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Summary

Huntington's Disease (HD) is a dominantly inherited neurodegenerative disorder caused by
expansion of a translated CAG repeat in the N-terminus of the huntingtin protein. Here we describe
the generation and characterization of a novel full-length HD Drosophila model to reveal a previously
unknown disease mechanism that occurs early in the course of pathogenesis, before expanded
huntingtin is cleaved and imported into the nucleus in detectable amounts. We find that expanded
full-length huntingtin (128Qhtt™L) leads to behavioral, neurodegenerative, and electrophysiological
phenotypes. These phenotypes are caused by a Ca2*-dependent increase in neurotransmitter release
efficiency in 128QhttFL animals. Partial loss of function in synaptic transmission (Syntaxin, Snap,
Rop) and voltage-gated Ca?* channel genes suppresses both the electrophysiological and the
neurodegenerative phenotypes. Thus, our data indicate that increased neurotransmission is at the root
of neuronal degeneration caused by expanded full-length huntingtin during early stages of
pathogenesis.
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Introduction

Huntington's Disease (HD) is one of at least nine disorders caused by expansion of a triplet
repeat encoding glutamine. In the case of huntingtin (htt), the protein responsible for HD,
expansion of the glutamine tract beyond 39 repeats invariably leads to psychiatric, motor, and
cognitive disturbances. Most HD patients become symptomatic in the fourth or fifth decade of
life, but large expansions (i.e. above 70 repeats) lead to juvenile forms of the disease
demonstrating an inverse relationship between repeat size and disease onset (The Huntington's
Disease Collaborative Research Group, 1993).

In HD, glutamine-expanded huntingtin forms ubiquitin-positive aggregates in the nuclei and
neurites of brain neurons (DiFiglia et al., 1997; Rubinsztein, 2002). Wild-type huntingtin is a
large (350kDa) soluble protein that is conserved between Drosophila and mammals and is
detected in neurons and many other cell types. Although it has a broad intracellular distribution,
huntingtin is most abundant in the cytoplasm where it associates with the Golgi complex,
endoplasmic reticulum, and synaptic vesicles (Cattaneo et al., 2005). Huntingtin is essential
for murine embryogenesis (Nasir et al., 1995), but its normal functions are still poorly
understood. Protein interaction analyses implicate huntingtin in diverse processes including
intracellular trafficking, axonal transport, transcriptional regulation, cytoskeletal organization
and prevention of apoptosis (Cattaneo et al., 2005; Goehler et al., 2004; Harjes and Wanker,
2003; Li and Li, 2004b). Huntingtin has also been linked to neurotransmission, (reviewed in
(Harjes and Wanker, 2003; Li et al., 2003; Smith et al., 2005). For example, huntingtin
associates with clathrin-coated pits and vesicles at synaptic terminals (DiFiglia et al., 1995;
Velier et al., 1998). Furthermore, increased neuronal input resistance, lower stimulus intensity
to evoke action potentials (Klapstein et al., 2001), impaired long-term potentiation (LTP)
(Hodgson et al., 1999; Klapstein et al., 2001; Murphy et al., 2000; Usdin et al., 1999), and
abnormal responses to NMDA stimulation (Cepeda et al., 2001; Laforet et al., 2001) in HD
neurons suggest that synaptic dysfunction may contribute to pathogenesis. Studies in the R6/2
N-terminal mouse model have also shown alterations in the corticostriatal pathway and altered
levels of post-synaptic markers (Cepeda et al., 2003). However, it is not known whether
alterations in synaptic function are early events or secondary to neuronal dysfunction during
pathogenesis.

Numerous mouse models for HD have been generated. These include transgenic animals
expressing either truncations of huntingtin or the entire protein, as well as “knock-ins”
expressing the endogenous murine protein with an expanded polyglutamine tract (reviewed in
(Menalled, 2005; Menalled and Chesselet, 2002; Rubinsztein, 2002). Most studies have been
carried out using the first generated models that only express a small N-terminal portion of the
protein (exon 1) containing the polyglutamine expansion. In general, mice expressing short
truncations of the expanded protein have earlier and more severe phenotypes than mice
expressing the entire protein. They also show formation of nuclear aggregates early in life. In
contrast, full-length or longer N-terminal models exhibit cytoplasmic accumulation of
huntingtin, and the nuclear localization or aggregation occurs only later in life (Hickey and
Chesselet, 2003; Menalled, 2005; Menalled et al., 2002; Rubinsztein, 2002; Van Raamsdonk
etal., 2005). In addition, N-terminal mouse models fail to reproduce the specificity of neuronal
degeneration observed in HD patients, where neuronal loss occurs mainly in the striatum and
cortex (Li and Li, 2004a). This selective neurodegeneration is best reproduced in models that
express the full-length product (Van Raamsdonk et al., 2005).

HD has also been modeled in Drosophila, a system that allows for genetic screens and rapid
experimentation using large numbers of animals. These models were used to demonstrate that
nuclear (i.e. transcriptional dysregulation (Steffan et al., 2001)), and non-nuclear (i.e. fast
axonal transport, (Lee et al., 2004)) mechanisms of pathogenesis, as well as posttranslational
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modifications of huntingtin are important for pathogenesis (Steffan et al., 2004). HD
Drosophila models were also used to identify chemical compounds that may ameliorate
huntingtin-induced toxicity (Bilen and Bonini, 2005; Marsh and Thompson, 2004; Sang and
Jackson, 2005). However, no full-length model of HD has been reported in Drosophila.

Studies using N-terminal models have provided many important insights into HD, however it
is now clear that protein context is important for pathogenesis (Yu et al., 2003). This is best
illustrated by a transgenic mouse expressing 120 CAG repeats in the context of exons 1 and 2
of the huntingtin protein, which shows no neuronal dysfunction or degeneration in spite of
abundant neuronal inclusions (Slow et al., 2005). The importance of appropriate protein context
has also been documented in the case of other polyglutamine diseases. For example, in addition
to polyglutamine expansion, neurodegeneration in spino-cerebellar ataxia typel also requires
phosphorylation of ataxin-1 (Emamian et al., 2003).

Here we report the development of a novel full-length Drosophila HD model to investigate the
mechanisms by which expanded full-length huntingtin impairs synaptic transmission. We show
that expression of expanded full-length huntingtin leads to an increased neurotransmitter
release efficiency. This phenotype can be suppressed genetically by removing a single copy
of genes encoding proteins required for proper neurotransmitter release. We also find that
resting intracellular CaZ* levels are increased in these flies when compared to controls. This
suggests a defect in Ca2* homeostasis in agreement with observations in mammalian systems,
(Bezprozvanny and Hayden, 2004; Cepeda et al., 2001; Hodgson et al., 1999; Tang et al.,
2005). Importantly, these abnormalities occur before we can detect the cleavage and nuclear
translocation of the huntingtin protein, and we also show that mutations in certain voltage-
gated CaZ* channels restore the elevated Ca?* levels and improve neurotransmitter release
efficiency and neurodegenerative phenotypes.

Full-length human huntingtin accumulates in the cytoplasm of Drosophila neurons and does
not form visible aggregates

To develop a full-length model of HD in Drosophila, we generated transgenes to express the
entire 3144aa protein with either 16 (16QhttFL, wild type) or 128 (128Qhtt"L, pathogenic)
glutamines under the control of the UAS-GAL4 inducible system (Brand and Perrimon,
1993). Western analyses using the MAB2166 huntingtin-specific antibody (Lee et al., 2004)
reveals a band corresponding to the ~350KDa full-length protein in heads of Drosophila
expressing either the 16QhttFL or the 128Qhtt"L transgenes with the GMR-GALA4 eye driver.
In contrast, no such protein is detected in GMR-GAL4 controls (Figure 1A). The 16Qhtt™-
protein runs slightly faster than the 128Qhtt"L protein, as may be expected from the different
number of glutamine repeats. To further verify the difference in glutamine repeats between
16Qhtt L and 128QhttFL transgenic lines, the same membrane was stripped and re-probed with
the MAB1574 polyQ-specific antibody revealing that only the lanes containing expanded
huntingtin produced a reactive band (data not shown).

To determine the intracellular localization of full-length human huntingtin in Drosophila, we
used a GAL4 driver directing expression to a specific subset of large central nervous system
(CNS) neurons, the apVNC interneurons (Fernandez-Funez et al., 2000). Labeling using
MAB5374 shows cytoplasmic accumulation of both 16QhttFL and 128QhttFL in apVYNC
interneurons of 20-day-old flies (Figure 1B, left and central panels). Similar results were
observed in 10-day-old and 30-day-old flies (data not shown). The absence of detectable
nuclear huntingtin staining is not a consequence of poor ability of this antibody to detect
huntingtin in the nucleus because flies expressing an N-terminal truncated form of the protein
(amino acids 1-208) with the same glutamine expansion show robust nuclear staining using
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the same antibody concentration and experimental conditions (Figure 1B right panels; see also
(Jackson et al., 1998; Steffan et al., 2001) for nuclear staining of similar size huntingtin
fragments in Drosophila). Thus, the cytoplasmic accumulation of 128QhttFL is reminiscent of
data from HD murine models where full-length huntingtin localizes to the cytoplasm first, and
nuclear staining is only evident months after birth (Menalled, 2005; Rubinsztein, 2002; Slow
et al., 2003), a time well beyond the lifespan of flies.

We also investigated whether full-length huntingtin forms aggregates in Drosophila neurons.
Large axonal aggregates blocking axonal transport have been reported in flies expressing an
expanded N-terminal huntingtin fragment of 548 amino acids (Lee et al., 2004). In contrast to
the 548 amino acid fragment (Figure 1C, lower right panel), 128QhttFL does not form obvious
axonal aggregates (Figure 1C, lower left panel). To investigate whether axonal transport is
impaired in 128Qhtt™L flies, we monitored the localization of synaptotagmin I, a synaptic
vesicle associated protein that is transported along axons (Lee et al., 2004). We found that in
animals expressing the htt 548 amino acid truncation, synaptotagmin I, like huntingtin,
accumulates in the axons (Figure 1D, lower right panel). In contrast, larvae expressing the
control protein GFP (Figure 1D, upper left panel), or the full-length huntingtin protein
(expanded or unexpanded) (Figure 1D, lower left and upper right panels, respectively), do not
show accumulation of synaptotagmin I in axons. Thus, although it is difficult to exclude the
possibility of decreased axonal transport, we found no evidence of axonal blockages disrupting
transport in 128QhttFL expressing animals.

Expression of 128QhttFL, but not 16QhttFL, in the Drosophila eye and central nervous system
leads to progressive neurodegenerative phenotypes

The Drosophila eye provides an excellent system for performing genetic interaction screens
(Karim et al., 1996), and has been utilized to successfully identify genetic modifiers of
neurodegeneration (Auluck et al., 2002; Fernandez-Funez et al., 2000; Kazemi-Esfarjani and
Benzer, 2000; Shulman and Feany, 2003; Warrick et al., 1999). To examine the consequences
of expressing full-length huntingtin in the visual system, the 16Qhtt™ and 128Qhtt™-
transgenes were expressed using GMR-GALA4 drivers. Examination of the external eye
morphology, using light microscopy and scanning electron microscopy (SEM) reveals
depigmentation and disorganization of ommatidia following expression of 128QhttF-(s) but
not 16QhttF- from GMR-GALA4(s), a relatively strong driver (Figure 2A-D, left and center
panels).

To investigate whether the eye phenotype is progressive, the same huntingtin transgenes were
expressed using a weaker GMR-GAL4 eye driver to facilitate comparison of the internal retinal
structure between animals of different genotypes. Phalloidin staining of dissected wild-type
eyes reveals the organization of the Drosophila eye in ommatidia. Each ommatidium contains
8 rhabdomeres (the rod-shaped structures where the photopigment rhodopsin accumulates in
photoreceptor neurons), 7 of which are typically visible in a single plane (Figure 2A, right
panel). Retinal degeneration often results in fewer rhabdomeres (Cauchi and van den Heuvel,
2006; Marsh and Thompson, 2006; Sang and Jackson, 2005). We compared the number of
rhabdomeres per ommatidium in 1-day-old and 20-day-old animals expressing 128Qhtt™L,
16QhttFL or a lacZ control transgene. In 1-day-old flies we observed no differences between
the distributions of rhabdomeres in these genotypes, with 7 rhabdomeres visible in most
ommatidia (Figure 2E). However, in flies aged for 20 days, we found significantly fewer
rhabdomeres in 128QhttFL flies than in 16Qhtt™- and lacZ control flies (right panels of Figures
2A-D and Figure 2F, p<0.0001, Mann-Whitney test). Thus, the analyses of both external and
internal eye phenotypes caused by full-length huntingtin using two GMR-GALA4 drivers of
different strengths produced similar results. In addition, expression of 128QhttFL leads to
progressive degeneration of photoreceptor cells.
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Expression of 128Qhtt"L in the visual system shows that it has deleterious effects on eye
photoreceptors. Hence, we also investigated the consequences of expressing 128QhttFL in CNS
neurons. First, we compared the survival rates of 128QhttFL and GFP control animals following
transgene expression in motor neurons using the C164-GAL4 driver (Pennetta et al., 2002).
As shown in Figure 3A, flies expressing 128QhttF- show reduced survival in adult life when
compared to controls expressing GFP (p<0.05, 0.01 and 0.01 for days 25, 30 and 35
respectively, Mann-Whitney test).

We also compared motor performance in 128QhttF- and control animals. First we measured
motor performance in a climbing assay that takes advantage of the strong negative geotaxis
behavior of Drosophila (Le Bourg and Lints, 1992). This assay measures the ability of flies to
climb the wall of a vial as a function of age. As shown in Figure 3B, we found impaired motor
performance in 128Qhtt™ flies as compared to controls expressing GFP. In addition, we used
a flight assay to measure the flying ability of 128Qnhtt™L flies. In this assay, flying ability is
determined as a function of flight distance after flies are dropped from the top of a transparent
cylinder (Pesah et al., 2004). We found that 25-day-old 128QhttF-flies exhibit a severe flight
impairment phenotype, while GFP control and 16Qhtt™\ flies of the same age behave normally
(Figure 3C).

To more directly probe for neurodegeneration that would correlate with flight impairments in
the 128Qhtt™L- expressing flies, we investigated the neuronal projections into the Indirect Flight
Muscles (IFM). Interestingly, labeling of the motor neurons innervating the IFM shows a
neurodegenerative phenotype in aged 128Qhtt™ flies but not 16QhttF- control flies of the same
age (Figures 3D-E, p<0.05, Mann-Whitney test). Together, these data indicate that expression
of expanded full-length huntingtin causes progressive degenerative phenotypes in peripheral
nervous system (PNS) and CNS neurons in Drosophila.

Huntingtin is unevenly distributed across synaptic boutons but does not affect the
distribution of key synaptic proteins

We investigated the mechanism by which 128QhttFL triggers the eye and CNS phenotypes
described above. Potentially important mechanisms of pathogenesis in HD are transcriptional
dysregulation (Sugars and Rubinsztein, 2003), impaired axonal transport (Gunawardena and
Goldstein, 2005; Li and Li, 2004a), synaptic dysfunction (Smith et al., 2005) and abnormal
Ca?* homeostasis (Bezprozvanny and Hayden, 2004). Since we did not detect 128Qhtt -
nuclear accumulation, or axonal aggregation of 128Qhtt™L or synaptotagmin, we focused on
synaptic dysfunction and Ca2* homeostasis.

First we investigated the distribution of full-length huntingtin in synaptic terminals.
Interestingly, huntingtin, driven by the Elav-GAL4 paneural driver, shows a hon-uniform
distribution across boutons within a single third instar larval neuromuscular junction (NMJ)
(Figure 4A). We also studied the distribution of proteins involved in synaptic transmission in
128QhttFL and control animals. Figure 4B shows that soluble NSF-attachment protein, Snap
(Ordway et al., 1994), Ras opposite (Rop; (Schulze et al., 1994)) and Syntaxin 1A (Syx
(Schulze etal., 1995)) are normally distributed in boutons expressing 128Qhtt™L. Furthermore,
we did not observe noticeable abnormalities in bouton number, branching or morphology in
128QhttFL larvae (data not shown). In 128QhttFL flies, huntingtin is expressed in the pre-
synaptic neurons and is not present in the post-synaptic muscles, therefore, we do not expect
significant changes in post-synaptic glutamate receptor clusters. Nonetheless, to visualize
neurotransmitter receptor clusters at the NMJ, we labeled 128QhttFL and 16QhttFL control flies
with GluRIlA antibodies (Schuster et al., 1991). Receptor cluster abundance is not significantly
different in 128Qhtt"L and 16QhttFL (Figure 4B, upper most row panels, p>0.5, Mann-Whitney
test). Hence, post-synaptic neurotransmitter receptor clustering appears unaffected by neuronal
expression of expanded full-length huntingtin. These observations suggest that abnormal
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bouton morphology and/or altered synaptic protein accumulation are not responsible for the
eye and CNS phenotypes observed in 128Qhtt L flies.

Increased neurotransmitter release probability upon expression of 128Qhtt-

Since the immunolabeling studies of the NMJ using confocal microscopy did not reveal major
differences in abundance or distribution of synaptic proteins between 128Qhtt™ and control
animals, we investigated possible electrophysiological defects. To determine the properties of
neurotransmitter release in neurons expressing 128QhttF- presynaptically, we recorded
excitatory junctional potentials (EJPs) at the third-instar larval NMJ. Although EJPs recorded
from animals expressing either 128Qhtt™- or GFP in the nervous system (Elav-128QhttFL or
Elav-GFP) are similar at 1.2mM extracellular Ca2* (Elav-GFP: 40.5+2.0 mV and
Elav-128Qhtt™l 44.2 + 0.6 mV, t-test: p>0.1, data not shown), EJPs recorded at lower
extracellular CaZ* are clearly different. As shown in Figure 5A-C, EJPs recorded from
Elav-128Qnhtt™ animals in 0.25 mM Ca?* are increased about 5-fold compared to those of
Elav-GFP controls (Elav-GFP: 2.9 + 0.3 mV and Elav-128QhttF-: 16.0 + 2.7 mV, t-test:
p<0.001), whereas EJPs recorded in 0.6 mM Ca2" are increased by ~30% (Elav-GFP: 27.7 +
3.0 mV and Elav-128QhttF: 36.3 + 2.4 mV, t-test: p<0.05). The increased neurotransmission
is specific to expression of 128QhttFL since expression of wild-type 16Qhtt™ does not produce
this effect (Figure 5B-C; Elav-16Qhtt"L in 0.25mM Ca?*: 3.6 + 0.8 mV, t-test: p>0.7).
Furthermore, this phenotype is not simply an effect of the 128Qhtt™L transgene insertion site
since flies carrying the transgene in the absence of the Elav driver do not differ from GFP
controls (128Qhtt™L: 3.08 + 0.63mV and Elav-GFP: 2.9 + 0.3mV). Thus, expression of
expanded huntingtin protein in neurons leads to increased synaptic transmission at the third
instar larval Drosophila NMJ.

Since our data argue against abnormal glutamate receptor clustering (see above), the increased
synaptic transmission in 128Qhtt™ animals could be caused by increased neurotransmitter
release from individual synaptic vesicles or increased release efficiency. To test whether
neurotransmitter release from single vesicles is altered in Elav-128Qnhtt™L animals, we recorded
spontaneous fusion events in the absence of stimulation (MEJPs or minis; 0.1mM Ca?* and
5M TTX). As is shown in Figure 5D-E, mEJP frequency and amplitude are similar in
Elav-128Qnhtt™L and Elav-GFP animals, indicating that transmitter loading as well as post-
synaptic glutamate receptor clustering are unaffected.

Finally, to determine release probability, we recorded the number of failures (non-events) when
motor neurons were stimulated 2—3 times above threshold in low (0.25mM) Ca2*. Interestingly,
whereas controls (Elav-GFP, Elav-16Qhtt™- and 128QhttFL with no driver) fail to release about
20-25% of the time (Figure 5F), animals that express 128Qhtt™L reliably release
neurotransmitter upon stimulation with very low failure rates (0.3 £ 0.3% failures, t-test:
p<0.001). Hence, the increased synaptic transmission observed in animals that express
128QhttFL s, at least in part, caused by an increase in neurotransmitter release probability.

Partial loss of function of genes required for proper synaptic transmission suppresses
neurotransmitter release abnormalities caused by 128QhttFL

Since expression of 128Qhtt"L causes increased synaptic transmission and release probability,
an attractive possibility is that reducing the activity of components of the neurotransmitter
release machinery may ameliorate these phenotypes, providing a potential therapeutic strategy.

To test this hypothesis, we recorded EJP amplitudes in 0.25mM Ca?* and determined the
release probability in 128QhttFL flies that lack one functional copy of either Soluble NSF
attachment protein (Snap), SyntaxinlA (Syx), or proteins that are known to bind Syx, like Ras
Opposite (Rop) (also named Unc18, or Munc18) (Schulze et al., 1994) and VVhal00-1

Neuron. Author manuscript; available in PMC 2009 January 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Romero et al.

Page 7

(Hiesinger et al., 2005). Syx is involved in synaptic transmission as well as non-neuronal
secretion and is a plasma membrane associated member of the SNARE complex that mediates
fusion between the vesicular and synaptic membranes (Schulze et al., 1995). Snap associates
with the SNARE complex and assists NSF (N-ethylmaleimide Sensitive Fusion Protein) in the
dissociation of SNARE (Soluble NSF attachment Receptor) complexes (Ordway et al.,
1994). Rop, the Drosophila Sec1 homologue, interacts with syntaxin in vivo, and has both
positive and inhibitory functions on neurotransmission (Wu etal., 1998). Interestingly, whereas
animals that overexpress 128QhttFL in the nervous system show increased EJP amplitude and
decreased failure rate (Figure 5B and F), removing one copy of Snap (Elav-GAL4/+;
UAS-128QhttFL(s)[M36E2]/+; SnapM4/+) suppresses these phenotypes and restores the EJP
amplitude and failure rates to control levels (Figure 6A, B, I and L). This suppression effect is
not a result of reduced transmission in animals that have lost one copy of Snap, as the EJP
amplitude and failure rates in Elav-GAL4/+; SnapM4/+ larvae are not different from controls
(Elav-GAL4/+; UAS-GFP/+) (Figure 6A, B, J and K). Similarly, although removing one copy
of Rop (Elav-GAL4/+; Rop®27/+) (Figure 6C, D, M and N) or one copy of Syx (Elav-GAL4/
+; Syx229/+) (Figure 6E and F) does not affect EJP amplitudes or failure rates compared to
controls at 0.25mM Ca?*, it efficiently suppresses the increased EJP amplitude and decreased
failure rates observed in Elav-128Qhtt™ animals.

However, not all components of the release machinery are able to suppress the increased release
in Elav-128Qhtt™L larvae to the same extent. The Vhal00—1 subunit is an important component
of the synaptic vesicle release machinery, recently shown to act downstream of the SNARE
complex in neurons (Hiesinger et al., 2005; Strompen et al., 2005). Removing one copy of
Vha100-1 in 128QhttFL-expressing animals (Elav-GAL4/+; UAS-128Qhtt™L(s)[M36E2]/+;
vhal/+), does not fully suppress the increased EJP amplitude seen in Elav-128QhttF larvae,
and fails to suppress the increased release probability (Figure 6G-H). Taken together, these
data suggest that neuronal expression of expanded huntingtin facilitates neurotransmitter
release by acting upon a general process that promotes vesicle release.

Synaptic transmission mutations also suppress the eye neurodegeneration and motor
performance phenotypes caused by 128QhttFL

If increased neurotransmitter release is an important mechanism by which expanded full-length
huntingtin exerts its toxicity on 128Qhtt™L flies, one may expect that suppressors of the
electrophysiological phenotype also suppress other defects observed in these animals. To test
this hypothesis we assessed the ability of neurotransmitter release mutations to suppress the
degenerative phenotype observed in eye photoreceptors of 128Qhtt"L flies. At 20 days, flies
expressing 128Qhtt- (GMR-GAL4/+; UAS-128QhttF-(w)[F7]/+) show fewer rhabdomeres
per ommatidium than controls (GMR-GAL4/UAS-GFP) (Figures 2F and 7A-B). However,
animals expressing 128QhttFL in the context of partial loss of function of Snap (GMR-GAL4/
+; UAS-128Qhtt L (w)[F7]/SnapM4) show a reversal of this neurodegenerative phenotype
(Figures 7A and C, p<0.001, Mann-Whitney test). Similar results were also obtained with
animals having only one functional copy of the Syntaxin 1A gene (GMR-GAL4/+;
UAS-128QhttFL(w)[F7]/Syx?2?, Figures 7A and D, p<0.001, Mann-Whitney test), or the Rop
gene (GMR-GAL4/+; UAS-128Qhtt™L(w)[F7]/Rop®?’, Figure 7A and E, p<0.001, Mann-
Whitney test). Partial loss of function of Vhal00—1, on the other hand, did not improve the
eye degeneration (GMR-GAL4/+; UAS-128QhttF-(w)[F7]/vha 1, Figure 7A and G, p>0.5,
Mann-Whitney test). Moreover, we observe suppression of the 128Qhtt™L external eye
phenotype with reduced activity of the neurotransmitter release gene Syx (Figures 7J-L). These
data indicate a link between increased neurotransmission and neuronal degeneration in
128Qhtt L animals.
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In addition to the eye assay, we tested the ability of one mutant copy of Syx to suppress the
motor performance defects caused by expression of 128Qhtt"L in the CNS. Flies expressing
128QhttFL (C164-GAL4/+; UAS-128Qhtt™L(s)[M36E2]/+) perform poorly in the climbing
assay relative to controls, but this phenotype is suppressed in 128Qnhtt"L flies that are
heterozygous mutant for Syx (C164-GAL4/+; UAS-128QhttFL(s)[M36E2]/+; SyxZ29/+); see
Figure 71. These results validate that loss-of-function mutations in components of the
neurotransmitter release machinery act as suppressors in different assays, and they underscore
the importance of synaptic transmission dysfunction in 128QhttFL-induced neurodegeneration.

Increased CaZ?* levels in synaptic terminals of Drosophila expressing 128QhttFl are restored
by mutations in components of the neurotransmitter release machinery

Intracellular Ca2* levels have been found to be elevated in lymphoblasts of HD mouse models,
and expanded huntingtin has been shown to potentiate NMDAR (NR1/NR2B)-induced
apoptosis and Ca2* transients (Cepeda et al., 2001; Hodgson et al., 1999; Tang et al., 2005).
Hence, we investigated whether elevated presynaptic Ca2* levels may account for increased
vesicle release at 128QhttFL synapses by measuring presynaptic Ca2* levels at the NMJ of
128QhttFL third instar larvae. To assess resting intracellular Ca2* levels at presynaptic
terminals, we forward-filled motor axons of control and 128Qhtt"L larvae with the ratiometric
dye, Fura-2 Dextran. Upon Ca2* binding, the maximal excitation of Fura-2 shifts from ~380nm
to ~340nm. Therefore, the fluorescence ratio, F340/F3go, provides a relative measure of Ca2*
levels. We found that resting synaptic Ca2* levels are elevated on average ~2-fold in
128Qhtt"L larvae compared to GFP controls. A similar effect was also found in16Qhtt™L larvae
(Figure 8A). In addition, Ca2* levels are more variable at 128Qhtt™ synapses compared to
GFP controls (f-test, p < 0.001) with a bimodal distribution of fluorescence ratios indicative
of bouton populations with both normal and aberrant intracellular Ca2* levels (Figure 8A, open
diamonds denote individual data points). This observation is in agreement with the uneven
distribution of 128Qhtt™L in synaptic boutons described above (Figure 4A).

In order to mediate efficient release, vesicles are positioned closely to sites of Ca?* influx via
interactions between presynaptic release proteins, including Syntaxin, SNAP-25, and the
synprint region of voltage-gated Ca2* channels (Katz and Miledi, 1965; Swayne et al., 2005).
Interestingly, huntingtin interacts with subunits of voltage-gated Ca2* channels present at the
synapse and may functionally alter Ca2* channel function (Swayne et al., 2005). These data
suggest that while interactions of expanded huntingtin may interfere with components of the
release machinery, they may also disturb Ca2* homeostasis at the synapses, resulting in
increased neurotransmitter release.

To investigate whether the elevated presynaptic Ca2* levels stem from interactions between
expanded huntingtin and the synaptic release machinery, we determined resting Ca?* levels in
larvae overexpressing 128Qhtt™L but lacking one functional copy of Syx. Compared to animals
expressing 128Qhtt"L alone, which have elevated synaptic Ca?* levels (Figure 8A-B, Elav-
GAL4/+; UAS-128QhttFL(s) [M36E2]/+: F340/F380=0.83  0.42), 128QhttFL animals with only
one functional copy of Syx exhibit a reduction in Ca2* (Figure 8A-B, Elav-GAL4/+;
UAS-128QhttFL(s)[M36E2]/+; Syx?29/+: F34q/F355=0.39 % 0.07), and show levels similar to
controls (Figure 8A-B, Elav-GAL4/+; UAS-GFP/+: F340/F350=0.28 £ 0.04). Since voltage-
gated Ca2* channels are critical purveyors of presynaptic calcium entry and synaptic release,
we also investigated whether reduced calcium channel activity also corrects the 128httFL-
induced elevation in calcium levels. Two Drosophila voltage-gated Ca2* channels pore
subunits are expressed in neurons (Kawasaki et al., 2004; Zheng et al, 1995). DmcalD is an
L-type voltage-gated Ca?* channel, while DmcalA, also known as Cacophony, is a P/Q-type
voltage-gated channel, both mediating Ca?* influx at the presynaptic terminal (Kawasaki et
al., 2000; Zheng et al., 1995). Interestingly, when we remove one copy of DmcalD in
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128QhttFL expressing animals, the increased Ca2* levels return to levels measured in controls
(Elav-GALA4/+; UAS-128QhttFL(s)[M36E2]/DmcalD*10: F340/F350=0.29 + 0.04).
Importantly, this reduction is not due to the loss of either Syx or DmcalD alone since Elav-
GAL4/+; Syx?2? |+ and Elav-GAL4/+; DmcalD*1%/+ have similar resting Ca2* levels as
controls (Figure 8A, Elav-GAL4/+; Syx?29/+: F340/F350=0.30 + 0.05, Elav-GAL4/+;
DmcalD*10/+: F340/F3g0=0.24 % 0.05). Since Ca?* is required upstream of vesicle fusion, this
suggests that alterations in neurotransmission at synapses that accumulate 128Qhtt™L may stem
from an elevation in synaptic Ca2* levels. In addition, interactions between 128QhttFL and the
vesicle release machinery may serve to modulate synaptic efficacy by regulating synaptic
Ca®* levels.

Increased transmission, decreased failures and photoreceptor degeneration in 128QhttF-
animals are restored by reducing the activity of voltage-gated Ca2* channels

To test if Ca2* levels are a cause of increased transmission and decreased failures in
128QhttFL animals, we recorded EJPs at 0.25mM Ca2* in Elav-128QhttFL flies that lack one
copy of DmcalD or DmcalA (Figure 8C-D). As shown in Figure 8C-D, although neither Elav-
GAL4; DmcalD*1%/+ or Elav-GAL4, DmcalAHC129 affect EJP amplitude or failure rate
compared to controls (Elav-GFP), both the increased EJP amplitude and the decreased failures
observed in Elav-128QhttF- animals are significantly suppressed by removing one copy of
either DmcalD or DmcalA. Similarly, the photoreceptor degeneration observed in
128QhttFL-expressing flies is suppressed by removing one copy of DmcalD (Figures 7A, F;
p<0.001, Mann-Whitney test). These data further support the hypothesis that altered
intracellular Ca2* levels in neurons that express expanded huntingtin, lead to increased release
probability and neuronal degeneration.

Discussion

Here we develop a novel Drosophila model of HD to investigate the mechanisms by which
expanded full-length human huntingtin causes neuronal dysfunction and degeneration. We
used the GAL4/UAS system to target 128Qhtt™L expression to specific neuronal
subpopulations. Using this system we found that 128Qhtt™- causes neuronal degeneration both
in eye photoreceptors and in the CNS, motor performance impairments, reduced life span and
increased neurotransmitter release. Importantly, these abnormalities occur in the absence of
detectable huntingtin nuclear import or axonal blockages and are specific to 128QhttFL, as
expression of similar levels of wild-type 16Qhtt™ does not cause abnormal phenotypes.

Expression of 128QhttFL in the eye using GMR-GAL4 leads to progressive photoreceptor
neuron degeneration. Histological examination of the internal eye structure in flies of different
ages reveals that the number and arrangement of rhabdomeres in photoreceptor cells is
relatively normal in 1-day-old flies (Figure 2E), but degeneration is evident at day 20 (Figure
2F). We also found that targeted expression of 128Qhtt™L to motor neurons leads to motor
impairment phenotypes. The 128Qhtt™- animals perform as controls in a climbing assay when
they are young, but their motor performance declines prematurely as they age. Moreover, flying
ability is impaired in aged 128QhttFL- flies, and they also show progressive loss of NMJs at the
IFM. In addition, these flies show a reduced survival rate when compared to controls (Figures
3A-E).

These neurodegenerative phenotypes are not likely a consequence of transcriptional
dysregulation as they occur in the absence of obvious nuclear huntingtin even in aged flies. In
full-length mouse models, expanded huntingtin is first diffuse in the cytoplasm, but these
animals gradually develop nuclear staining later in life (Menalled, 2005). The accumulation
of huntingtin in the nucleus requires proteolytic cleavage of the protein, a process in which
capase-6 plays a key role (Graham et al., 2006). In agreement with the absence of nuclear
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staining, we do not detect cleavage in 128QhttFL flies. Therefore, Drosophila might not be
able to process human huntingtin, providing a rationale for the lack of detectable nuclear
huntingtin accumulation. However, this possibility is unlikely because the Drosophila genome
contains orthologues of caspase-6 as well as other proteins implicated in huntingtin cleavage
(http://flybase.bio.indiana.edu/genes/). We therefore favor the alternative explanation that
cleavage and nuclear import of huntingtin requires more time than the relatively short life span
of Drosophila.

We also investigated the possibility that axonal blockages trigger the phenotypes observed in
128QhttFL flies. Axonal blockages and impaired fast axonal transport have been reported
following expression of polyglutamine tracts alone or in the context of other polypeptides
(Gunawardena et al., 2003) including expanded huntingtin (Lee et al., 2004; Li et al., 2001;
Szebenyi et al., 2003; Gauthier et al., 2004). However, we did not detect huntingtin or
synaptotagmin accumulation in the axons of 128Qhtt™L flies even though we could reproduce
the observation of axonal blockages reported with an expanded huntingtin fragment (Figure
1C-D). These data suggest that, like nuclear import, the formation of axonal aggregates requires
huntingtin cleavage. Despite the absence of huntingtin and synaptotagmin visible aggregates,
the possibility that intracellular transport is decreased cannot be excluded (Szebenyi et al.,
2003; Gauthier et.al., 2004). However, we did not observe mislocalization or aberrant
distribution of known synaptic markers that rely on vesicular transport for their proper synaptic
localization (Figure 4B).

All together, these data suggest that the presynaptic accumulation of 128QhttF- impairs the
function of factors involved in neurotransmitter release. This hypothesis is in agreement with
abundant data describing protein interactions between huntingtin and components of the
synaptic machinery (Smith et al., 2005), and with findings in R6/1 and R6/2 mouse models
that suggested a role for altered neurotransmitter release as a potential mechanism of HD
pathogenesis. In R6/2 mice, synapsin phosphorylation is partially defective (Lievens et al.,
2002), and in R6/1 mice glutamate levels are reduced and aspartate and GABA are increased
(Nicniocaill et al., 2001). Moreover, increased NMDA receptor activity has been reported in
full-length HD mice (Cepeda et al., 2001; Zeron et al., 2002) leading to a postsynaptic increase
in CaZ* influx and abnormal synaptic transmission. In addition, Ca2* levels were found to be
increased by almost two-fold in CA1 pyramidal neurons in full-length HD mice (Hodgson et
al., 1999). However, no defects were observed in paired pulse facilitation, questioning the
biological relevance of this finding. In addition, mutant huntingtin has been implicated in
aberrant mitochondrial Ca2* buffering (Panov et al., 2005), and it also increases the sensitivity
of the inositol 1,4,5-triphosphate (IP3) receptor to IP3, causing enhanced Ca?* release following
mGIuR1/5 activation (Tang et al., 2003). These data suggest that cytosolic Ca?* levels play a
role in HD pathogenesis (Bezprozvanny and Hayden, 2004).

To test the hypothesis that expanded huntingtin impairs the normal function of proteins
involved in synaptic transmission we used a genetic approach using the 128Qhtt™_ animals.
We found that partial loss of function of Snap, Syntaxin or Rop restore the increased EJP
amplitude observed in 128Qntt"L larvae to near-normal levels (Figure 6A, C and E). Moreover,
the lack of neurotransmitter release failures is also suppressed by these mutations (Figure 6B,
D and F). These observations suggest that neurodegeneration in 128Qhtt™L flies is caused by
increased synaptic transmission. In agreement with this hypothesis we found a progressive
neurodegenerative phenotype in the NMJ of adult 128QhttFL animals (Figure 3 D and E). Most
importantly, further support for this hypothesis comes from the observation that the same
synaptic transmission mutants that restore the EJP amplitude and release failure
abnormalities,also suppress motor impairment and/ or photoreceptor degeneration in
128QhttFL adult animals (Figure 7 and Supplemental Figure).

Neuron. Author manuscript; available in PMC 2009 January 10.


http://flybase.bio.indiana.edu/genes/

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Romero et al.

Page 11

Interestingly, Ca2* levels have a bimodal distribution in 128QhttFL flies with some boutons
showing high Ca2* levels and other boutons within the same neuromuscular junction showing
levels in the normal range (Figure 8A, note also that 16Qhtt™_ flies show a similar effect). This
distribution can be correlated with the accumulation pattern of huntingtin, which is present in
some boutons and absent in others within a given neuromuscular junction (Figure 4A). We
tested the hypothesis that Ca2* levels are relevant for the increased transmission and decreased
failures observed in 128Qhtt"L animals using mutations in voltage-gated Ca2* channels. We
found that Ca2* levels are restored within normal range in 128Qhtt" flies carrying
heterozygous mutations in either Syx or the DmcalD Ca2* channel (Figure 8A, B).
Furthermore, heterozygous mutants for either the DmcalA or DmcalD Ca2* channels also
show suppression of the increased transmission and decreased failure phenotypes (Figure 8 C,
D). We also tested DmcalD in the context of the eye assay, and found that its partial loss of
function suppresses photoreceptor degeneration (Figures 7A and F). These data support the
hypothesis that increased Ca2* levels play an important role in the observed increased
transmission in neurons of 128Qhtt™ animals. Interestingly, mutations in K* channels cause
neurodegeneration in flies (Fergestad et al., 2006), and in humans (Waters et al., 2006) further
supporting the idea that the increased release is responsible, at least in part, for neuronal
degeneration caused by expanded huntingtin.

The findings described in this report unveil a mechanism of pathogenesis for expanded
huntingtin that does not require its cleavage and nuclear accumulation in detectable amounts.
The increased synaptic transmission phenotype exerted by full-length huntingtin likely
represents a mechanism of pathogenesis taking place at early stages of disease progression. In
later stages, cleavage of huntingtin would compound the toxic effects of the full-length protein
with fast axonal transport impairments and transcriptional dysregulation caused by N-terminal
fragments. These findings point to increased synaptic transmission as a therapeutic target with
the potential of delaying HD onset, and thus likely impacting disease progression. The genetic
data showing suppression of the synaptic transmission and neurodegenerative phenotypes
further define specific therapeutic targets and support the idea that Ca?* channel antagonists,
and perhaps other inhibitors of neurotransmission, offer an attractive therapeutic option
because of their specificity and wide usage.

Experimental Procedures

Drosophila Genetics and Generation of Huntingtin Constructs

Drosophila were maintained on standard medium at 25°C unless otherwise specified for a
particular experiment. A full-length 16Qhtt™- cDNA was generously donated by Dr. Tagle
(National Human Genome Research Institute, NIH), and 128Qhtt™- was generated by replacing
an N-terminal fragment of 16Qhtt™ with the corresponding 128Q N-terminal construct
previously generated in the lab (Kaltenbach et al., 2007). The constructs were subsequently
cloned into the pUAST transformation vector (Brand and Perrimon, 1993) and injected in a
ylw118 strain by standard procedures. Four 128QhttFL and thre16QhttFL lines were generated.

GMR and Elav GAL4 drivers were obtained from the Bloomington Stock Center, GMR(s)-
GAL4 from Dr. P. Jin (Emory Univ. School Med.), C164-GAL4 from Dr. V. Budnik, (Univ.
Massachusetts, Amherst), and apVNC-GAL4 was generated in our lab (Fernandez-Funez et al.,
2000). Snap mutants were obtained from Dr. L.J Pallanck (Univ. Washington, Seattle), and
Rop, Syx, vha mutants were generated in the Bellen lab. DmcalD*19 mutants were obtained
from Dr. L. Hall (Univ. California, Davis) and DmcalAHC12% mytants were obtained from Dr.
R. Ordway (Penn State Univ.)
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Western Blot Analysis

To test the expression level of huntingtin in transgenic flies, pUAST-htt lines were crossed to
flies carrying the GMR-Gal4 driver at 27°C. 8 females of each individual genotype were aged
1 day before isolating heads and homogenizing in sample buffer containing 8M urea followed
by boiling. The proteins were separated on 4-20% gradient SDS/PAGE gels (BIORAD). After
electrophoresis, gels were electroblotted overnight onto nitrocellulose membranes (Laemmli,
1970). The membranes were immunoblotted with mouse monoclonal anti-htt antibody
(MAB2166, Chemicon) at 1:2000, and immunoreactive bands were visualized using ECL™
Western blotting detection reagents from Amersham. To discriminate between expanded and
unexpanded htt, the same procedure was used using mouse anti-polyQ MAB1574 (Chemicon).
Densitometry analysis was done using a Molecular Dynamics Personal Densitometer Sl and
analyzed with Image Quant 5.2 software.

Immunohistochemistry and histology

Immunohistochemistry on third-instar larva NMJs and brains, or adult brains was performed
as described (Fernandez-Funez et al., 2000; Verstreken et al., 2003) with the following
modifications. Larvae and adult neuronal systems were fixed in 4% formaldehyde for 1 hr and
washed in 1XPBS with 0.1% Triton X-100. For GIuRIIA labeling, larvae were fixed in 50%
picric acid, 2.5% formaldehyde in 1XPBS for 20 min and washed in 1XPBS with 0.1% Triton
X-100. After blocking with 2% BSA, samples were incubated with primary antibodies
overnight. Primary antibodies were used at the following concentrations: htt MAB5374 (1:200,
Chemicon), HRP (1:500), GFP (1:200), Syt (1:200), Dlg (1:200), GIlullRA (1:100), Rop
(1:100), SNAP (1:100) and Syntaxin (1:200). After washing steps, secondary antibodies
conjugated to Cy3 or Alexa 488 (Jackson Immunolabs, Molecular Probes) were used at 1:200.

Phalloidin staining to monitor rhabdomere degeneration in adult fly visual system was
performed as described (Sang and Ready, 2002). Adult eye retinas were removed from the
head capsule in 4% formaldehyde and fixed for 1 hour. Fixed, dissected eyes were washed in
PBS, 0.1% Triton X-100 and incubated in phalloidin (1: 200, Molecular Probes) and washed
again.

For visualizing the neuronal projections in to IFMs, fixed adult thoraxes from 25-day-old adult
flies were dissected along the midline and neurons were labeled with anti-HRP antibody. The
number of neuronal projections were counted in confocal stacks of a specified 100um x
100pum area of IFMs 3 and 4 (located 100pum away from the cuticle, shown in Figure 3D) using
the whole mount preparation of each hemithorax.

All immunostained samples were visualized using a Zeiss 510 confocal microscope and ImageJ
Software was used to obtain a 2D image by stacking the optically sectioned images. These
stacked images were used for further analysis. Image panels were processed using Photoshop
(Adobe).

For light microscopy images, whole flies were frozen at —20°C for at least 24 hours and pictures
were taken with a Leica MZ16 stereomicroscope using a MagnaFire™ SP Digital Camera and
images were collected with Image-Pro Plus 4.5 Analytical Imaging Software. For SEM images,
whole flies were dehydrated in ethanol, critical-point dried and analyzed with a JEOL JSM
6100 election microscope.

Adult Behavioral Assays

Climbing assays were performed on adult virgin female flies incubated as described (Ganetzky
and Flanagan, 1978). ~30 flies were placed in a plastic vial and gently tapped to the bottom of
the vial. The number of flies above the 5cm line after 18 seconds were counted and recorded.
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Ten trials were performed at each time point. The results shown represent the performance of
one batch of flies tested over 30 days.

Fliying tests were performed on 25-day-old female virgins incubated. Flying ability was
estimated by measuring flying distances after they were dropped from the top of a transparent
plastic cylinder as described (Pesah et al., 2004).

Larval Electrophysiological Assays

Third instar physiology was performed as described (Verstreken et al., 2003). L3 NMJ
recordings were performed in modified HL3 (in mM): NaCl (110), KCI (5), NaHCO3 (10),
HEPES (5), sucrose (30), trehalose (5), CaCl, (5), and MgCl, (20) (pH 7.2). mEJPs were
recorded in modified HL-3 with 5uM TTX and 0.5mM Ca2*. Current clamp recordings were
made from muscles 6 or 7 using high resistance electrodes (100 MW) filled with 2 M KAc and
0.2 M KCI. EJPs were evoked at 2—3x threshold using a suction electrode. Data was digitized
and stored on a PC with pClamp and analyzed with Clampfit (Axon) or Mini analysis
(Synaptosoft). EJP amplitudes in low Ca?* were determined using only the successful events.

Larval CaZ* Imaging

After dissecting larvae in Schneider's medium (Gibco), adrop (~20uL) of 5mM Fura-2 Dextran
(Invitrogen) was placed on the preparation and a small amount of dye as well as a cut motor
axon taken into a suction electrode. Excess dye was removed and the preparation washed and
incubated in Schneider's medium for ~40min. Following dye loading, Schneider's medium was
replaced with modified HL3 (NaCl (110mM), KCI (5mM), NaHCO3 (10mM), HEPES (5mM),
sucrose (30mM), trehalose (5mM), and MgCl, (20mM), pH 7.2) with ImM CaZ*. Images were
obtained after allowing the preparation to equilibrate with HL3 for ~15min. Excitation at
340nm and 380nm was aided by a filter wheel (Sutter Lambda 10—2) and fluorescence images
collected using a 40x water immersion objective (Zeiss Achroplan) and Zeiss AxioCam MRm
CCD camera. Images were processed with Amira 2.2.
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Figure 1. Human full-length huntingtin accumulates in the cytoplasm of Drosophila neurons and
does not form visible axonal aggregates

(A) Western blot analysis of transgenic Drosophila heads using MAB2166 huntingtin-specific
antibody reveals a (~350KDa) band corresponding to full-length (unexpanded and expanded)
human huntingtin. Based on densitometry analysis, the 16Q line expresses higher/similar
protein levels than the 128Q(w) and 128Q(s) lines (~2-fold and ~1-fold, respectively).
Genotypes: GMR (GMR-GAL4/UAS-GFP), GMR-16QhttF- (GMR-GAL4/
UAS-16QhttFL[M28]), GMR-128QhttF-(w) (GMR-GAL4/+; UAS-128Qhtt(w)[F7]/+),
GMR-128QhttFL(s) (GMR-GAL4/UAS-128Qhtt(s)[M36E2])
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(B) Immunofluorescence confocal images of Drosophila apterous ventral nerve cord
interneurons from 20-day-old flies expressing wild-type (left, 16QhttFL) or expanded (middle,
128QhttFL) full-length huntingtin. Right panels show similar images from animals expressing
an expanded N-terminal huntingtin truncation (amino acids 1-208 excluding the
polyglutamine tract, 128Qhtt1~208), Note co-localization of full-length huntingtin with the
CD8-GFP cytoplasmic marker. The same results were obtained with 10-day-old and 30-day-
old flies (data not shown). In contrast, the truncated version of huntingtin accumulates in the
nucleus as early as the third-instar larval stage. MAB5374 was used at 1:100 for all stainings,
which were done simultaneously. Flies raised at 27°C. Scale bar= 5um.

Genotypes: 16QhttFL (UAS-16QhttFL[M28]/UAS-CD8-GFP; apVNC-GAL4/+), 128QhttFL
(UAS-128QhttFL(s)[M36E2]/UAS-CD8-GFP; apVNC-GAL4/+), 128Qhtt1 208 (UAS-CD8-
GFP/+; UAS-128Qhtt1~208[M64]/apVNC-GAL4).

(C-D) Immunolabeling of huntingtin (htt) (C) or endogenous synaptotagmin | (Syt) (D)
proteins in motor neuron axon bundles from third instar larvae of the genotype indicated in
each panel. Note diffuse pattern and absence of aggregates in wild-type (16Qhtt™) and
expanded full-length huntingtin (128Qhtt™L) axons. In contrast, a long N-terminal huntingtin
truncation (amino acids 1-548, 128Qhtt1~548) causes large huntingtin and synaptotagmin |
axonal aggregates. MAB5374 1:100. Flies were at 29°C. Scale bar= 5um.

Genotypes: GFP (Elav-GAL4/+; UAS-GFP/+), 16QhttFL (Elav-GALA4/+;
UAS-16QhttFL[M28]/+), 128Qhtt™L (Elav-GAL4/+; UAS-128Qhtt L (s)[M36E2]/+),
128Qhtt1 548 (Elav-GAL4/+; UAS-128QHtt1 ~548/+),
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Figure 2. Progressive neurodegenerative eye phenotype produced by overexpression of expanded
(128Q), but not unexpanded (16Q) full-length huntingtin

(A-D) Light microscope (left), and SEM (center) images of transgenic flies expressing (A)
non-toxic LacZ control protein, (B) wild-type huntingtin, (C) low levels of expanded
huntingtin, and (D) high levels of expanded huntingtin. Insets in SEM images show
magnification (600x) of the ommatidia field. Note disorganization of ommatidia in D. Right
panels show phalloidin staining of the corresponding eyes from 20-day-old flies showing
arrangement of rhabdomeres. Flies for light microscope and SEM images were raised at 25°
C. Flies for phalloidin staining were raised at 27°C.

Genotypes for light microscope and SEM: GMR-lacZ (GMR-GAL4(s)/UAS-lacZz),
GMR-16QhttFL (GMR-GALA4(s)/UAS-16QhttF-[M28]), GMR-128QhttF-(w) (GMR-GAL4(s)/
+; UAS-128QhttFL(w)[F7]/+), GMR-128Qhtt - (GMR-GAL4(s)/UAS-128QhttFL(s)
[M36E2]).

Genotypes for phalloidin staining: GMR-lacZ (GMR-GAL4/UAS-lacZ), GMR-16Qhtt -
(GMR-GAL4/UAS-16QhttFL[M28]), GMR-128Qhtt™- (GMR-GAL4/+; UAS-128QhttFL(w)
[F71), GMR-128QhttFL (GMR-GAL4/UAS-128Qhtt"L[M36E2]).

(E-F) Quantification of the number of rhabdomeres per ommatidium in 1-day-old (E) or 20-
day-old (F) flies expressing the following proteins. Green: non-toxic LacZ control, yellow:
wild-type huntingtin, red: expanded huntingtin at relatively low levels, and black: expanded
huntingtin at relatively high levels. Flies raised at 27°C. n=100 ommatidia per genotype. The
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distribution of the rhabdomeres at day 20 for 128Qhtt"(w) and 128QhttFL(s) is significantly
different from LacZ and 16QhttFL controls (p<0.001, Mann-Whitney test).

Genotypes: GMR-lacZ (GMR-GAL4/UAS-lacZ), GMR-16Qhtt™- (GMR-GAL4/
UAS-16QhttFL[M28]), GMR-128Qhtt"L(w) (GMR-GAL4/+; UAS-128QhttF-(w)[F7]),
GMR-128QhttFL(s) (GMR-GAL4/UAS-128Qhtt™L(s)[M36E2]).
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Figure 3. Reduced survival, impaired motor performance, and neuronal degeneration in
Drosophila expressing expanded full-length huntingtin in the CNS

(A) Average survival of flies expressing GFP (dark bars) or 128Qhtt™L (light bars) in the CNS
(C164-GAL4) at days 25, 30 and 35. The survival rate of flies expressing 128QhttFL is
significantly lower than the survival rate of control flies expressing a non-toxic GFP protein
(p<0.05, 0.01 and 0.01, respectively, Mann-Whitney test). Dots denote single data points for
individual populations. Error bars= SEM. n= 7 and 10 populations for GFP and 128Qhtt™-
respectively.

(B) Climbing performance as a function of age in control and 128Qhtt™--expressing flies.
Normal decline in climbing performance is observed after day 25 in flies expressing the non-
toxic GFP protein (silver line). In contrast, flies expressing 128QhttFL (black lines) perform
poorly after day 20. All flies raised at 27°C. Two independent experiments are shown for flies
expressing 128QhttFL. Error bars= SEM of 10 trials per time point.

(C) Flying ability in 25-day-old control and huntingtin-expressing flies. Flying ability is
represented in arbitrary units with 12 being a perfect ability and 0 being no ability (see
Experimental Procedures). Note that most control flies that carry only the motor neuron driver
(silver line) or express wild-type huntingtin (16Qhtt™L, grey dotted lines) perform well in this
assay with no significant difference between them (p>0.1, Mann-Whitney test). Most flies
expressing expanded huntingtin (128QhttF-, black lines), on the other hand, show impaired
flying ability when compared to either control (p<0.05, Mann-Whitney test).

(D) Stacks of confocal images of neurons projecting into indirect flight muscles (IFM) 3 and
4 of 10-day (upper panels) and 25-day (lower panels) old flies expressing wild-type (left) or
expanded (right) huntingtin. Note the loss of neuronal projections and NMJs in flies expressing
expanded huntingtin. Scale bar=10pm.

(E) Quantification of the number of neuronal projections in a specified 100pm x 100um area
of IFM 3/ 4 shown in D. 20-day and 25-day, but not 10-day old flies expressing 128QhttFL
have significantly fewer neuronal projections than control flies of the same age expressing
wild-type 16Qhtt™L protein (ns: p>0,05; *: p<0.05, Student-t test; n=5).

All flies raised at 27°C.

Neuron. Author manuscript; available in PMC 2009 January 10.

Day 10 Dayéo Day 25



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Romero et al.

Page 24
Genotypes: C164 (C164-GAL4/+), C164-GFP (C164-GAL4/UAS-GFP), C164-16Qhtt L

(C164-GAL4/UAS-16QhttFL[M28]), C164—128Qhtt™L (C164-GAL4/UAS-128QhttFL(s)
[M36E2]).
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Figure 4. Uneven distribution of full-length huntingtin across boutons does not affect distribution
of key synaptic proteins

(A) Immunofluorescence confocal images of neuromuscular junctions from third-instar larvae
expressing wild-type (left) or expanded (right) huntingtin reveal its uneven distribution from
one bouton to another within individual axons. Boutons are visualized with anti-synaptotagmin
antibody (green) and huntingtin is labeled in red. Scale bar= 10um.

(B) Immunofluorescence confocal images of neuromuscular junctions from third-instar larvae
expressing wild-type (left) or expanded (right) huntingtin show morphologically normal
boutons with no abnormal distribution of proteins involved in neurotransmitter secretion.
Boutons are visualized with anti-dlg (green) and stained for (from top to bottom) GIURIIA,
Rop, Shap and Syx (red). No differences are detected in the patterns of accumulation of any
of these proteins in boutons from larvae expressing expanded huntingtin or boutons from
control larvae expressing wild-type huntingtin (p>0.5, 0.1, 0.1 and 0.1, respectively). Scale
bar=5um.

All larvae raised at 29°C.
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Genotypes: 16QhttFL (Elav-GAL4/+; UAS-16QhttFL(s)[M28]/+), 128QhttFL (Elav-GAL4/+;
UAS-128QhttFL(s)[M36E2]/+).
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Figure 5. Neurotransmitter release probability is increased upon expression of full-length expanded
huntingtin

(A-B) Quantification of EJP amplitudes recorded at (A) 1Hz in 0.6mM Ca2* or (B) 0.25mM
Ca?* in Drosophila larvae expressing a non-toxic control protein (GFP), wild-type or expanded
full-length huntingtin or controls carrying the huntingtin transgene without a GAL4 driver. ns:
p>0.05; *p<0.05; **p<0.01 throughout the figure.

(C) Sample EJP traces recorded from Drosophila larvae expressing GFP control protein and
expanded full-length huntingtin in HL3 buffer at 0.6mM Ca?* (top) or 0.25mM Ca?* (bottom).
For 0.25mM Ca?*, sample traces are also shown for transgenic larvae expressing wild-type
huntingtin and for controls carrying the expanded huntingtin transgene without a GAL4 driver.
Arrows indicate blanked-out stimulus artifact.
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(D-E) Average (D) frequency and (E) amplitude of mEJPs recorded from abdominal muscle
6 or 7 in GFP control and larvae expressing expanded huntingtin. Error bars: SEM. Number
inside bars is the number of animals studied.

(F) Percent failures measured at 1Hz in 0.25mM Ca?* following stimulation at 2—3x threshold
of motor neurons in larvae expressing a non-toxic GFP protein, wild-type huntingtin, expanded
huntingtin or controls carrying the huntingtin transgene without a GAL4 driver.

All experiments done at 29°C.

Genotypes: Elav-GFP (Elav-GAL4/+; UAS-GFP/+), Elav-16Qhtt™L (Elav-GAL4/+;
UAS-16QhttFL[M28]/+), 128Qntt L (UAS-128QhttFL(s)[M36E2]/+), Elav-128Qntt"L (Elav-
GAL4/+; UAS-128Qhtt L (s)[M36E2]/+).
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Figure 6. Heterozygous mutations in genes affecting secretion suppress the increased release
probability caused by full-length expanded huntingtin

(A-H) Quantification of EJP amplitudes (A, C, E and G) and percent failures (B, D, F and H)
in larvae expressing a non-toxic control protein GFP, heterozygous mutant for (A,B) Snap,
(C,D) Rop, (E,F) Syntaxin 1A, or (G, H) Vhal00kDa, expressing expanded huntingtin or
expressing expanded huntingtin as well as heterozygous mutant for either (A,B) Snap, (C,D)
Rop, (E,F) Syntaxin 1A, or (G,H) Vhal00-1 at 29°C. Error bars: SEM. Number inside bars is
the number of animals studied. ns, p>0.05; *, p<0.05; **, p<0.01. Experiments done at 29°C.
(1-N) Sample EJP traces (5 consecutive traces recorded at 1Hz interval) recorded from (1) larvae
expressing expanded huntingtin, (J) the control protein, GFP, (K) heterozygous mutant for
Snap, (L) expressing expanded huntingtin and heterozygous mutant for Snap, (M)
heterozygous mutant for Rop and (N) expressing expanded huntingtin and heterozygous mutant
for Rop. Arrows indicate blanked-out stimulus artifact.

All experiments done at 29°C. All recordings at 1Hz in HL3 buffer at 0.25mM Ca?™.
Genotypes: GFP (Elav-GAL4/+; UAS-GFP/+), 128Qhtt"L (Elav-GAL4/+; UAS-128Qhtt™-(s)
[M36E2]/+), SnapM4/+ (Elav-GAL4/+; SnapM4/+), 128QhttFL/SnapM* (Elav-GAL4/+;
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UAS-128QhttFL(s)[M36E2]/+; SnapM4/+), Rop?’/+ (Elav-GAL4/+; Rop®27/+), 128QhttFL/
Rop®27 (Elav-Gal4/+; UAS-128QhttFL(s)[M36E2]/+; RopC27/+), Syx?2%/+ (Elav-GAL4/+;
Syx229/+), 128QhttmL/Syx229 (Elav-Gal4/+; UAS-128QhttFL(s)[M36E2]/+; Syx229/+), vhal/+
(Elav-GALA4/+; vhal/+), 128QnttFL/vhal (Elav-GAL4/+; UAS-128Qhtt L (s)[M36E2]/+;
vhal/+).
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Figure 7. Heterozygous mutations in genes affecting neurotransmitter secretion also suppress
neurodegeneration and motor impairments in animals expressing expanded full-length huntingtin
(A) Number of rhabdomeres per ommatidium in 20-day-old flies of the indicated genotypes.
The distribution of the rhabdomeres is significantly different (p<0.001, Mann-Whitney test)
between 128Qhtt™ and 128Qhtt L animals also carrying one mutant copy of SNAP, Syx, Rop,
or DmcalD. Flies grown at 27°C.

Genotypes: 128Qhtt™- (GMR-GAL4/+; UAS-128QhttF-(w)[F7]), 128Qhtt"-/SnapM* (GMR-
GAL4/+; UAS-128QhttFL(w)[F7]/SnapM4), 128QhttFL/Syx?29 (GMR-GAL4/+;
UAS-128QhttFL(w)[F7]/Syx%29), 128Qhtt™L/Rop®27 (GMR-GAL4/+; UAS-128Qhtt™-(w)
[F7]/Rop®27), 128QhttFL/DmcalD*10 (GMR-GAL4/DmcalD*10; UAS-128QhttFL(w)[F7]/
+), 128QhttFL/vhal (GMR-GAL4/+; UAS-128QhttF-(w)[F7]/vhal), GFP (GMR-GAL4/ UAS-
GFP).

(B-H) Phalloidin staining of dissected retinas from 20-day-old flies of the genotypes indicated
in each panel. Scale bar= 5uM. Flies grown at 27°C

Genotypes in order: (B)128QhttFL (GMR-GAL4/+; UAS-128Qhtt™-(w)[F7]/+), (C)
128QhttFL/SnapM4 (GMR-GAL4/+; UAS-128QhttFL(w)[F7]/SnapM4), (D) 128QhttFL/Syx229
(GMR-GAL4/+; UAS-128QhttFL(w)[F71/Syx?29), (E) 128QhttFL/RopC2’ (GMR-GAL4/+;
UAS-128QhttF-(w)[F7]/Rop®27), (F) 128QhttFL/DmcalD*10 (GMR-GAL4/DmcalDX19;
UAS-128Qhttm-(w)[F7]/+),.(G) 128QhttF-/Vhal (GMR-GAL4/+; UAS-128QhttF-(w)[F7]/
Vhal), (H) GFP (GMR-GAL4/UAS-GFP).

(1) Suppression of climbing performance phenotype in flies expressing 128QhttFL that also
carry a heterozygous loss-of-function mutation in Syx. Flies expressing the non-toxic GFP
protein or 16Qhtt- show normal decline in climbing performance with age. Climbing
performance impairment occurs prematurely in flies expressing 128QhttFL, but it is restored
to almost normal levels in a background heterozygous mutant for Syx. Error bars= SEM of 10
trials per time point. Flies grown at 25°C. Genotypes: GFP (C164-GAL4/UAS-GFP),
16QhttFL (C164-GAL4/UAS-16QhttFL[M28]), 128QhttFL (C164-GAL4/UAS-128QhttFL(s)
[M36E2]), 128QhttFL/Syx229 (C164-GAL4/UAS-128QhttFL(s)[M36E2]; Syx22%/+).
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(J-L) SEM eye images of flies expressing (J) the non-toxic control protein GFP, (K)
128QhttFL (L) 128Qntt"L and heterozygous mutant for Syx. Note partial suppression of the
disorganized ommatidia phenotype in Syx heterozygous mutant animals. Genotypes: lacZ
(GMR-GALA4(s)/UAS-GFP), 128Qhtt"L (GMR-GALA4(s)/UAS-128QhttFL(s)[M36E2]),
128QhttFL(w)/Syx229 (GMR-GAL4(s)/UAS-128Qhtt™L(s)[M36E2]/+; Syx22%/+). Flies grown
at 25°C.
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Figure 8. Increased Ca?" levels caused by expanded full-length huntingtin can be suppressed
genetically

(A) Fluorescence ratios (F340/F380) measured from fura dextran-filled larval NMJs. Neuronal
expression of 128Qhtt™ and 16QhttF- leads to increased fluorescence ratios compared to
controls (GFP), indicating elevated resting Ca2* levels at these synapses (* denotes p< 0.05,
t-test). These elevated fluorescence ratios are restored to control levels in 128Qhtt™- animals
that are also heterozygous for either Syntaxin or DmcalD mutations (* denotes p< 0.05, t-test).
Genotypes: Elav-Gal4/+; UAS-128QhttFL(s)[M36E2]/+; Syx22%/+ and Elav-GAL4/+;
UAS-1280Qhtt™-(s)[M36E2]/DmcalD*19. Note that animals carrying Syx or DmcalD
heterozygous mutations but no huntingtin transgene show no effect on resting Ca?* levels
compared to GFP controls. Genotypes: Elav-GAL4/+; Syx?2%/+ and Elav-GAL4/+;
DmcalD*19/+. Boutons were measured from 2—3 synapses in 6 larvae per genotype. Dots
denote single data points from individual boutons.

(B) Fluorescence from boutons forward-filled with fura dextran and excited at both 340nm and
380nm. Ca?* -free dye absorbs optimally at 380nm while CaZ*-bound dye is excited primarily
at 340nm. NMJ synapses loaded with fura dextran were clearly visualized (top panel) and
individual boutons could be spatially resolved (dashed box). In contrast to controls (Elav-
GAL4/+; UAS-GFP/+), NMJ boutons from larvae expressing expanded huntingtin (Elav-
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GAL4/+; UAS-128Qhtt L (s)[M36E2]/+) emit more intensely when excited at 340nm
compared to 380nm. However, Syx heterozygosity (Elav-Gal4/+; UAS-128Qhtt~(S)[M36E2]/
+; Syx229/+) alleviates this phenotype.

(C-D) Quantification of EJP amplitudes and percent failures recorded at 1Hz in 0.25mM
Ca®* in larvae expressing a non-toxic GFP control protein, expressing 128QhttFL,
heterozygous mutant for Dmcal1D (C), DmcalA (D), or expressing 128QhttFL as well as
heterozygous mutant for either DmcalD (C) or DmcalA (D). All experiments at done at 29°
C. Error bars: SEM. The number of recordings from at least 3 animals is indicated inside the
bars. ns, p>0.05; *, p<0.05; **, p<0.01 throughout the figure. Genotypes: GFP (Elav-GAL4/
+; UAS-GFP/+), 16Qhtt™L (Elav-GAL4/+; UAS-16QhttF-(s)[M28]/+), 128Qhtt™L (Elav-
GAL4/+; UAS-128QhttFL(s)[M36E2]/+), Syx229/+ (Elav-GAL4/+; Syx22%/+), 128QhttFL/
Syx22? (Elav-Gal4/+; UAS-128QhttmL(s)[M36E2]/+; Syx22%/+), DmcalD*10/+ (Elav-GAL4/
+; DmcalD*19/+), 128QnttFL/Dmcal1D*10 (Elav-GAL4/+; UAS-128QhttFL(s)[M36E2]/
Dmcal1D*10), DmcalAHC129/+ (Elav-GAL4/DmcalAHC129) 128QhttFL/DmcalAHC129 (Elav-
GAL4/DmcalAHC129; UAS-128QnttFL(s)[M36E2]/+).
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