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Infantile-onset neuronal ceroid lipofuscinosis (INCL) is a severe pediatric neurodegenerative disorder produced by
mutations in the gene encoding palmitoyl-protein thioesterase 1 (Ppt1). This enzyme is responsible for the removal
of a palmitate group from its substrate proteins, which may include presynaptic proteins like SNAP-25, cysteine string
protein (CSP), dynamin, and synaptotagmin. The fruit fly, Drosophila melanogaster, has been a powerful model system for
studying the functions of these proteins and the molecular basis of neurological disorders like the NCLs. Genetic modifier
screens and tracer uptake studies in PptT mutant larval garland cells have suggested that Ppt1 plays a role in endocytic
trafficking. We have extended this analysis to examine the involvement of Ppt1 in synaptic function at the Drosophila
larval neuromuscular junction (NMJ). Mutations in Ppt1 genetically interact with temperature sensitive mutations in the
Drosophila dynamin gene shibire, accelerating the paralytic behavior of shibire mutants at 27 °C. Electrophysiological
work in NMJs of Ppti-deficient larvae has revealed an increase in miniature excitatory junctional potentials (EJPs) and
a significant depression of evoked EJPs in response to repetitive (10 hz) stimulation. Endocytosis was further examined
in Pptl-mutant larvae using FM1-43 uptake assays, demonstrating a significant decrease in FM1-43 uptake at the
mutant NMJs. Finally, Ppt1-deficient and Ppt1 point mutant larvae display defects in locomotion that are consistent with
alterations in synaptic function. Taken together, our genetic, cellular, and electrophysiological analyses suggest a direct

role for Ppt1 in synaptic vesicle exo- and endocytosis at motor nerve terminals of the Drosophila NMJ.

Introduction

S-Palmitoylation is one of several posttranslational
lipidation reactions that occur on specific cellular substrates
including both cytoplasmic and integral membrane proteins
(for a review, see ref. 1). The addition of the palmitate moiety
occurs on particular cysteines via a thioester bond and, unlike
myristolation or prenylation, palmitoylation is a modification
that can dynamically modulate the function and localization of
proteins within the cell. The palmitoylation cycle is controlled
by 2 sets of enzymes, the DHHC family of palmitoyl acyl-
transferases that add palmitate to particular substrates,
and palmitoyl acyl-thioesterases, which remove palmitate.
Both enzymes have been implicated in the development of
neurological disorders.>? Mutations that alter the function of
the Palmitoyl protein-thioesterase 1 (Pptl) protein are the cause
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of a childhood neurodegenerative disorder called infantile-onset
neuronal ceroid lipofuscinosis.*

The neuronal ceroid lipofuscinoses (NCL), more commonly
known as the Batten Diseases, are a group of recessive lysosomal
storage disorders that produce lipofuscin-like inclusions in
all cells and neurodegeneration in the cerebellum, retina,
and cerebral cortex.’” To date, 14 different forms have been
characterized primarily by their age of onset and cellular
inclusion pathology.® The infantile onset form of the disease
(INCL) is one of the more severe forms, with symptoms such
as blindness, ataxia, and mental decline beginning to appear by
6-12 mo of age.”” Mutations in the soluble lysosomal enzyme
Pptl are the underlying molecular cause of the disease, but
it is still unclear why the loss of this ubiquitously expressed
protein produces a very specific neurodegenerative phenotype.*
The disease phenotype provides further support that efficient
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Figure 1. Ppt1 and shibire genetically interact. (A) shibire and Ppt1 double mutant chromosomes were characterized in a standard paralysis assay. The
graph shows the paralysis profiles for shibire mutants alone and shibire-ppt1 double mutants. n = 7 for shi,' n = 7 for shi,> n = 7 for shi'; Ppt14"°T, and
n =5 for shi%; Ppt1’’f where n = number of vials with 10 male flies/vial. (B) For each genotype, we calculated the percentage of flies remaining up after
3.5 min. Double mutants paralyzed significantly faster than shibire mutants alone (*** p < 0.001). (C) The graph shows the percentage of flies standing
over the time course of a paralysis recovery at 20 °C. Both genotypes (shi? and shi? ppt1’’f) were placed in vials with 10 flies each. The flies were kept at
18 °C, heat shocked at 32 °C for 2 min, then moved to 20 °C for recovery. After each 30 s interval the number of flies up was recorded and percentages
were calculated. n = 9 for for shi? and shi?; Ppt17’f where n = number of vials. Double mutant flies showed no significant difference in recovery times as

compared with shibire alone.

modulation of protein palmitoylation is crucial for normal
neuronal function.'

The use of several different model systems, in particular yeast,
Drosophila, and mice, has begun to shed light on the cellular
function of Pptl and the role of palmitoylation in neuronal
development and synaptic transmission (reviewed in ref. 11).
Drosophila melanogaster has proven to be an invaluable tool for
dissecting the molecular etiology of human neurological disorders
(reviewed in refs. 12—14). This has also been the case for lysosomal
storage disorders where both gain-of-function and loss-of-function
genetic models have been produced for Congenital NCL (Crsd),>'¢
INCL"" and Juvenile NCL (C/»3)."** Mutations in Drosophila
that mimic the Pptl loss-of-function seen in human INCL produce
cytoplasmic inclusions and autoflourescent storage material.”
Embryological characterization of these mutations in the fly
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demonstrates a role for Pptl in early neuronal specification and
axon guidance.! Gain-of-function genetic screens in the fly have
implicated Ppz! function in the regulation of several neuronal
processes, including synaptic growth/homeostasis and synaptic
vesicle endo/exocytosis.”»** An examination of non-neuronal larval
garland cells in Pp#I mutants showed reduced endocytosis rates,
without alterations in endo-lysosomal trafficking.? Similarly,
alterations in endocytosis have been observed in fibroblasts from
INCL patients.? In neural tissue, changes in endocytosis have been
reported in cultured neurons of Pptl-deficient mice and humans in
the context of a reduction in the synaptic vesicle pool size, but the
functional consequences of Pp#I mutations on endocytosis remains
to be characterized.”?°

Many proteins involved in synaptic vesicle endo- and exocytosis
such as dynamin, endophylin A, SNAP-25, synaptotagmin, the
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Figure 2. Ppt1 mutations do not alter synaptic structure. (A) Images of wild type and Df(1)446-20 neuromuscular junctions from wandering 3rd instar
larval muscles 6 and 7 in abdominal segment A2. Synaptic boutons were visualized with an anti-synaptotagmin antibody. No obvious morphological
defects are seen at Df(1)446-20 synapses. (B) A graph of bouton counts (average+/—SE) from the same muscle set shown in (A). There is no significant

statistical difference in the number of boutons between the 2 genotypes (p

cysteine string protein (CSP), and synaptobrevin 2 (VAMDP2) are
likely substrates of Pptl, and the membrane localization of these
proteins may be influenced by their palmitoylation status. Kim
et al.? have observed reduced levels of many of these presynaptic
proteins in the soluble fraction of postmortem brains of INCL
patients, as well as in Pptl-knockout mice, suggesting that these
proteins remain anchored to the synaptic membrane in the
absence of depalmitoylation. Palmitoylation also seems to play
a role in the correct localization of presynaptic proteins to the
appropriate intracellular or plasma membrane domain, as shown
in the Drosophila mutant of palmitoyl acyl transferase, hipl4.%
In these mutants, the inability to palmitoylate CSP and SNAP-
25 leads to the mislocalization of these proteins such that they
remain in the neuronal cell bodies instead of being trafficked to
the nerve terminals.?”*® As a result, these palmitoylation mutants
also show defects in synaptic vesicle exocytosis.

In this study, we have examined the consequences of Ppzl
mutations at the Drosophila larval neuromuscular junction, a
very well-characterized synapse. We initially observed genetic
interactions between Ppz/ mutations and Dynamin temperature
sensitive alleles and subsequently found changes in spontaneous
release of glutamate from the motor nerve terminals, as well as
altered responses to repetitive stimulation of the motor nerve.
Changes in endocytosis/vesicle recycling were demonstrated
in vivo by a reduced ability of nerve terminals to recover from
repetitive stimulation and by reductions in FM1-43 uptake in
the Pptl-mutant larval nerve terminals. Finally, we have observed
defects in larval locomotion in Ppt/-deficient larvae, which were
rescued by neuronal expression of Pptl. These data point to the
importance of Pptl, and palmitoylation in general, in synaptic
vesicle endo- and exocytosis and neuromuscular function.

www.landesbioscience.com Fly

= 0.11, Mann-Whitney). n = 9 larvae for both wild type and Df(1)446-20.

Results

Pptl significantly enhances the shibire paralytic phenotype

InordertofurtherprobePptl connectiontovesicleendocytosis
genes that had been revealed in genetic modifier screens, we
turned to temperature sensitive loss-of-function mutations in
the shibire (shi) locus, which encodes the Drosophila Dynamin
homolog.?” Our previous work demonstrated a gain-of-function
genetic interaction with the Dynamin gene. The shibire™
(shi") and shibire™? (shi*) alleles show reversible paralysis when
shifted to 29 °C caused by adverse effects on endocytosis and a
temporary block in synaptic vesicle recycling.>>?' Alleles of PpzI
show no paralysis at elevated temperatures (data not shown).
To examine loss-of-function genetic interactions between
alleles of Pptl and shi we created double mutant shi,! Ppr147"
and shi,? PptI¥”7" X-chromosomes using meiotic recombination
(see Materials and Methods for selection procedures). Previous
work has shown that 27 °C provides a sensitized background in
which to observe modifications of the shi paralysis profile.? We
performed assays to measure paralysis and recovery rates of 4
Drosophilalines (shi'; shi*; shi,! Ppt1*7’Tand shi,* Ppt1*”’F). When
individual lines were held at 18 °C and then shifted to 27 °C, an
increase in the rate of paralysis was observed when comparing
the single sh7 mutants (7 vials) to the shi, Pptl double mutants
(7 vials) (Fig. 1A-B). The percentage of non-paralyzed shi,'
Ppel*7’T was significantly reduced (8.7% +/— 3.4) as compared
with non-paralyzed shi' flies (92.9% +/— 1.8) at the 3.5 min
time point (p < 0.001, Student ttest). Consistent with this
interaction, the percentage of non-paralyzed shi,> PptI*”7F flies
(6.0% +/— 4; 5 vials) was significantly reduced as compared
with non-paralyzed sh7* flies (60.6% +/— 5.6; 7 vials) at 3.5 min
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Figure 3. Synapses of Ppt1-deficient mutants display increases in spontaneous neurotransmitter release. (A) Representative traces of spontaneous min-
iature EJPs in muscle 6 of w'"’é, Ppt147°T, Ppt1577F, Df(1)446-20 and Df(1)446-20;elav-Gal4/UAS-Ppt1 larvae. Scale bars are 1 mV, 100 ms. (B) Average ampli-
tudes of mini EJPs from the genotypes indicated. Averages were obtained from 10-20 cells per genotype. No significant differences between genotypes
were observed. (C) Average miniature EJP frequency for the genotypes listed, obtained from 10-20 cells per genotype. The average mini EJP frequency
was significantly higher in cells from Df(1)446-20 and Df(1)446-20;elav/+ larvae (* = p < 0.05, 1-way ANOVA) and were not significantly different from w'’¢

(p > 0.001, Student ttest). These results are representative
of 3 independent, blind experiments. We also determined
whether Ppzl mutations alter the paralytic recovery rate of
shibire mutations. Synaptic vesicles that have been depleted at
restrictive temperatures in sh7 mutants recover, and recycling
events are restored, once the flies are shifted to the permissive
temperatures of 20 °C. To examine recovery, we used a paralysis
recovery assay (see Materials and Methods) in which flies were
held at 18 °C, rapidly paralyzed by shifting to 32 °C for 2 min,
followed by recovery at 20 °C. Using this approach we found
that Ppz] mutations had no effect on recovery rates of shibire
mutant flies (Fig. 1C).
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Synaptic development appears normal in PpzI mutants

The paralysis assays further confirmed a role for Ppzl in
synaptic vesicle cycling. Several genes known to play a role in
this process also play a role in the structural development of the
synapse.”® To determine if there were structural abnormalities
associated with these mutants, we examined synaptic development
in Pptl third instar larvae. Staining of the Pp#] deficiency mutant
larval neuromuscular junctions showed no gross morphological
changes, and bouton number (100 +/— 7.02), as shown by anti-
synaptotagmin staining, was not significantly altered as compared
with wild-type controls (116 +/— 4.60; p = 0.11, Nonparametric
Mann Whitney U Test) (Fig. 2A and B).
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Figure 4. Ppt1 mutations do not alter evoked EJPs. Representative traces of spontaneous miniature EJPs in muscle 6 of w'”® control larvae (A) and
Df(1)446-20 larvae (B). (C) A graph showing evoked EJP amplitudes in 1.0 and 0.5 mM Ca?*. In 1.0 mM Ca?**, average evoked EJP amplitudes were not
significantly different in muscles from w'"’ control (n = 20), Ppt147"(n = 16), or Df(1)446-20 (n = 20) larvae (p > 0.05). In 0.5mM Ca?*, the average evoked
EJP amplitudes were also not significantly different between the 3 genotypes (p > 0.05; W'’ control [n = 17], Ppt14"”°T [n = 16], or Df(1)446-20 [n = 16]).

PptI mutations affect mini EJP frequency but not amplitude
Given the synaptic
morphology, we asked whether Pp#/ mutations impacted synaptic

absence of significantly altered
transmission by examining spontaneous neurotransmitter
release at the 3rd instar larval neuromuscular junction. Motor
neuron synapses onto muscle 6 of the body wall provide a well-
characterized electrophysiological system that can be used to
directly examine whether mutations of Ppz! elicit a change in
pre- or post-synaptic function. To begin our characterization
of possible NM] phenotypes, we analyzed the frequency
and amplitude of spontanecous miniature excitatory junction
potentials (mini EJPs). Work at the frog neuromuscular
junction has shown that changes in presynaptic function result
in changes in the frequency of miniature synaptic potentials,
whereas postsynaptic changes lead to changes in the amplitude
of these events.** None of the mutants showed any significant
difference from wild-type flies in the amplitude of observed
minis (Fig. 3A-B). Average mini EJP amplitudes were 1.13

www.landesbioscience.com Fly

+/—0.16 mV for w8 wild-type flies (n = 16 cells from 13 larvae),
1.29 +/— 0.28 mV for PptI*”T point mutants (n = 10 cells,
9 larvae), 1.09 +/— 0.11 mV for Ppz*’F point mutants (n = 20
cells, 18 larvae), 0.82 +/— 0.09 mV for Df{1)446—-20 mutants
(n = 17 cells, 16 larvae), and 0.93 +/— 0.15 mV for Df{1)446—
20;elav-Gal4/UAS-Ppt rescue flies (n = 10 cells, 5 larvae). The
average resting potentials also did not differ significantly between
the genotypes (Vm = -65.44 +/— 1.23 mV, -63.1 +/— 1.02 mV,
-64.6 +/— 1.12 mV, -65.35 +/— 1.24 mV, and -65.2 +/— 1.29 mv,
for W', Ppt1*7°T, Ppt1%77, Df(1)446-20 and Df(1)446—20; elav-
Gal4/UAS-PptI rescue flies, respectively). Since the post-synaptic
receptor is what determines the amplitude of the post-synaptic
response, the lack of significant difference in amplitude implies
that there is probably no defect in larval post-synaptic function
in these mutants.®

The frequency of miniature events is dictated by the
pre-synaptic function of synaptic release.’® We observed
increased mini EJP frequency in the Df{1)446—20 mutants
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Figure 5. Repetitive stimulation of Ppt74'”°T and Df(1)446-20 motor neu-
rons reveals more rapid vesicle depletion and slower vesicle recycling.
(A) Evoked EJPs in muscle cells of w'"® larvae before, at the start, and at
the end of 10 Hz repetitive stimulation, and during the recovery phase
following 10 Hz stimulation. (B) and (C) Evoked EJP amplitudes normal-
ized to the pre-10 Hz- stimulation size, in W1118 and Df(1) 446-20 larvae
(B) or W1118 and (Ppt74'7°) larvae. Before the 10 Hz stimulation the EJP
amplitudes did not differ significantly. At the end of the 10 Hz stimula-
tion, and 60 s after recovery, EJPs in the mutant larvae were significantly
different from wild type (* = p < 0.05, repeated measures ANOVA; W', n
= 20; Ppt1"7", n = 16; Df(1)446-20, n = 20).

(p < 0.05, 1-way ANOVA), suggesting that this mutation did in
fact elicit a change in pre-synaptic function at the neuromuscular
junction (Fig. 3A and C). Average mini EJP frequencies were
3.8 +/— 0.35 EJPs per second for w'*$ wild-type flies (n = 16),
4.2 +/— 0.50 events per second for PptI*"”’T point mutants
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(n = 10), 3.0 +/— 0.56 events per second for Ppt/*”F point
mutants (n = 20), 5.6 +/— 0.84 events per second for Df(1)446—
20 mutants (n = 17), and 5.4 +/— 0.73 events per second for
Df(1)446—20;elav/+ (n = 7 cells). We observed no difference in
mini EJP frequency between wild-type w'/*# flies and rescued flies
of the genotype Df(1)446-20;elav-Gal4/UAS-Pptl (Fig. 3C).
Df(1)446—20; elav-Gal4/UAS-Ppt] flies had an average mini
EJP frequency of 3.2 +/— 0.37 events per second (n = 10), which
was not significantly different from 3.8 +/— 0.35 events per
second for w'”® flies (p > 0.05, one-way ANOVA). The rescue
of the increased mini-EJP frequency by expression of Pptl pre-
synaptically demonstrates that loss of pre-synaptic Pp#! function
is responsible for the altered synaptic function.

Pptrl mutations show enhanced vesicle depletion and
impaired vesicle recycling

To determine whether Pptl is involved in calcium-mediated
synaptic transmission, we stimulated the motor neurons
innervating the body wall muscles and recorded evoked EJPs in
muscle 6. The evoked E]JPs recorded in 1.0 or 0.5 mM Ca?* in
PptI*7T and Df(1)446-20 larvae were not significantly different
from those produced in w"*¢ wild-type muscle (Fig. 4A-B). In
1 mM Ca?* the evoked EJP amplitudes were 38.05 + 1.89 mV
for w'® wild-type larvae (n = 20), 36.89 + 2.57 mV for the
PptI*77 point mutant (n = 16), 36.14 + 4.44 mV for the Pptl¥7"
point mutant (n = 14, not shown), and 41.32 + 2.43 mV for
Df(1)446—20 deficient mutants (n = 20) (Fig. 4C). Evoked EJPs
were significantly smaller in 0.5 mM Ca?*, but not different
across genotypes (30.33 +/—2.17 mV (n = 17) 25.47 +/—2.33 mV
(n = 16), and 28.32 +/— 3.42 mV (n = 16) for &', Ppt1*77]
and Df(1)446-20 larvae, respectively (Fig. 4C). Thus, it appears
that Pptl is not required for stimulus-evoked exocytosis under
the conditions tested.

To examine whether Pptl or its substrates play a role in
controlling vesicle depletion and recycling during and after high-
frequency stimulation, we stimulated the motor nerve at 0.2 Hz,
and then repetitively at 10 Hz for 5 min. We then measured
the amplitude of the evoked EJPs throughout the baseline and
stimulation periods (Fig. 5A). We followed this pattern with
stimulation at 0.2 Hz to investigate potential differences in
the recovery from the repetitive stimulation. As mentioned
above, the baseline EJPs were not significantly different across
genotypes (p > 0.05, repeated measures ANOVA), and therefore,
we normalized the data to the size of the baseline responses.
Repetitive stimulation leads to the rapid loss of synaptic vesicles
from the readily releasable pool, followed by loss from the
recycling pool; with more intense stimulation or in compromised
synapses, vesicles are recruited from the reserve pool.***” Evoked
EJPs in the Df(1)446-20 larvae showed a gradual decline in
evoked EJP amplitude during the 10 Hz stimulation, while EJPs
in the "¢ wild-type larvae declined slightly less throughout
the repetitive stimulation (Fig. 5B). The percentage change in
evoked EJP amplitude of Df{1)446-20 deficient mutants was not
significantly different from those in "8 wild-type larvae at any
point during the 10 Hz stimulation, except at 300 s, i.e., the end
of high frequency stimulation (p < 0.05; Fig. 5). Evoked EJPs in
PptI*7’T point mutants initially declined in a similar fashion to
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Figure 7. Pptl mutant larvae have locomotion defects. A graphical
representation of locomotor assay results for control (W', n = 38),
Ppt1 point mutants (Ppt7*”f, n = 29 and Ppt147", n = 20), Ppt1-deficient
mutant (Df(1)446-20, n = 29) and Ppt1 rescued mutant Drosophila lar-
vae (Df(1)446-20; elav-Gal4/UAS:Ppti1, n = 26). Control larvae had a sig-
nificantly greater path length than Ppt7-deficient and Ppt7 point mutants
(*, p < 0.05). Expressing Ppt1 in the nervous system with elav-Gal4 pro-
duced a path length that did not differ significantly from wild type
(NS, p > 0.05).

those in wild-type, but continued to decline with the repetitive
stimulation. After 180 s of 10 Hz stimulation the EJPs were
noticeably smaller than the /"8 wild-type EJPs. The evoked EJP
amplitudes were significantly different from those in %" for the
last full minute of 10 Hz stimulation (p < 0.05; Fig. 5C).

To investigate whether synapses in these mutants can recover
from the synaptic depression elicited by 10 Hz stimulation,
EJPs elicited by the baseline stimulation frequency (0.2 Hz)
were monitored for an additional minute or longer. The level
of recovery was significantly lower in Df{1)446—-20 mutants
compared with %" (p < 0.05; repeated measures ANOVA). At
w""® synapses, EJPs recovered to 89.33 + 4.14% of the baseline
responses 60 s after returning to the 0.2 Hz stimulation, whereas
in Df{(1)446-20 synapses the EJPs were only 66.3 + 8.95%
of baseline (Fig. 5B). Recovery of EJP amplitudes at PprI*77
synapses was similarly compromised, reaching 62.09 + 9.9% of
the baseline responses, which, like the Df{1)446—20 responses,
were significantly different from the w/'*¥ responses (p < 0.5;
Fig. 5C). Thus, '’ synapses have significantly greater vesicle
recovery than those in either of the mutant genotypes.

PptI mutations reduce endocytosis as measured by FM1-43
uptake

To assess more directly the impact of Pp#/ mutations on vesicle
cycling and endocytosis, we used the fluorescent endocytic tracer
FM1-43X to measure synaptic endocytosis at third instar NM]Js
of control and Pp#I mutant larvae. Flourescence of FM1-43X, a
fixable version of FM1-43, is not detectable when in an aqueous
environment, but its quantum yield increases significantly after
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it is endocytosed at Drosophila synapses and interacts with the
vesicle membrane.?® The uptake of the tracer and subsequent
fluorescence therefore allows for a quantitative measurement
of vesicle cycling at the NMJ. As shown in Figure 6A, when
control larvae were stimulated for 1 min with 90mM K* there
was a significant uptake of the dye, as indicated by the bright
fluorescent signal in individual boutons. This particular
stimulation protocol preferentially labels the exo-endo cycling
pool of vesicles at the synapse.?® When a similar protocol was used
to stimulate endocytosis in Ppz] mutant larvae, both Df{1)446—
20 and PptI*”’T synapses showed a significant reduction (-40%)
in tracer uptake, indicating that there is a defect in endocytosis
at the NM]J (Fig. 6B).

Larval locomotion is impaired in Ppzl mutants

Examining locomotion in adult or larvae has proven to be
a useful way to connect behavior and synaptic function.” In
addition, the paralysis behavioral assays discussed above were
performed in adults in which previous work has demonstrated
the accumulation of abnormal storage material. Storage material
does not yet appear in the larval nervous system and we wanted
to determine if our cellular phenotypes also impacted obseeved
behavior in the absence of inclusions. Thus, to complement our
larval physiology and uptake data, we performed a locomotor
path-length assay to examine potential behavioral effects caused
by the loss of Pptl function in wandering third instar larvae.
After allowing larvae to crawl on agarose plates for five minutes,
both the Ppzi-deficient (Df(1)446—20) as well as the 2 Pptl point
mutants (PptI*7’T and PptIS”’F) exhibited significantly shorter
average path lengths compared with those of wild-type larvae
(W' p < 0.05; Fig. 7). Wild-type Drosophila had an average
path length 0of 12.16 + 0.68 cm (n = 38; Fig. 7). The average path
length was 8.25 + 0.87 cm (n = 29), 6.96 £ 0.55 cm (n = 29), and
3.90 + 0.45 cm (n = 20) for Df(1)446-20, Pptl*”’", and Pptl*77,
respectively (Fig. 7). When the Pp#] mutation was rescued using
elav-Gald (Df(1)446-20; UAS-Pptl, elav-Gal4), the average
path length traveled was 11.81 + 0.96 (n = 26; Fig. 1), which
is not significantly different from wild type. (p > 0.05). These
results suggest that the reduced path-lengths we observed were
caused solely by the loss of Pptl activity in the larval nervous
system and may be attributable to reduced motor function.

Discussion

The work described here extends our understanding of Pptl
function in the Drosophila nervous system. In particular, we have
shown that Pptl loss-of-function mutations show an increased
frequency of mini EJPs, defects in vesicle cycling during and
following repetitive stimulation, and a decreased rate of FM1-
43 endocytosis. These phenotypes suggest a role for Pptl at
the neuromuscular junction that is further supported by the
locomotion defects observed in mutant larvae and the genetic
interactions between Ppt/ mutations and temperature sensitive
shibire alleles. The more direct functional connections to synaptic
vesicle recycling described here are built upon previous data from
PptI genetic modifier screens that identified enhancer/suppressor
loci such as endophilin A, dynamin, and synaptotagmin.*>*
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Alterations in motor function

Our observation that the locomotion defects in the Ppzl
mutants could be rescued by reintroduction of neural wild type
Pptl activity suggests that loss of Pptl in the nervous system was
the primary cause for the decrease in locomotor behavior. These
results agree with those of Macauley et al.,** who found that
PPT1""" mice exhibit a decline in motor functioning as measured
by performance on a rotorod. Whereas the locomotor defects in
PPT17" mice coincide with cerebellar neuronal loss, however,
the locomotor defects observed in Drosophila larvae occur before
intracellular inclusions are observed in the nervous system." It is
unclear whether the motor dysfunction in human INCL patients
precedes or requires neuronal loss, although some synaptic
phenotypes are observed in the absence of typical NCL pathology
in cultured mouse cortical neurons, indicating that important
neuronal processes are disrupted early in the disease process.”
This is consistent with the work presented here, suggesting that
the larval synaptic phenotypes we describe in the fly are very
relevant to NCL disease etiology.

Alterations in exo- and endocytosis

Our findings elucidate several presynaptic modifications
that are connected to the loss of Pptl function. The increase
in miniature EJPs in the Pptl-deficient synapses suggests an
increase in spontaneous fusion of synaptic vesicles with the
presynaptic membrane, compared with their wild type and point-
mutant counterparts, all of which had similar mE]JP frequencies.
The reversibility of the Pptl deficiency by pre-synaptic rescue
of the gene, and the lack of change in the mini EJP amplitude
in the Pptl-deficient larvae, demonstrates that the effects at
the post-synapse are likely to be minimal.** These results are
also consistent with previous studies identifying potential pre-
synaptic substrates of Pptl and its possible localization, which
do not point to an interaction of Pptl with receptors or other
post-synaptic targets.’**! Instead, most of the potential neuronal
substrates, such as dynamin, SNAP25, CSP, VAMP2, syntaxin
1, SYTIL, and GADG5, are pre-synaptic and control synaptic
vesicle cycling. It is curious that the point mutation in the Pptl
active site (PptI177) failed to modify mini EJP frequency. It
is possible that the substrates involved in spontaneous vesicle
fusions can still interact with this mutant enzyme, and/or
there is some residual thioesterase activity in the point mutant,
whereas complete absence of the enzyme eliminates a “brake” on
spontaneous release.

Although the Pptl-deficiency affected spontancous release
of glutamate at these synapses, the loss of Pptl does not appear
to affect stimulus-evoked release, even at reduced calcium
concentrations. This is consistent with observations of excitatory
postsynaptic potentials in hippocampal pyramidal neurons of
acute brain slices and cortical neuron cultures prepared from
Pptl-knockout mice.”** This suggests that at low stimulus
frequencies, calcium-evoked glutamate release from Pptl-
deficient neurons is intact. At higher (e.g., 10 Hz) stimulus
frequencies, as tested here and by Virmani et al.,”> Ppz/-mutant
nerve terminals show initial rates of depression, during the first
10 s of stimulation, that are similar to those of wild-type nerve
terminals. With prolonged 10 Hz stimulation, however, the Ppzl
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mutant (Df(1) or Pptl*”*") nerve terminals show significantly
more depression than their wild-type counterparts, perhaps due
to an enhanced depletion of synaptic vesicles. Though we have
not yet examined synaptic vesicle numbers in Drosophila Pptl-
mutant nerve terminals, several groups have shown that loss of
PPT1 in mouse cortical neurons in vitro results in a decline in
the size of the readily releasable synaptic vesicle pool as well as

the total vesicle pool.>%

Such changes in vesicle number are
likely due to reductions in endocytosis, perhaps due to alteration
in the function of dynamin and other palmitoylated presynaptic
proteins. Indeed, consistent with in vitro mouse results, we have
observed a significantly reduced ability of PpzI loss-of-function
nerve terminals to recover from repetitive stimulation, as well as
reductions in in vivo endocytosis measured by FM1-43 uptake
(Fig. 6).

These observations provide a mechanistic explanation for our
experimental results demonstrating a genetic enhancement of
shi temperature sensitive mutant paralytic phenotypes and Ppz!
loss-of-function point mutations. This confirms our previous
work showing gain-of-function genetic interactions between

these 2 loci and electron microscopic analysis of PpzI4/77

garland
cells that revealed ultrastructural defects in endocytic processes
similar to those observed in dynamin mutants.”® Taken together,
these data support a direct role for Pptl and de-palmitoylation in
modulatingendocytosis. A reduced synaptic vesicle pool, produced
by disruption of dynamin function and reduced synaptic vesicle
recycling, could account for the genetic interaction between Ppzl
and shi temperature sensitive paralysis mutants. Alternatively,
dysregulation of exocytosis could also influence paralysis rates.
These 2 models are not mutually exclusive given the effects we
have shown on both processes in this paper and for the fact
that several proteins involved in both the exo- and endocytic
portions of the cycle are likely palmitoylated. Future experiments
that closely examine synaptic vesicle populations in these nerve
terminals will provide further support of that hypothesis.

Allele behavior

The behavior of the point mutations in relation to the
deficiency differed depending on the experimental context. For
example, the frequency of mini-EJPs was altered in the Df{1) line
but not in the PpzI*"” line (Fig. 3). Conversely, evoked EJPs in
the Ppt1*"” line seemed to fatigue more quickly with repetitive
stimulation than evoked EJPs in the Df{1) line, whereas recovery
from the repetitive stimulation was defective in both genotypes
(Fig. 4). It is unclear why these differences in electrophysiological
phenotype were observed in the different mutant lines, and
why the locomotion phenotype was most severe in the PprI47”?
mutants. The deficiency completely removes the coding region of
PptI and thus represents the complete loss of Pptl function in the
fly."” The Alanine to Threonine mutation (Ppt//”’) is analogous
to position 171 in the human protein and is located at the distal
end of the substrate binding pocket. Human INCL mutations,
V18IM and E184K, are also located in this region and result in
an almost complete loss (< 2%) of wild-type function.®* The
Serine to Phenylalanine mutation (Pp#*’7%), analogous to Serine
69 in the human protein, is located outside of the active site and
though there is no human INCL mutation at this residue, there
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are 2 disease-causing mutations nearby (T75P and D79G) that
cause a later-onset form of NCL.%*% While there is little enzyme
activity associated with these point mutations in humans,
there is some remaining immunoreactivity in patient cell lines,
demonstrating that Pptl protein is still being made at reduced
levels.** In the fly, the point mutants behave similarly to the Df{(1)
in an enzymatic assay, although any residual activity in the point
mutants is likely outside the sensitivity of the assay."” Lifespan
assays with heterozygous combinations of the point mutations
and the Df{1) line suggest that there is some residual function of
the enzyme indicating that the mutant proteins may be expressed
at low levels with important functional consequences."” Finally, it
is also possible that some genetic background differences between
the point mutations and the Df{1) line may explain some of the
variability. As a whole, regardless of genetic mutation, our work
points directly to a role for Pptl function in synaptic exo- and
endocytosis. It also suggests that the further study of individual
point mutations, at the genetic and biochemical level, may reveal
important mechanistic information about Pptl’s function during
these important synaptic processes.

Connections to substrates

The synaptic phenotypes we report here are consistent with
and expand upon published results from several groups working

in mouse models.?>?¢

The biochemical basis for these phenotypes
is less clear. Although we currently lack optimal reagents, such as
an effective Drosophila anti-Pptl antibody that will allow us to
confirm a presynaptic localization of Pptl, we can speculate thata
small pool of endogenous Pptl is likely to be at the synapse in the
fly as has been observed by one group in mouse tissue.?**! Even if
Pptl is primarily lysosomal in Drosophila that does not preclude
an indirect, although important, impact on synaptic function.
The build-up of membrane-bound palmitoylated metabolites in
Pptl deficient flies, similar to what is observed in humans, could
directly interfere with the function of important palmitoylated
synaptic proteins.*>*

SNAP-25 and CSP are especially attractive Pptl substrate
candidates. SNAP-25 is palmitoylated, and this palmitoylation
occurs simultaneous with and is necessary for membrane
association.” A comparison of the synaptic phenotypes we
characterized suggests that SNAP-25 is a Pptl substrate.
Similar to Df{1)446-20 larvae, temperature-sensitive SNAP-
25 (SNAP-25%) larvae show increased mini-EJP frequency at 22
°C with no differences in mini-EJP amplitude.” The authors
suggested that the SNAP-25" mutation may yield more fusion-
ready SNARE complexes, thus increasing the frequency of
vesicle fusion.” The phenocopy of this mutation by a null Ppt]
mutation may be associated with a dysregulation of SNAP-25
palmitoylation, leading to an increase in membrane-associated,
palmitoylated SNAP-25 following vesicle release. This might
produce an increase in spontaneous fusion events, as exemplified
by the increase in mini EJPs. This is supported by the recent
observation of increased membrane sorting and retention of
SNAP-25 and other presynaptic palmitoylated proteins in

neurons of Pptl-deficient mice or humans.?

Future experiments
will be needed to determine if depalmitoylation is necessary for

SNAP-25 membrane dissociation and whether this event occurs
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concurrently with cessation of presynaptic neurotransmitter
release.

Considering the recent implication of cysteine string protein
(CSP) mutations (DNAJC5) in adult-onset NCL,**® and the
known palmitoylation of this presynaptic protein,>* CSP
is another candidate that likely has an altered function and
localization in PptI-mutant Drosophila as well as INCL patients.
In adult-onset NCL patients (also known as Kufs Disease),
identified mutations in CSPa gene are found in the cysteine-
string domain and are known to affect palmitoylation and its
intracellular localization.?*® This leads to reductions in overall
levels of CSPa and neurodegeneration,” and/or aggregation
of the mutant CSPa monomers.*® At a functional level, recent
experiments using CSPa knockout mice have shown an intimate
connection between CSPa, dynamin 1, SNAP-25 and exo/
endocytic coupling, elucidating a direct molecular connection
for CSP to synaptic vesicle pool maintenance.’*

In Drosophila, palmitoylation of CSP and SNAP25 is clearly
necessary for their proper trafficking within the cell, as shown
by the consequences of mutations in the neuronal palmitoyl acyl
transferase, Hip14.77% Whether depalmitoylation by protein
thioesterases also influences trafficking and functioning of
synaptic proteins to and from the nerve terminals is unknown,
but likely, particularly for the peripheral membrane proteins that
associate with the membrane using palmitoyl moieties. The role
of palmitoylation for transmembrane protein localization and
function is even less clear; however, the observation that changes
in neuronal activity can influence the palmitoylation of proteins
like synaptotagmin 1 and PSD95 suggests that this highly
dynamic, reversible process may be critical to the functions
of proteins involved in synaptic transmission.’ In the case of
repetitive stimulation for long durations, our results suggest that
depalmitoylation is necessary for the recycling of vesicles needed
to replenish the readily releasable store of vesicles.

The evidence we have presented would suggest that, rather than
a general alteration in palmitoylation, Pptl may modulate critical
pre-synaptic components, such as CSP, SNAP25, and Dynamin,
that are essential for efficient exo/endocytic coupling at the
synapse. Taken as a whole, these data move our understanding of
the disease process forward by demonstrating the importance of
palmitoylation as a regulatory mechanism in synaptic processes
and implicates particular proteins in the etiology of INCL.
Considering the numerous genetic tools available in Drosophila,
and the ability to look at genetic interactions between Pprl
mutations and mutations in potential substrate proteins, this
species will likely continue to serve as a viable model system
for understanding INCL, other NCL diseases, and general
neurodegenerative processes.

Materials and Methods

Drosophila strains and genetics

Fly stocks were maintained on standard medium at 25 °C,
except shi-Pptl recombinant stocks, which were maintained
at 18 °C. Df{(1)446—20 (FBal0150942) is a small deletion
that completely removes the pptl locus and 3 other loci
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(CG11294, CG1795, and CGI11285; Glaser et al., 2003). The
neuronal-specific inclusions observed in this deficiency line
are completely rescued by elav-Gal4 (FBst0038399) driven
expression of a UAS:Pptl (FBal0193173) transgene.” The
Ppt1*7°T (FBal0193174) and Ppt1¥7" (FBal0193175) point
mutations are loss-of-function alleles that were created and
maintained on an isogenic background for these experiments."”
The neuronal specific inclusions observed in these point mutants
are also completely rescued by elav-Gal4 driven expression
of a UAS:Pptl transgene.” shi' (FBst0304950) and sh#?
(FBst0305416) were obtained from the Bloomington Drosophila
Stock Center (Bloomington, IN). The UAS: PptI transgenic lines
were previously described.'® All other lines used in this study were
obtained from Bloomington.

Locomotor assays

Locomotor assays were performed to examine potential
differences in motor behavior of the PPT1 mutants compared
with wild-type Drosophila; 5 genotypes were investigated (w''"%,
Df(1)446-20, PptI*”7F, Pptl*”7, and Df{1)446-20; UAS-Pptl,
elav-Gal4). Third instar larvae were placed on 1% agarose plates
(9 cm petri dishes) for 5 min at room temperature (23 °C) while
their paths were traced on the petri dish lids.”>*° Image] was used
to measure the path lengths, and differences in path length were
compared using 2-way ANOVA.

Miniature and evoked excitatory junction potential (EJP)
recording

Third instar larvae were pinned to a Sylgard™ substrate and
dissected in Ca?*-free HL3 (70 mM NaCl, 5 mM KCI, 20 mM
MgCl,-6H,0, 10 mM NaHCO,, 5 mM D~ Trehalose dihydrate,
115 mM Sucrose, and 5 mM Hepes acid)*” to expose the body wall
muscles. The motor nerves were cut near their attachment to the
ventral nerve cord to prevent the generation of action potentials
in motor axons from the CNS. Before recording, the Ca** free
bath was exchanged three times with 1 mM or 0.5 mM Ca*-
containing HL3 media at room temperature (23 °C). Intracellular
recording electrodes (resistance 10-30 M) were filled with 3 M
KCI and placed in muscle fiber 6 in abdominal segment 3 or 4,
and a reference electrode was placed in the bath. Signals were
monitored with a Dagan IX1 amplifier in intracellular mode,
digitized using a Powerlab 2/25 (ADInstruments) and displayed
in Chart5 for Windows (2007). In muscle fibers with a resting
membrane potential of at least -60 mV, mini EJPs were recorded
for a minimum of 3 min, and their amplitudes and frequencies
were analyzed using Chart 5 for Windows. Mini EJP amplitudes
and frequencies were compared across genotypes using one-
way ANOVAs. If a significant variation across genotypes was
observed, the Fisher’s PLSD post-hoc test was used to determine
which groups differed significantly.

Evoked excitatory junction potentials and repetitive stimu-
lation recordings

To elicit evoked EJPs, the segmental nerve was stimulated
with a suction electrode filled with HL3, with 1 ms pulses
generated at 0.05 Hz by an Isolator-II Stimulus Isolation Unit
(Axon Instruments). Chart 5.5.6 for Windows was used to
monitor the membrane potential as the recording electrode was
placed in muscle 6. If the resting membrane potential was stable
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and more negative than -60 mV, the neuromuscular junction was
stimulated at a frequency of 0.2 Hz for 1 min. Chart 5.5.6 was
used for the stimulus protocol, data acquisition, and measurement
of the amplitude of evoked EJPs. The baseline stimulation was
followed by 5 min of repetitive 10 Hz stimulation, in attempt to
measure the rate of vesicle depletion, and then followed by 1 min
of 0.2 Hz stimulation to determine the rate of synaptic vesicle
recovery. The amplitude of baseline evoked EJPs was measured
every five seconds during the 0.2 Hz stimulation. During the
10 Hz stimulation, 10 consecutive EJPs were measured every
30 s. Each of the 10 responses was then averaged for a total of
11 average responses over 300 s. The recovery from repetitive
stimulation was determined by measuring evoked EJPs every five
seconds during the final 0.2 Hz stimulation period. Recordings
were taken from at least 16 different larvae per genotype, and
average evoked EJPs were compared using unpaired ttests of
unequal variance or repeated measures ANOVAs. All data are
presented as average + S.E.M., and the sample size (N) indicates
the number of cells recorded in the same number of larvae.

Measuring endocytosis by FM1-43 uptake

FM1-43 uptake at third Instar NM]Js was done according
to Verstreken et al.*® Briefly, third instar larvae were pinned to
a Sylgard™ substrate and dissected in Ca**-free HL3 (110 mM
NaCl, 5 mM KCI, 10 mM MgCl,, 10 mM NaHCO,, 5 mM
trehalose, 30 mM Sucrose, and 5 mM Hepes) to expose the body
wall muscles. The motor nerves were cut near their attachment
to the ventral nerve cord to prevent the generation of action
potentials in motor axons from the CNS. Labeling of exo-endo
cycling synaptic vesicles was achieved by a 1 min KCl stimulation
of the neurons in the presence of FM1-43X (Invitrogen). The
HL3/FEM1-43X labeling solution contained 90mM KCL and
4uM FM1-43X (25mM NaCl, 90 mM KCI, 10 mM MgCl,
10 mM NaHCO,, 5 mM trehalose, 30 mM Sucrose, 5 mM
Hepes, 1.5 mM CaCl,, 4uM FM1-43X). After labeling, larvae
were gently washed with Ca?*-free HL3, fixed for 5 min with 4%
Formaldehyde, unpinned and then incubated with Cy5 conjugated
goat anti-HRP (Jackson ImmunoResearch Laboratories) to label
the NM]J presynaptic membranes. Larvae were washed and
mounted in Vectashield (Vector Labs) for confocal imaging.
Neuromuscular junctions on muscle 6/7 in abdominal region A2
and A3 were immediately imaged on an Olympus IX71 Spinning
Disc Confocal Microscope. Quantification of individual bouton
(2 3pm) labeling intensity was performed as described in
Verstreken et al. (2008) using the Olympus Slide Book analysis
program. Uptake analysis was done on synapses from 8 wild-type
larvae and 4 mutant larvae from 2 different mutant genotypes,
Df{(1)446-20 and Pptl*"7". Statistical comparison of average
bouton fluorescence between genotypes was done using a nested
ANOVA of square root transformed data. All data are presented
as average +/— SE, and the sample size (N) indicates the number
of boutons analyzed for each genotype.

Generating Pptl-shibire recombinants

Pptl-shibire recombinant X-chromosomes were produced by
crossing Pptl females to shibire males to produce Pptl/shibire
female heterozygotes. Recombinant males were selected for in
the F2 generation. To select recombinants for the shi alleles,
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white-eyed males were collected and moved to a 29 °C incubator
where Ppt1/Y males without the shibire gene did not paralyze.
Paralyzed males were allowed to recover and stocks were
produced from single males. To determine if the sh7 chromosome
contained the Pp#/ mutation, males from these stocks were then
tested for the absence of Pptl activity using a fluorescent enzyme
assay."”

Paralysis/recovery profiles

We performed paralysis assays to measure paralysis and
recovery rates of 4 Drosophilalines (shi'; shi*; shi,' PptI*7°7; shi,?
PptI*”’F) as previously described.”” Briefly, the 4 genotypes were
placed in vials with 10 flies each, and kept at 18 °C. Flies were
temperature shifted to 27 °C in an incubator and paralysis was
observed. After each 30s interval the number of non-paralyzed
flies in each vial was recorded. Rescue experiments were done
with a Y Chromosome, Dp(1;Y)578, carrying a duplicated piece
of the Pptl region that has been previously shown to rescue
Pptl-associated phenotypes.” We used the duplication to rescue
this adult neural phenotype because UAS-driven expression of
Pptl in the nervous system has detrimental effects on adult

lifespan and adult retinal development.'*®

To observe recovery
rates, flies of the appropriate genotypes were kept at 18 °C, and
then heat shocked at 32 °C for 3 min to produce paralysis. The
vials were moved to a 20 °C incubator for recovery observation.

We recorded the number of recovered (non-paralyzed) flies in

NM] immunohistochemistry

Four third-instar larvae were dissected to examine 8
individual muscle 6/7 neuromuscular junctions. To compare
individual bouton numbers between wild-type and Df{(1)446—
20 larvae, third-instar wandering larvae were collected from
low-density cultures kept at 25 °C, dissected and fixed.
Neuromuscular junctions were stained with anti-synaptotagmin
rabbit polyclonal primary antibodies (Gift of Bellen H) and
visualized with Alexa Fluor 488-conjugated goat anti-rabbit
secondary antibody (Molecular Probes). Boutons were counted
at muscle 6/7 in abdominal segment A2 (n = 9 A2 segments
per genotype). All data are presented as average +/— SE. All
confocal images were acquired on an Olympus IX71 Spinning
Disc Confocal Microscope.
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