cell death and
polyQ protein accumulations within cell bodies, but no axonal blockages were seen within
larval segmental nerves [5]. In contrast, restricting the expression of pathogenic polyQ to the
cytoplasm using NES showed axonal blockages within larval segmental nerves and neuronal
cell death with polyQ accumulations within the cell bodies of larval brains [5]. Taken
together these observations postulate that defects in axonal transport can contribute to
neuronal cell death (Fig 1C).

Neuronal expression of constitutively active PI3K rescues huntingtin-induced neuronal

cell.

To isolate how defects in axonal transport contributes to cell death, we examined the pro-
survival phosphotidylinositol 3 kinase (PI13K)/AKT/GSK3p pathway which is a critical
signaling cascade that is essential to facilitate cellular survival, proliferation and
differentiation. The pro-survival signaling pathway has been implicated in aging and lifespan
regulation, and in the proliferation of adult neuronal progenitor cells, as well as synaptic
plasticity [36-37, 56]. To evaluate the role of PI3K we examined Drosophila PI3K 92E
(Dp110, a class | PI3K). Drosophila has three genes coding for PI3Ks. While the Drosophila
class I PI3K gene Dp110 influences growth and cell survival, Drosophila class Il and class
I11 PI3K genes have no effect on growth. Work has shown that activation of AKT during
Drosophila growth is regulated by PI3K Dp110 [23], similar to what is known in mammals.
Overexpression of a constitutively active Dp110 (Dp110-CAAX or P13K.CAAX) in the
wing or in the eye imaginal discs enhanced cellular growth, resulting in enlarged cells and
organs [23]. However, mutations in Dp110 or expression of dominant negative Dp110
(PIBK.DN) caused larval lethality [23]. Further, Dp110 interacts with key components of the
insulin signaling pathway including Chico, PTEN and AKT to control insulin-signaling-
dependent cell and organ growth in Drosophila [24].
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Since constitutively active P13K (P13K.CAAX) enhanced cellular growth, we tested the
hypothesis that expression of P13K.CAAX within neurons in the context of HTT-138Q will
promote cell survival, by generating larvae expressing both P13K.CAAX and HTT-138Q in
all neurons using the pan-neuronal APPL-GALA4 driver. In control experiments larval brains
expressing P13K.CAAX alone did not show cell death and were comparable to WT (Fig 2A,
Table 1). These larvae also survived to adults. In contrast, larval brains expressing dominant
negative PI13K (PI3K.DN) showed significant amounts of cell death (Fig 2A, Table 1) and
failed to survive to adults. Larval brains co-expressing HTT-138Q with PI3BK.CAAX also
showed cell death. However, quantification analysis revealed a significant decrease in the
extent of cell death compared to larvae expressing HTT-138Q alone (Fig 2A, Table 1).
Intriguingly, the extent of HTT accumulations within these larval brains were also
significantly reduced with the expression of PI3K.CAAX compared to larvae expressing
HTT-138Q alone (Fig 2B). However, co-expression of HTT-138Q with P13K.DN caused
sever lethality with no larvae observed. Taken together, these observations suggest that while
HTT accumulations within cell bodies likely contribute to cell death, excess expression of
constitutively active P13K can rescue neuronal cell death (Fig 2C).

To test whether constitutively active P13K modifies axonal transport defects we examined
the extent of axonal blockages within larval nerves co-expressing HTT-138Q with
PI3K.CAAX using the synaptic vesicle marker CSP. Larvae expressing P13K.CAAX alone
had smooth CSP stained larval nerves which were comparable to WT. However, larvae
expressing HTT-138Q with PI3BK.CAAX showed axonal blockages that contained both CSP
and HTT, and were similar to larvae expressing HTT-138 alone (Fig 3, Table 1).
Quantification analysis failed to show significant changes in the extent of axonal blockages
that contained CSP or HTT in larvae expressing HTT-138Q with P13K.CAAX compared to
larvae expressing HTT-138Q alone. To examine how constitutively active P13K influences
the axonal motility of HTT-138Q /7 vivo, we evaluated the motility dynamics of HTT-138Q
(Fig 4). While large stalled axonal blockages were observed in larval axons expressing
HTT-138Q, expression of PI3K.CAAX in the context of HTT-13 8Q did not significantly
change the anterograde or retrograde velocities of HTT-138Q-containing vesicles (Fig 4).
Therefore, constitutively active P13K has no effect on axonal transport or the motility
dynamics of HTT-138Q-containing vesicles /n vivo. These observations also suggest that the
partial rescue of HTT-138Q-mediated neuronal cell death by excess PI3K.CAAX that we
observe is likely to be independent of axonal transport.

Neuronal expression of constitutively active PI3K rescues oxidative stress-mediated cell

death

Neurons are post-mitotic and while their ability to regenerate is limited, neurons are highly
prone to oxidative stress and its consequences [61]. Indeed, oxidative stress has been
associated with aging and neurodegenerative diseases. Oxidative stress can activate
phosphorylation of the E3 ubiquitin ligase ZNRF1 which promotes Wallerian degeneration
[62]. To test the hypothesis that the PISBK/AKT signaling pathway responds to oxidative
stress-mediated neuronal cell death, we fed Paraquat (PQ) to flies from the time larvae
hatched from embryos. Paraquat (PQ), an herbicide and a neurotoxicant, identified to be one
of the prime risk factors in Parkinson’s disease (PD), is widely used in Drosophilato induce
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oxidative stress /n vivo [26-27]. Paraquat acts as a redox cycler to initially produce
superoxide radicals and later other reactive oxygen species (ROS); hydrogen peroxide
(H205) and hydroxyl radical (OH) [28]. Work has shown mitochondrial dysfunction [27]
together with high levels of p-JNK and increased caspase3-like (DEVDase) activity in brains
of PQ-exposed WT flies [29]. Extensive loss of dopaminergic neurons, locomotion defects,
decreased survival and Parkinsonian behaviors, including dyskinesia, rigidity in limbs and
tremor are seen with PQ exposure [26, 29]. While PQ-induced neuronal cell death has been
linked to JNK phosphorylation and caspase-3 activation [30], increased levels of p-GSK3p
and hyperphosphorylated Tau was also observed after PQ-exposure [31].

We first evaluated the extent of neuronal cell death in WT flies raised in PQ-containing food.
Flies were exposed to 0, 10, 20, 30, 50 and 100mM PQ from the time they hatched from the
embryo. Equal amounts of embryos were seeded onto food laced with 0, 10, 20, 30, 50 and
100 mM of Paraquat (mixed in fly food) in a fly condo. For each concentration three
replicates were done. We found that WT embryos seeded on 30, 50 and 100 mM Paraquat
concentrations were lethal, with larvae dying before they reached the 3 instar stage and
none hatched to adults. Therefore, we used 20mM PQ for all our experiments. Work has
shown that 20mM PQ had high SOD activity with low mortality rates [63]. SOD is
commonly used as a marker to evaluate oxidative stress since SOD catalyzes the breakdown
of the superoxide anion, which is up-regulated under conditions of oxidative stress.

Brains from WT PQ-fed (20mM) flies show neuronal cell death in contrast to WT buffer-fed
(OmM) fly brains (Fig 5, Table 2). Quantitative analysis of TUNEL positive cells from 10
brains showed significant amounts of cell death in WT PQ-fed fly brains compared to WT
buffer-fed fly brains. However, these amounts were not statistically significant and is
perhaps due to the variability in the extent of PQ-ingestion between individual animals.
Interestingly, PI3BK.CAAX expressing flies fed on 20mM PQ-containing food showed
significant decreases in the amount of TUNEL positive cells compared to WT flies fed on
PQ (Fig 5, Table 2). Taken together these observations demonstrate that expression of
PI3K.CAAX is sufficient to suppress oxidative stress induced neuronal cell death.

To evaluate how PQ-mediated oxidative stress affects axonal transport, we examined PQ-
feed larvae using the synaptic vesicle antibody CSP. Larval segmental nerves from larvae fed
20mM PQ were smoothly stained and were similar to buffer-fed larvae (Fig5, Table 2).
These observations are consistent with a recent study that showed that 20mM PQ treatment
of larvae expressing ANF-GFP had no effect on the motility of dense-core vesicles [64].
Therefore, PQ-mediated oxidative stress does not affect axonal transport.

pGSKp-ser9 levels are enhanced in larvae expressing HTT138Q and in larvae carrying
dynein mutants

While our observations indicate that expression of constitutively active P13K is sufficient to
rescue HTT-138Q-mediated or oxidative stress induced cell death, it is unclear whether cell
death under these situations directly result due to deficiencies in the P13K/AKT pathway.
Since GSK3p is a major target of PI3K/AKT in neurons and inhibition of GSK3p activity
can protect neurons from cell death [48, 10], we used ser9 phosphorylation of GSK3p
(pGSK3p-ser9) to probe for the modulation of the PI3K/AKT signaling pathway as
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previously done [10-16,32-33, 54]. In the PI3BK/AKT pro-survival cascade, in response to
survival factors, AKT represses the activity of GSK3 by phosphorylation of GSK3 at
serine 9 to mediate neuronal survival. Therefore, we predict that larvae expressing
constitutively active PI3K (P13K.CAAX) should increase the level of pGSK3pB-ser9
indicating the activation of the pro-survival pathway. Indeed, western blot analysis of larval
brains from larvae expressing PI3K.CAAX show increased amounts of pGSK3p-ser9
compared to WT larvae (Fig 6A). Quantification analysis of the intensity of pGSK3pB-ser9 as
a ratio of total GSK3p from 3 independent blots show a significant increase in pGSK3pB-ser9
in larval brains expressing P13K.CAAX (Fig 6B). These increases were not due to increases
in the level of total GSK3B (Fig 6C). Since PI3BK.CAAX expressing larvae did not show cell
death and were viable as adults (Fig 2A), perhaps neuronal death directly results from the
disruption of the PI3K/AKT pro-survival pathway.

To test the hypothesis that HTT-138Q-mediated neuronal cell death was due to deficiencies
in the P13K/AKT pathway we examined the level of pGSK3p-ser9 using western blot
analysis. Strikingly, we found that larvae expressing HTT-138Q showed increased levels of
pGSK3p-ser9 compared to WT larvae (Fig 6A). The extent of pGSK3pB-ser9 seen in
HTT-138Q larvae was similar to what we observed for larvae expressing P13K.CAAX
alone. Quantification analysis of 3 independent western blots indicate a significant increase
in the intensity of pGSK3pB-ser9 as a ratio of total GSK3p in larval brains expressing
HTT138Q compared to WT (Fig 6B). Note that the increased level of pGSK3p-ser9 was not
due to increases in total GSK3 levels (Fig 6C). Therefore, while the pro-survival pathway
is likely activated in larval brains expressing HTT-138Q, the presence of neuronal cell death
in these brains indicate that this pathway is still defective.

Since larvae expressing HTT-138Q showed axonal blockages, we next tested the hypothesis
that defects in axonal transport could modulate the function of the PI3BK/AKT pathway. We
previously showed that homozygous Roblk-/- larvae contain axonal blockages within their
larval segmental nerves, neuronal cell death within their larval brains, and are lethal at late
larval stages [25]. Intriguingly, Roblk—/- larvae show significant increases in the level of
pGSK3p-ser9 compared to the levels seen in WT (Fig 6D-E). Therefore, taken together
other observations suggest that defects in axonal transport can modulate the P13K/AKT-
mediated pro-survival pathway.

Components of the P13K/AKT pathway are functionally linked to molecular motors

One proposal for a link between axonal transport defects and the modulation of the
P13K/AKT pro-survival pathway is that components of the PI3K/AKT pro-survival pathway
use the axonal transport pathway for proper localization within neurons. In this context we
predict that excess of PI3K or AKT with genetic reduction of motor proteins should disrupt
transport causing axonal blockages due to the titration of available motors away from other
axonal cargoes. To test this prediction, we generated larvae expressing P13K.CAAX or AKT
in the context of heterozygous kinesin-1 (KLC—-/+) or dynein (Roblk-/+). In contrast to
larvae homozygous for KLC (-/-) or Roblk (-/-) that showed CSP containing axonal
blockages and larval lethality [5,25,65-66], larvae heterozygous for KLC (-/+) or Roblk
(=/+) show smooth CSP staining within larval segmental nerves and are comparable to WT
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(Fig 7A). Larvae expressing P13K.CAAX or AKT alone also show smooth CSP staining
within larval segmental nerves similar to WT (Fig 7A), indicating that expression of these
components alone does not cause axonal transport defects. However, larvae expressing
P13K.CAAX or AKT with reduction of either KLC—-/+ or Roblk-/+ show CSP containing
axonal blockages (Fig 7A). Quantification analysis reveal significant amounts of axonal
blockages in larvae expressing PI3K.CAAX or AKT with KLC-/+ or Roblk—/+ compared to
larvae expressing P13K.CAAX or AKT.EXEL alone (Fig7A). Therefore, while P13K and
AKT likely do not directly interact with motor proteins, these likely use the axonal transport
pathway for their localization within neurons and are perhaps packaged in an endosomal
cargo complex.

During cell growth TOR and 14.3.3 proteins are important downstream targets of PI3K and
AKT. Activation of TOR can regulate both nutrients and growth factor signaling [7] and
14-3-3 can inhibit apoptosis [67]. In response to survival signals, 14-3-3 positively regulates
AKT downstream signaling by binding and sequestering pro-apoptotic proteins away from
their interaction partners and sites of action [67,68]. 14-3-3 can also interact with PI3K [69-
73]. To further test the proposal that the P13K/AKT pro-survival pathway uses the axonal
transport pathway, we first examined larvae expressing TOR.WT in the context of reduction
of either KLC—/+ or Roblk—/+. While larvae expressing TOR.WT show smooth CSP
staining within larval segmental nerves, larvae expressing TOR.WT with reduction of either
KLC-/+ or Roblk-/+ show CSP containing axonal blockages. Quantification analysis reveal
significant amounts of axonal blockages in larvae expressing TOR.WT with KLC-/+ or
Roblk-/+ compared to larvae expressing TOR.WT alone (Fig7). We next tested larvae
carrying heterozygous mutations for 14.3.3zeta (using two 14.3.3zeta mutant lines
14.3.3zetal?BL or 14.3.3zeta%7013). While larvae carrying homozygous mutations for
14.3.3zetal?BL or 14.3.3zeta%7013 were lethal, larvae heterozygous for 14.3.3zetal?BL—/+ or
14.3.3zeta%7013—/+ show smooth CSP staining within larval segmental nerves (Fig 7B). In
contrast, larvae heterozygous for both 14.3.3zeta and kinesin (14.3.3zetal2BL;KLC-/+ or
14.3.3z¢ta%7013;K _C-/+) show CSP containing axonal blockages (Fig 7B). Larvae
heterozygous for both 14.3.3zeta and dynein (14.3.3z12BL:Roblk-/+ or
14.3.3zeta%7013:Roblk-/+) also show CSP containing axonal blockages (Fig 7B).
Quantification analysis reveal significant amounts of axonal blockages (Fig 7B). Taken
together our observations indicate that the PL13K/AKT pro-survival pathway is functionally
linked to axonal transport. Perhaps PI3K, AKT, and downstream effectors of the P13K/AKT
pro-survival pathway use the axonal transport pathway for proper localization within
neurons for normal function.

Discussion:

We have identified that perturbations in normal axonal transport alter the function of the
PI3K/AKT pro-survival signaling pathway /n vivo in Drosophila. Our observations lead us
to two main conclusions: 1) neuronal expression of constitutively active PI3K is sufficient to
suppress neuronal cell death induced by pathogenic HTT or oxidative stress, but has no
effect on axonal transport defects mediated by pathogenic HTT, 2) disruption of axonal
transport modulates the function of P13K/AKT pro-survival pathway likely via perturbation
of normal transport of components in the P13K/AKT pathway. Therefore, these findings
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provide new insight into the pathological mechanisms of neuronal disease propagation, with
important implications for targeting therapeutics against neuronal cell death and
degradation.

The pro-survival PI3K/AKT pathway is a multistep signaling cascade that is highly
conserved and tightly regulated. PI3K facilitates crucial cellular survival, proliferation and
differentiation. It has been implicated in aging and lifespan regulation, in the proliferation of
adult neuronal progenitor cells, as well as in maintaining synaptic plasticity [36—-37, 56].
P13Ks operate downstream of receptor tyrosine kinases (RTKSs) and G protein coupled
receptors (GPCRs). They are responsible for propagating an array of signals due to
numerous growth factors and cytokines to mediate intracellular communications by
generating phospholipids, which in turn activate AKT and other effectors including GSK3p,
TOR and 14.3.3. Active AKT (phosphorylation at T308 and S473) facilitates the
phosphorylation of GSK3p at serine 9, repressing the activity of GSK3p to promote cell
survival and growth. While the role of the PISBK/AKT pro-survival pathway in the context of
neurodegeneration has not been well established, our observations demonstrate that this
pathway is modulated during conditions of neurodegeneration and during the disruption of
axonal transport. Expression of pathogenic HTT increased the level of pGSK3p-ser9, which
is widely used to assess the modulation of the PI3K/AKT signaling pathway [32-33, 54].
Increased levels of pGSK3pB-ser9 was also seen in larvae expressing PI3K-CAAX alone (Fig
6). Similarly, homozygous dynein mutations also showed increased levels of pGSK3p-ser9.
Our findings are strikingly similar to several previous work which showed that the
PI3K/AKT pathway is activate during neuronal dysfunction. Ap oligomer treated neurons
exhibited elevated levels of activated AKT, mTOR and PI3K [38], and AKT or mTOR
inhibitors blocked AP oligomer-induced neuronal cell cycle events [38]. Increases in both
AKT and GSK3p phosphorylation were also seen during iron-induced neurotoxicity which
was proposed to be via the regulation of transcriptional activity [39]. The PI3K/AKT
pathway was also shown to be active in MPP+ induced apoptosis in human neuroblastoma
SH-EP1 cells, and was found to play a key role in IGF-mediated cell survival [40].
Therefore, taken together our findings propose that under conditions of neurodegeneration
and axonal transport defects the PI3BK/AKT pro-survival pathway is likely activated perhaps
to promote cell survival and growth.

However, there is also evidence that the PI3K/AKT pathway is inhibited under conditions of
neurodegeneration. In DA neuronal cell systems, enhanced expression of miR-126 impaired
IGF-1 signaling and increased vulnerability to the neurotoxin 6-OHDA by downregulating
factors in IGF-1/P13K signaling, implicating the inhibition of this pathway in DA neuron
loss and in PD pathogenesis [42]. In Alzheimer’s disease brains, the level and activity of
pAKT was decreased indicating that excess levels of A interferes with AKT activation
[43]. Therefore, while the importance of this pathway during neuronal death and disease is
evident, the mechanisms of how the PI3K/AKT pathway is affected during neuronal toxicity
and degeneration are likely to be complex.

One possible explanation for the discrepancies in the role of the PI3K/AKT pathway during
neuronal death and degeneration is that, initially this pathway could be activated as a result
of early insults such as axonal transport defects, but is later deactivated due to overpowering
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pro-apoptotic mechanisms. Perhaps defects in axonal transport initiates a signaling cascade
which at first enhances the production of pro-survival factors at the cell body. However, as
problems escalate within the neuronal cell, i.e., increase in the aggregation of toxic proteins
within axonal projections and in cell bodies perhaps due to continued perturbations in axonal
transport, pro-apoptosis mechanisms are likely activated which counteract PI3K/AKT-
mediated pro-survival. Consistent with this proposal, our observations demonstrate that
homozygous dynein mutant larvae show increased levels of pGSK3p-ser9, similar to larvae
expressing PI3K.CAAX. Expression of pathogenic HTT also showed increased levels of
pGSK3p-ser9. However, in contrast to larvae expressing PI3BK.CAAX, both homozygous
dynein mutant larvae or larvae expressing pathogenic HTT were lethal at larval stages and
did not eclose to adults, indicating that the level of activation of the pro-survival pathway is
likely not sufficient for complete rescue of the organism. This prediction is consistent with
our finding that, although excess expression of PI3K.CAAX significantly suppressed
neuronal cell death mediated by pathogenic HTT or oxidative stress, the extent of excess
P13K.CAAX that was supplied was unable to completely rescue cell death. Our findings are
also consistent with previous work which showed that constitutive activation of PI3K is
sufficient to stimulate some but not all of the effects of insulin that were shown to be
dependent on PI13K activation [51]. Further, constitutively activated P13K also accelerated
proliferation in tumor initiation [52]. Mice expressing constitutively active PI3K showed
increased levels of PKB/AKT phosphorylation and enhanced Leukocyte proliferation and
survival [53]. PI3BK/AKT signaling was shown to regulate axonal regeneration in mammals
[55]. Further, down regulation of the P13K/AKT pathway by loss-of-function of PI3K
extended lifespan and significantly delayed polyQ aggregation and toxicity [41], via a
mechanism that is thought to promote autophagy for the clearance of abnormal protein
aggregates [41]. Therefore, while it is clear that the activation of the P13K/AKT pathway
stimulates survival, however, during extreme conditions of degeneration the activities of
P13K/AKT-mediated pro-survival may not be able to fully function in order to rescue death.

It is possible that the balance between the active/inactive states of GSK3p mediated by
P13K/AKT signaling plays a critical role in the maintenance of pro-survival/pro-apoptosis
during neuronal disease. Indeed, the active/inactive states of GSK3p mediated by
phosphorylation of Tyr-216 or Ser 9 has previously been shown to play important roles in
the balance between promoting or inhibiting apoptosis [17,12]. PI3K is also central to this
balance as it can both repress cell death and induce cell death by inhibiting GSK3 activity
[12, 47]. Overexpression of GSK3p in fibroblasts and neuronal PC12 cells resulted in
apoptosis [48], and promoted apoptosis in neuronal SH-SY5Y cells [49]. Inhibition of
GSK3p, or expression of the inactive GSK3p -K85R mutant, reduced the number of
sympathetic neurons undergoing cell death mediated by loss of PI3K signaling [9]. Cell
death induced by PI3K inhibition was rescued by the expression of dominant negative
GSK3p, indicating that suppression of GSK3p Try-216 activity is directly linked to the pro-
survival effects of P13K [48]. Further, small molecule GSK3p inhibitors protected cerebellar
granule neurons from death by inhibiting PI3K signaling [50]. While further study is needed
to better understand such GSK3p mechanisms mediated by PI3/AKT signaling in the
context of pathogenic HTT /n vivo, it is clear that a balance in the active/inactive states of
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GSK3p is likely critical for P13K/AKT-mediated functions in the maintenance of pro-
survival/pro-apoptosis.

Our observations also suggest that the PI3K/AKT-mediated pro-survival activities likely acts
downstream of axonal transport defects (Fig 8). Axonal transport defects induced by dynein
loss of function or excess of pathogenic HTT activate the P13K/AKT pathway (Fig 6).
While excess constitutively active PI3K suppressed neuronal cell death seen in larvae
expressing pathogenic HTT, no effect was seen on the pathogenic HT T-mediated axonal
blockages (Fig 2). Excess constitutively active PI3K also suppressed oxidative stress-
mediated neuronal cell death (Fig 5). Further, although components of the PI3K/AKT
pathway showed functional interactions with molecular motor proteins (Fig 7), it is unclear
whether PI3K and the components of the PI3BK/AKT pathway directly bind molecular
motors for their own motility and/or for their proper localization within axons. It is possible
that a moving signaling PI3K/AKT endosomal complex exists within axons, similar to what
has been previously observed with NGF/trkA or JIP3/INK-mediated injury signaling
complexes [44-46]. Although future work is required to investigate the presence of such a
complex /n vivo, our observations propose that the axonal transport pathway and the
function of the PI3BK/AKT pro-survival pathway are tightly coupled during
neurodegeneration. Therefore, a better understanding of the mechanisms of how pro-survival
activities can be maintained under conditions of neuronal disease propagation will have
important implications for targeting therapeutics against neuronal cell death and
degradation.

Drosophila Genetics

Fly stocks and crosses were maintained at room temperature unless otherwise stated. Males
containing the neuronal driver APPL-GAL4;B3/Pinwere crossed with either virgin female
UAS-HTT-15Q, UAS-HTT-138Q, (gift from Dr Littleton), UAS-PISK-CAAX, UAS-PI3K-
DN, UAS-AKT-Exel, or UAS-TOR-WT (Bloomington Flybase). To reduce functional
kinesin or dynein motors, male UAS-PI3K lines were crossed with virgin female APPL-
GAL4;KIc8x94/ B3 or APPL-GAL4;roblk/B3. Loss of function mutants
14-3-3zeta(07103)/cyO or 14-3-3zeta(12BL)/cyO were crossed with virgin female APPL-
GAL4,kIc%*94/B3 or APPL-GAL4,roblk/B3. Crosses were maintained at 29°C for protein
overexpression.

Paraquat feeding

Embryos were harvested from the APPL-GAL4 fly stock (WT) and from the cross APPL-
GAL4;UAS-PI3K-CAAX. Equal amounts of embryos were seeded into food laced with 0,
10, 20, 30, 50 and 100 mM of Paraquat mixed in fly food in a fly condo. For each
concentration three replicates were done for each genotype. The fly condo was maintained
in 29°C for protein expression. At least 10 larvae from each concentration from each
genotype were analyzed for axonal transport defects. At least 10 adult flies from each
concentration from each genotype were analyzed for cell death. Note that in all cases larvae
and flies for each genotype were continuously fed in Paraquat. 30, 50 and 100 mM Paraquat
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concentrations were lethal, with larvae dying before they reached the 3" instar stage and no
adults were seen.

In Vivo Vesicle imaging

Larvae are dissected and imaged as detailed previously [57, 58]. A Nikon Eclipse TE-2000E
inverted fluorescence microscope and Metamorph Imaging software were used not in vivo
imaging of vesicles within larval axons. Time-lapse movies were collected using a CoolSnap
HQ camera (Roper Scientific, Surrey, BC, Canada). 5-10 larvae were dissected per
genotype. 150-frame movies were recorded consecutively for 30 min from each larva at
100x/1.40 NA (90 um field-of-view) oil objective with a 2x2 binning factor yielding a 0.126
micron/pixel spatial resolution and a 200 msec exposure for each frame. Movies were
cropped and oriented for analysis in Metamorph (MDS Analytical Technologies, Sunnyvale,
CA) and analyzed using a MATLAB 2010b-based (Mathworks) custom single particle
tracking program [58,60]. Segmental velocities were defined as the mean velocity of a
trajectory segment uninterrupted by a pause, reversal, or movie termination event. Duration-
weighted segmental velocity evaluates the average velocity behavior that vesicles exhibit per
time spent moving.

TUNEL assay

Cell death was analyzed by first dissecting adult brains. Briefly, brains were dissected in
dissection buffer (2x stock contains 128 mM NaCl, 4 mM MgCl,, 2 mM KCI, 5 mM
HEPES, and 36 mM sucrose, pH 7.2) for 20 min. Brains were subsequently fixed in 4%
paraformaldehyde in PBS for 30 min at 25°C. After washing in PBS, cells were
permeablized with 5% saponin for 30 min at 25°C. After washing in PBS, brains were
mounted in Vectashield mounting medium (Vector Labs) for imaging. TUNEL assay was
performed using the In Situ Cell Death Detection Kit (Roche Life Science) per
manufacturer’s instructions. Incubation in DNAse | was used as a positive control, while
incubations in the labeling solution only was used as a negative control. The number of
puncta in each brain was quantified in ImageJ (NIH) using the Threshold tool and Analyze
Particles tool. At least 10 adult brains were imaged and quantified from each genotype.

Larval immunohistochemistry

Third instar larvae were dissected, fixed, and immunostained as described [25,59]. Briefly,
larvae were dissected in dissection buffer (2X stock contains 128 mM NaCl, 4 mM MgCl,, 2
mM KCI, 5 mM HEPES, and 36 mM sucrose, pH 7.2). Following dissection, larvae were
treated with 0, 10, or 50 mM EtOH at 25°C for 20 min. Larvae were fixed in 4%
formaldehyde and incubated with primary antibodies against either rabbit monoclonal
cysteine string protein (DCSP-3, 1:10, Developmental Studies Hybridoma Bank) overnight.
As needed larvae were also incubated with the neuronal membrane marker Texas Red-
conjugated horse radish peroxidase (HRP) and secondary antibody (Alexa anti-rabbit 488,
1:100, Invitrogen) for 2 hrs at room temperature, mounted using Vectashield mounting
medium (Vector Labs). Images were obtained using a Nikon TE-2000E inverted microscope
at 60x. At least 5-10 larvae were imaged from each genotype.
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Statistical analysis

For immunofluorescence analysis of axonal blockages or cell death, statistical analysis was
performed in Excel (Microsoft Corp.), using the two-sample two-sided Student’s £test.
Differences were considered significant at a significance level of 0.05, which means a 95%
statistically significant correlation for 6-10 individual larvae from several independent
crosses. For western blots, quantification analysis was performed using Image Lab software.
Data obtained from Image Lab was analyzed in Excel (Microsoft Corp) using two-sided
Student’s #test. Additionally, Bonferroni’s test and Tukey’s Honestly Significant Difference
test was performed in Minitab 18. Both of the methods are pair-wise multiple comparison
procedures specifically designed to compare each treatment with a control [93, 94].
Statistical analysis for in vivo motility of vesicles were done as detailed in [58,60]. Briefly,
to select the appropriate statistical test, transport parameter distributions were first checked
for normality using the nortest package of R: Lilliefors test and Anderson-Darling test.
Statistical significance of normal distributions was calculated by a two-sample two-tailed
Student’s t-test while the non-normal segmental velocity distributions were compared using
the nonparametric Wilcoxon-Mann-Whitney rank sum test. Percent of cargo population
tended to follow normal distributions. Duration-weighted segmental velocity, flux, and run
length often followed a mixture of normal distributions or a non-normal distribution and
therefore both the two-tailed Student’s t-test or the nonparametric Wilcoxon-Mann-Whitney
rank sum test was used accordingly.
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Figure 1. Expression of human HTT with 138Q repeats cause axonal transport defects and
neuronal cell death.

A: Larval segmental nerves from larvae expressing HTT15QmRFP show smooth staining
similar to wild type (WT) larvae with the synaptic vesicle marker cysteine string protein
(CSP). In contrast, larval segmental nerves from larvae expressing HTT138QmRFP show
axonal blockages that contain CSP (arrows). Note that HTT is also present in these blocks.
Quantification of axonal blockages indicate significant amounts of axonal blockages in
larvae expressing HTT138Q compared to larvae expressing HTT15Q or WT (p=9.0x1073).
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N=8 larvae for each genotype. Bar=10um. B: Larval brains expressing HTT138Q show
TUNEL positive cells, in contrast to brains expressing HTT15Q or WT. Quantification
analysis indicates a significant amount of neuronal cell death in larval brains expressing
HTT138Q compared to larval brains expressing HTT15Q or WT (p=1.0x10"%). Note that
larval brains expressing HTT15Q has smooth mRFP staining in the cell bodies while larval
brains expressing HTT138Q has mRFP aggregates. N=8 larvae for each genotype.
Bar=10um. C: Flow chart summarizing our observations propose that defects in axonal
transport can contribute to neuronal cell death.
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Figure 2: Expression of constitutively active PI3K rescues HTT-induced neuronal cell death and
HTT aggregates within larval brains.

A Larval brains expressing HTT138QmRFP alone show significant amounts of cell death
(p=1.5x1074). Larval brains expressing both HTT138QmRFP and constitutively active PI3K
(HTT138Q;PI3K.CAAX) show decreased amounts of neuronal cell death as compared to
HTT138QmRFP alone. Quantification analysis of 8 larval brains for each genotype show
that the level of suppression of neuronal cell death is significant in
HTT138QmRFP;P13K.CAAX larval brains compared to larval brains expressing HTT138Q
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alone (p=2.6x1073). Note that larval brains expressing PI3K.CAAX alone are comparable to
WT with little to no TUNEL positive cells, while larval brains expressing a dominant
negative form of PI3K (PI3K.DN) shows significant amounts of TUNEL positive cells
(p=2.1x1073). At least 6 larval brains were quantified for each genotype from 3 independent
TUNEL assays. B. Expression of HTT138Q causes HTT aggregations within cell bodies in
larval brains. Quantification analysis shows that expression of P13K.CAAX in the context of
HTT138QmRFP significantly decreases the amount of HTT aggregates in the larval brains
(p=3.1x1072). N=6 larvae for each genotype. Bar=10um. C: Flow chart summarizing our
observations propose that neuronal expression of constitutively active PI3K can block
huntingtin-induced neuronal cell.
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Figure 3: Expression of constitutively active PI3K does not affect axonal transport defects
induced by HTT138QmRFP.

A. Larval nerves expressing HTT138QmRFP alone show axonal blockages containing both
huntingtin and the synaptic vesicle marker cysteine string protein (CSP). Note that CSP and
HTT co-localize within axonal blocks (yellow dots, merged image.) Larval nerves
expressing constitutively active PI3K in the context of HTT138QmRFP also show CSP and
HTT containing axonal blockages. B. Quantification analysis reveals that the number of CSP
(P=0.06) or huntingtin (p=0.08) positive axonal blockages in larvae expressing
HTT138Q;PI3K.CAAX is not significantly different from larvae expressing HTT138Q
alone. N=5 larvae. NS= no significance. Bar=10um.

Apoptosis. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hansen et al.

A Cell Body

Time (sec)

Page 23

Anterograde Retrograde
- 7 - p:D.3?4 D=U.735
—
§ 6"
= 51
$ 4
g3
Distance traveled (microns) T i
-
)
HTT138QmRFP;PI3KCAAX IR ‘ ° .
O O O
- g \.\'@ Q:{@(FY* ~‘Q§J \,.\"b%(}?é-
¢ <

Figure 4: Expression of constitutively active PI3K does not effect the in vivo motility dynamics of
HTT138QmRFP-containing vesicles.

Cell bodies are towards the left and the synapse is towards the right as depicted by the
arrows at the top. A representative kymograph from a larval segmental nerve is shown. x
axis=distance (picrons) and Y axis=time (sec). Scale bar =5um. A. Expression of
HTT38QmRFP alone show HTT-containing axonal accumulations, which are stalled, as
evident by the bright straight tracks in the kymograph. Expression of PI3K.CAAX with
HTT138QmRFP also show axonal blockages that are stalled in the kymograph. B. Box plots
of duration-weighted segmental velocities of HTT138QmRFP alone or in the context of
PI3K.CAAX does not show significant changes to the anterograde (p=0.874) or retrograde
(p=0.735) vesicle velocities. Box plots outline the distribution of duration-weighted
segmental velocities each vesicle, for each genotype tested. Over 1000 vesicles are analyzed
for each genotype. The horizontal bar represents the median. The upper and lower box edges
represent 75% percentile (i.e. upper quartile) and 25% percentile (i.e. lower quartile),
respectively. Note that motility analysis was calculated from net anterograde and retrograde
moving vesicles and reversing vesicles. For each genotype, a total of 10 larvae were imaged
and a total of 40 movies were analyzed as previously done [5,25] using our custom particle
tracking program.
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Figure 5. Neuronal expression of constitutively active PI3K rescues oxidative stress-mediated cell

death.

A. Wild type (WT) embryos or embryos expressing constitutively active PI3K
(P13K.CAAX) were fed 0OmM (buffer only) and 20mM Paraquat (PQ) containing food and
raised under these conditions until the time they hatched to adults. Fed larvae were analyzed
using the synaptic vesicle protein CSP. Note that all conditions show smoothly stained larval
segmental nerves similar to WT. Note that a few CSP positive axonal blockages are
observed, in both WT and PIBK.CAAX expressing larvae feeding on 0OmM or 20mM PQ.
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Bar=50um B. Quantification analysis of OmM and 20mM PQ fed WT larvae or PI3K.CAAX
expressing larvae do not show significant amounts of axonal blocks (p=0.240, p=0.488,
p=0.590, p=0.7835 respectively) N=10 larvae, ns=none significant. C. Adult fly heads from
WT or PI3K.CAAX expressing flies raised on 0OmM and 20mM PQ from the time they
hatched from embryos were assayed for cell death using TUNEL. Note that many TUNEL
positive cells (arrows) are observed in WT adult brains raised on 20mM PQ compared to
0mM PQ. In contrast, less TUNEL positive cells are observed in adult brains expressing
P13K.CAAX raised on 20mM PQ. D. Quantitative analysis of TUNEL positive cells show
that WT fly brains raised on 20mM PQ show an increase in TUNEL positive cell death
compared to WT adult brains raised on 0 mM PQ. However, this increase was not significant
(p=0.253). In contrast, a significant decrease was seen in TUNEL positive cells in adult
brains from WT and P13K.CAAX raised on 20mM PQ compared to 0OmM PQ (p=1.3x1073).
Note that expression of P13K.CAAX also significantly decreases endogenous TUNEL
positive cells (compare adult brains from P13K.CAAX under OmM PQ, p=1.65x1072).
N=10 brains. Bar=10um. C: Flow chart summarizing our observations propose that
oxidative stress causes neuronal cell death which can be blocked by neuronal expression of
constitutively active PI3K.
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Figure 6. The protein level of p-GSK3pB-ser9 is increased in both motor protein mutant larvae
and larvae expressing HTT-138Q.

A. representative western blot of larval brains from WT and larvae expressing HTT15Q,
HTT138Q and PI3K.CAAX alone were probed with antibodies against p-GSK3p-ser9, a
marker for the activation of the PI3BK/AKT pathway and total GSK3p. Tubulin was used as a
loading control. B-C. Quantitative analysis of 3 independent blots show significant increases
in the level of pGSK3B-ser9 in HTT138Q (p=1.0x1072) and PI3K.CAAX (p=2.0x1072). The
intensity of pGSK3p-ser9 was normalized to total GSK3b. The intensity of total GSK3p was
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also normalized to tubulin to identify changes in the total levels of GSK3p. Note that no
significant changes were observed. D. A representative western blot of larval brains from
homozygous loss of function dynein mutants (Roblk—/-). These larvae are sickly and die at
2nd_31d jnstar larval stage. E. Quantitative analysis of 3 independent blots show significant
increases in the level of pGSK3p-ser9 in Roblk—/- (p=1.5x102). The intensity of pGSK3p-
ser9 was normalized to total GSK3p. The level of total GSK3p and Tubulin are unchansed.
AU=Arbitrary units.
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Figure 7. Components of the P13K/AKT pathway genetically interact with molecular motors.
A. WT larval nerves are smoothly stained with CSP, the synaptic vesicle marker. Larval

nerves from heterozygous kinesin (KLC—/+) or dynein (Roblk—/+) larvae are also smoothly
stained with CSP. Larval segmental nerves from larvae expressing PI3K, AKT, or Tor alone
also show smooth CSP staining. In contrast, larval nerves expressing PI13K, AKT or Tor in
the context of KLC-/+ or Roblk—/+ show CSP containing axonal blockages (arrows).
Quantitative analysis reveals that the extent of axonal blockages is significantly increased in
larvae expressing PI3K, AKT or Tor in the context of KLC—/+ or Roblk—/+ (*p<0.05
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**p<0.005 ***p<0.0005). N= 6 larvae. Scale Bar = 50 um. B. Larval nerves from larvae
heterozygous for loss of function of 14-3-3zeta (14-3-3zetal07103]-/+ 14-3-3zetal?BL—/+]
show smooth CSP staining. Larvae that are 14-3-3zeta—/+;KLC-/+ or 14-3-3zeta—/+;Roblk
—/+ show CSP positive axonal blockages. Quantitative analysis reveals that the number of
axonal blockages is significant in these larvae compared to larvae that are WT, 14-3-3zeta
—/+, KLC-/+ or Roblk-/+ (*p<0.05, **p<0.005). N=5 larvae. Scale Bar = 50 pum.
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Figure 8: Proposed model for the activation of the PI3K/AKT-mediated pro-survival pathway
which likely acts downstream of axonal transport defects.

Our observations suggest that the PI3K/AKT-mediated pro-survival activities likely occur
downstream of axonal transport defects. While HTT138Q mediated defects in axonal
transport or Paraquat exposure (oxidative stress) causes neuronal cell death, excess
constitutively active P13K can only suppress HTT138Q or Paraquat mediated neuronal cell
death (Fig 2-5). Further, defects in axonal transport mediated by loss of dynein motors or by
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excess expression of HTT138Q activates the PISBK/AKT pathway as assayed by p-GSK3p-
serS9 (Fig 6).
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Table 1:

Summary of axonal blockages and cell death observations in larvae expressing normal and pathogenic forms
of HTT compared to larvae expressing constitutively active and dominant negative P13K. N=(6-10 for each
genotype.

Genotype Axonal blockages | Cell Death
Wild type No No
HTT15Q No No
HTT138Q Yes Yes
PI3K.CAAX No No
PI3K.DN - Yes
HTT138Q;PI3K.CAAX | Yes Decreased
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Summary of axonal blockages and cell death observations from wild type and constitutively active larvae and

adult flies fed on Paraquat-laced food. N=6-10 for each genotype.

PQ Treatment Axonal blockages | Cell Death
Wild type OmM No No

Wild type 20mM No Yes
PI3K.CAAX OmM No No
PIBK.CAAX 20mM | No Decreased
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