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INVESTIGATION

Disruption of Endocytosis with the Dynamin Mutant
shibire®*’ Suppresses Seizures in Drosophila

Jason R. Kroll,*' Karen G. Wong,* Faria M. Siddiqui,* and Mark A. Tanouye*-
*Department of Molecular and Cell Biology and TDepartment of Environmental Science, Policy, and Management, University of

California, Berkeley, California 94720

ABSTRACT One challenge in modern medicine is to control epilepsies that do not respond to currently available medications. Since
seizures consist of coordinated and high-frequency neural activity, our goal was to disrupt neurotransmission with a synaptic transmission
mutant and evaluate its ability to suppress seizures. We found that the mutant shibire, encoding dynamin, suppresses seizure-like activity
in multiple seizure—sensitive Drosophila genotypes, one of which resembles human intractable epilepsy in several aspects. Because of the
requirement of dynamin in endocytosis, increased temperature in the shi®’ mutant causes impairment of synaptic vesicle recycling and is
associated with suppression of the seizure-like activity. Additionally, we identified the giant fiber neuron as critical in the seizure circuit and
sufficient to suppress seizures. Overall, our results implicate mutant dynamin as an effective seizure suppressor, suggesting that targeting
or limiting the availability of synaptic vesicles could be an effective and general method of controlling epilepsy disorders.

KEYWORDS Drosophila; seizure; dynamin; behavior; genetics

ONE of the complexities in understanding and treating
epilepsy disorders is that even though understanding of
the molecular lesions underlying the conditions has improved,
20-30% patients display resistance to currently available anti-
epileptic drugs (AEDs) (Schuele and Liiders 2008). Many
AEDs aim to decrease excitability by globally restoring ionic
balances via binding to Na*, K*, or Ca®* channels (Meldrum
1996). However, this global approach may not be sufficient to
prevent the action potentials and seizures caused by all epi-
lepsy mutations given that a mutation may affect a single pop-
ulation of neurons differently than the mutation in the context
of the interconnected neural circuits. For example, haploinsuf-
ficiency of the sodium channel Na(V)1.1 in mice actually
caused hyperexcitability and spontaneous seizures as a result
of preferential loss of sodium currents in inhibitory interneu-
rons compared to the sodium currents in pyramidal cells (Yu
et al. 2006). In humans, approximately 70% of the cases of
Dravet syndrome (DS) or severe myoclonic epilepsy of infancy
(SMEI) are caused by SCN1A mutations, a large portion of
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them resulting in truncations that likely would eliminate
the function of the channel, canceling out the effects of any
Na* channel-targeted drugs (Marini et al. 2011).

Seizures are thought to initiate within a localized area and
then spread to downstream neurons within the circuit, involv-
ing a large number of chemical synapses. For action potentials
associated with the seizure to cross a chemical synapse, docked
synaptic vesicles must fuse with the plasma membrane and
release neurotransmitter into the synaptic cleft via exocytosis.
Equally important for synaptic transmission is endocytosis, in
which the plasma membrane is recycled to form new synaptic
vesicles (Saheki and De Camilli 2012). Given the limited num-
ber of vesicles that can fit within the active zone of a synaptic
terminal, replenishment of the vesicles locally by endocytosis
is essential for sustained or high-frequency synaptic transmis-
sion. Because synaptic vesicles are critical for the generation
and spread of seizures throughout the nervous system, regard-
less of the nature of the epilepsy mutation, we hypothesized
that synaptic transmission mutations that interact or disrupt
synaptic vesicles could be candidates to suppress seizures in
Drosophila models of seizure disorders and epilepsy (Parker
etal 2011a).

Behavioral screens in Drosophila have found genes essential
for synaptic transmission by isolating temperature-sensitive
mutations, which often cause paralysis when shifted to a re-
strictive temperature because of their important roles in neural
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transmission (Grigliatti et al. 1973; Siddigi and Benzer 1976).
One such mutant, shibire, encodes dynamin, a GTPase re-
quired late in the process of endocytosis and synaptic vesicle
recycling that is responsible for fission of the vesicle from the
membrane (van der Bliek and Meyerowrtz 1991). The shibire
mutant shi®*! is a temperature-sensitive missense mutation in
the GTPase domain of the protein, and when flies are heated to
the restrictive temperature (~29°) and stimulated, nerve ter-
minals become completely depleted of synaptic vesicles, par-
alyzing the flies (Koenig et al. 1983; van der Bliek and
Meyerowrtz 1991). Ultrastructural analysis of the depleted
nerve terminals shows the presynaptic membrane filled with
clathrin-coated pits corresponding to vesicles stuck at the late
stage of endocytosis, waiting to be pinched off by dynamin
(Koenig and Tkeda 1989). When flies are returned to permis-
sive temperatures, dynamin resumes normal function, and ve-
sicular recycling resumes, refilling the depleted releasable pool
of vesicles and allowing the shi®! mutation to act as a condi-
tional block of endocytosis. In addition to impairments with
vesicle endocytosis, ionic currents recorded from the dorsal
longitudinal muscle (DLM) neuromuscular synapse in shi®!
flies showed rapid synaptic fatigue within 20 msec to high-
frequency stimulation (HFS), suggesting an additional role
for dynamin in maintenance of the releasable pool of vesicles
because the time to recycle a newly formed vesicle is between
15 and 30 sec (Kawasaki et al. 2000).

Using behavioral assays and electrophysiology, we found
that temperature-sensitive shi*® mutations are potent seizure
suppressors for multiple bang-sensitive mutants, including the
difficult-to-suppress paralytic’*! mutant. We used the GAL4/UAS
system to overexpress shi®*! in different neurons to map out
a preliminary seizure circuit and identify the giant fiber (GF)
neurons as sufficient to suppress seizures behaviorally and
electrically. Our results help to elucidate circuits and neurons
involved in the bang-sensitive phenotypes of Drosophila and
provide evidence that even seizures in strong gain-of-function
Na* channel mutants can be suppressed by disruption of syn-
aptic vesicle endocytosis, revealing synaptic vesicle disruption
or regulation as a potentially important pathway or target for
the suppression of seizures and epilepsy.

Materials and Methods
Fly stocks and crosses

Flies were raised on standard agar-molasses-yeast food at room
temperature (22°-24°) unless otherwise stated. The bang-
sensitive mutant stocks were from the Tanouye laboratory stock
collection. The protein encoded by the easily shocked gene
is ethanolamine kinase. The eas allele used in this study is
easPc0, a recessive mutation caused by a 2-bp deletion that
introduces a frame shift; the resulting protein lacks a kinase
domain and abolishes enzymatic activity (Pavlidis et al. 1994).
The slamdance allele used in this study is sdai**”%-8, referred to
as sda, and encodes for an aminopeptidase, and mutants show
altered Na* currents (Zhang et al. 2002; Marley and Baines
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2011). The paras! mutation is a single-base-pair substitution
(L1699F) of a highly conserved residue in the third mem-
brane-spanning segment (S3b) of homology domain IV, result-
ing in a dominant phenotype with ~80% penetrance when
heterozygous and 100% penetrance when homozygous
(Parker et al. 2011b). The UAS-shi®*! Kitamoto line, shi®?,
and shi®*? stocks were gifts from Nigel Atkinson. The remaining
UAS-shibires! lines, pBDGP-GAL4U control line (Pfeiffer et al.
2012), and R57C10-GAL4 stock were from the laboratory of
Gerry Rubin. In this paper, UAS-shi®-/190 refers to pJFRC100
20XUAS-TTS-Shibire-ts1-p10 at insertion site VK00005
(Pfeiffer et al. 2012). The a307-GAL4 was obtained from Rod
Murphey and was maintained as a stock in our laboratory. The
shibire deficiency stock used was Df(1)sd72b/FM7c. Other
GAL4 lines used were obtained from the Bloomington Stock
Center. The shi®? eas and shi®? para®s! double mutants were
made using standard recombination techniques. The shi®; sda
stocks were made with the use of a w; TM6,Tb/TM3, Sb bal-
ancer line. All double mutants were verified for both mutations
by the presence of bang-sensitive behavior at room tempera-
ture and paralysis at 30° (restrictive temperature). For GAL4
experiments reported in Figure 7, master stocks of w para®! f;
UAS-shits17100 or eas/FM7a; UAS-shit1-/100 were made with
a FM7a; TM3, Sb/Dr, e balancer stock. Virgins were collected
from the master stocks and then crossed to different GAL4
lines. For experiments reported in Figure 6, a w para®s! f;
R57C10-GAL4 line was created with a FM7a; TM3, Sb/Dr,
e balancer stock. Virgins were collected from this line and
crossed to different UAS-shi®! transgenes. For Rab experi-
ments, UAS-Rab transgenes were obtained from the Blooming-
ton Stock Center (Table 1 shows the stock numbers). Virgin
flies from the w para®s! f; R57C10-GAL4 line were collected
and crossed to different UAS-Rab transgenes.

Bang-sensitive behavioral testing

Flies were collected with the use of CO,, and up to 20 were
placed in fresh-food vials with foam plugs. The flies were
assayed the following day. For testing, the food vial was
mechanically stimulated with a VWR vortex mixer at maxi-
mum speed for 10 sec. The number of flies experiencing sei-
zure and paralysis owing to the bang-sensitive phenotype
was counted immediately after the vortex. Results were
pooled. Flies were tested only once and discarded unless
otherwise stated. Care was taken to minimize shaking and
vibrations of the vials before testing. All flies were 1-5 days
posteclosion.

Electrophysiology of the GF system

In vivo electrophysiological assays and recording of seizure-
like activity in the DLM were performed as described previ-
ously (Kuebler and Tanouye 2000; Lee and Wu 2002). For
mounting the flies for electrophysiology, a fly was suctioned
onto a hypodermic needle attached to a vacuum line and then
immobilized in a channel of dental wax on a glass microscope
slide. Uninsulated tungsten electrodes were used for the
recordings and stimulation. Seizure threshold tests were
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described previously (Kuebler and Tanouye 2000; Lee and
Wu 2002). Seizure-like activity was evoked by HFS of 0.4-msec
pulses at 200 Hz for 300 msec of varying voltages and moni-
tored by DLM recordings. Flies were given up to 4 HFSs with
10 min of rest between each stimulus. To assess GF neural
circuit function, the GF was stimulated with single-pulse
stimuli (0.2-msec duration, 0.5 Hz) delivered to the brain.
Recordings were obtained with Axoscope software and were
analyzed with Axoscope and Stimfit software (Guzman et al.
2014). All flies were 1-4 days posteclosion.

Temperature-shift experiments

Flies were collected with the use of CO,, and up to 10 were
placed in fresh-food vials with foam plugs. The following day,
vials were submerged upside down in a water bath at the in-
dicated temperature. The plug was fully inserted into the vial
so that when held upside down under water, a bubble of air
was trapped and prevented water from contacting the plug or
flies. Flies were kept in food vials during heating to avoid
excessive handling of the flies before testing. If an air incubator
was used, vials were placed on their sides at either 18° or 30°.
Care was taken to minimize shaking and vibrations during
movement of the vials. Flies were exposed only once to a given
temperature treatment, tested, and then discarded. Heating
flies during the electrophysiology experiment was accom-
plished by blowing heated air at the fly with a hand-held blow
dryer set at a fixed position ~60 cm from the fly. The blow
dryer produced heated air at a temperature of ~35°. We used
two methods to estimate the temperature of the fly during the
recording session: a temperature probe placed near the fly and
an infrared (IR) thermometer aimed at the area near the fly.
Our goal was to heat the flies consistently across trials by using
similar lengths of heat exposure and by determining the tem-
peratures of the flies by thermometers. Flies reached a peak
temperature of 28°~31° during the experiments.

Statistics

All error bars shown represent the standard error of the mean
(SEM). N values are indicated in the text or figure legends. In
general, Fisher’s exact test was used for comparing two groups,
and a chi-square test was used for comparing multiple groups
for bang-sensitivity percentages. Additionally, one-way ANOVA
or the Student’s t-test (for two samples) was used.

Data availability

Fly stocks available upon request.

Results

Behavioral suppression of seizure-like activity by
disrupting endocytosis

The bang-sensitive (BS) Drosophila mutants represent a
unique class of behavioral mutants that undergo a seizure-
like episode on exposure to mechanical stimulation (Parker
et al. 2011a) (Figure 1A). Ordinarily, individual mutants
of the BS class show normal behavior until subjected to

mechanical stimulation. Stimulation causes an immediate
initial behavioral seizure (1-2 sec), followed by a period of
paralysis lasting about 20-50 sec depending on the BS geno-
type. After paralysis, a recovery seizure is observed (Figure
1A). These BS behaviors are never observed in wild-type flies,
nor are they ever observed in shibire (shi®*) mutants.

To test the effects of shi® mutations, double-mutant com-
binations with different BS mutations were made using
standard crossing techniques, and flies were tested for BS
behavioral phenotypes. Three BS mutants were initially
tested: slamdance (sda), easily shocked (eas), and bang sense-
less (parabs1), the latter an allele of the paralytic gene. The
restrictive temperature required to reach complete paralysis
for shi®* was unchanged by the presence of the BS mutation.
The presence of shi® mutations caused changes in response to
mechanical stimulation, indicating that they can act as sup-
pressors of BS behavior. The initial indication of suppression
is the occurrence of flies that are not paralyzed by mechanical
stimulation. These nonparalyzed (“suppressed”) flies resem-
ble wild-type flies and appear completely normal. Some flies
carrying a suppressor mutation are paralyzed by stimulation,
indicating incomplete penetrance of suppression. These flies
resemble other BS paralytic flies. Intermediate phenotypes
are not apparent: stimulated flies are either paralyzed or
not by mechanical stimulation.

At room temperature (23°), shi®! eas and shi®! para®!
double-mutant flies showed no changes in bang sensitivity
compared to control. However, a minor decrease in bang
sensitivity was seen in the shi®; sda double mutant (Figure
1B). Bang sensitivity in sda has been described previously as
easier to suppress than eas or para®s! (Zhang et al. 2002;
Song et al. 2007). Because SCN1A sodium channel mutations
in human patients are heterozygous, we also tested hetero-
zygous parab*s/+ flies, which show semidominant bang
sensitivity. There were no significant difference in bang
sensitivity between para?ss!/ + flies and para?ss’ /shi*! double
heterozygotes when tested at room temperature, with both
genotypes showing BS paralysis in ~80% of flies. Increasing
the dosage of mutant shi®*! did not significantly alter bang
sensitivity (Figure 1C). Therefore, at room temperature, in
which no significant alteration of the synaptic vesicle pools
has been observed in previous studies of shi®*, BS behaviors
are largely unaffected.

To trigger a stronger block of endocytosis, we preincubated
flies at an elevated temperature immediately before bang
tests. Because incubation of shi®*! flies at temperatures
=29° results in a complete paralysis of the fly and eliminates
the BS phenotype, as well as all other behaviors, we limited
preincubation to temperatures of 26° or 27°. At 27°, shi®!
flies are still able to walk and maintain posture and appar-
ently normal behavior. Flies display some hyperactivity and
uncoordinated walking compared to controls, behaviors
reported previously for shi®*! mutants at this temperature
(Koenig and Ikeda 1980). After 3 min of preincubation at
an elevated temperature, BS behavior in sda, eas, and parabss!
flies was partially suppressed by the shi®*! mutation compared
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Figure 1 The mutation shibire®™’ suppresses
bang-sensitive behavior in different bang-
sensitive mutants. (A) An overview of the
response to mechanical stimulation in the bang-
sensitive mutants. The bang-sensitive mutant class
undergoes a seizure-like episode following me-
chanical stimulation (a “bang”). After the initial
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covery seizure of varying length, also depen-
dent on genotype. Wild-type flies do not
experience this phenomenon. (B) The bang
sensitivities seen in sda mutant flies combined
with either shi®? or shis? mutations differ from
those in wild-type flies. At room temperature,
control flies were 99% bang sensitive, while
shit’; sda and shi®2; sda double mutants
showed bang sensitivities of 90% and 81%,
respectively (P < 0.0001, chi-square test).
There was no change in bang sensitivity at
room temperature with shit’ eas or shit’
parabss’ double-mutant combinations, which are
harder mutations to suppress than sda. (C) At
23°, no differences in bang sensitivity were
seen in para®s'/+ mutants with increasing dos-
ages of mutant shi (P = 0.26, chi-square test).
(D) To further inactivate shi and test responses
to more severe disruptions of endocytosis, flies
were raised at room temperature and then
shifted to an elevated temperature for 3 min
in a water bath; then the flies were tested at
room temperature after removal from the
water bath. While there was no effect at
room temperature, double-mutant eas shi®’
flies were 56 and 36% bang sensitive after a
3-min incubation at 26 and 27°, respectively,

i
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shils1; sda
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while controls were still highly bang sensitive (P = 0.0007 at 26° and P < 0.0001 at 27°, Fisher's exact test). The bang sensitivity seen in parabs’ is
suppressed by shits!. At 27°, bang sensitivity was 58% for the shi®’ para®s’ double mutant, while that of the para®s’ control was 83% (P < 0.0001,
Fisher's exact test). At higher temperatures, the trend continues with decreased levels of bang sensitivity. At 27°, shi; sda flies often displayed

hyperactive behavior (P < 0.0001 at 26° and 27°, chi-square test).

to controls (Figure 1D). Generally, suppression of BS behav-
ior was good for eas and sda flies at 26° and better at 27°. One
surprising observation was for one genetic combination
shi*1; sda (but not for shi*?; sda): BS suppression appeared
to be significantly better at 26° compared to 27°. We are
examining the shi®*?; sda genetic combinations further to de-
termine whether there are any other peculiarities with this
genotype. The elevated-temperature preincubation protocol
did not lead to complete synaptic vesicle depletion because
the flies were upright and able to maintain posture before
testing, and flies were moving in the bottom of the vial after
heat treatment. This suggests that even partial disruption of
synaptic vesicle endocytosis prior to initiation of the seizure
was sufficient to suppress the BS behavior in mutant flies.
The effects seen at “near restrictive” temperatures are con-
sistent with previous observations that the shi®*! mutant
is minimally defective at 18° (the “permissive temperature”),
with endocytosis becoming increasingly impaired with ele-
vated temperatures and reaching a critical state that mani-
fests as paralysis at temperatures above 29° (Kilman et al.
2009). Suppression of BS behavior was seen with both shi®!
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and shi®*? alleles when tested in the sda background, suggest-
ing that the mutant shi allele is responsible, rather than an
unlinked mutation. Additionally, all three BS genotypes were
suppressed to roughly the same degree, suggesting that shi?
acts as general seizure suppressor; it is not particularly spe-
cific to any one BS molecular pathway:.

Seizure suppression at elevated temperatures by shit’
is transient and disappears quickly

Because the process of synaptic vesicle endocytosis is thought
to occur in ~30 sec (Pyle et al. 2000) via classical clathrin-
mediated endocytosis, clathrin-coated pits corresponding to
trapped vesicular intermediates are found in heated shi®!
flies; these intermediates disappear rapidly when endocytosis
is allowed to proceed (Koenig and Ikeda 1989). To determine
the timescale of BS suppression and whether flies regain BS
sensitivity by the time that endocytosis potentially would
have time to proceed and regenerate synaptic vesicles, flies
were incubated at 27° for 3 min to disrupt vesicle endocytosis
and then downshifted to 23° to resume endocytosis for var-
ious time periods before bang testing (Figure 2). Our results
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Figure 2 The effect of seizure suppression is correlated with the time-
scale of synaptic vesicle recycling. (A) Flies were heat shocked at 27° for
3 min to disrupt endocytosis; then flies were rested at room temperature
for various recovery times before bang testing. Data from time point 0 are
from Figure 1D for comparison. Flies continue to experience seizure
suppression for a minimum of 30 sec after return to permissive tempera-
tures. Longer periods of recovery no longer suppress seizures. Each time
point was analyzed by Fisher's exact test between control and experi-
mental flies for each genotype.

indicate that seizures were suppressed only when flies were
tested very soon after the initial disruption of endocytosis.
Flies that had rested at room temperature for 1 min after
exposure to restrictive temperature were already found to
have BS behaviors, similar to controls, while flies rested for
only 30 sec still showed moderate levels of seizure suppres-
sion. Therefore, the observed time length of seizure suppres-
sion generally correlates with the timescale for synaptic
vesicle endocytosis and mobilization of newly formed vesicles
to the readily releasable pool (RRP), allowing for seizure-like
activity to propagate.

Electrophysiological deficits in shi*" mutants indicate
synaptic transmission defects

In previous studies, chemical synaptic function was examined
electrophysiologically by stimulating the GF neural circuit and
recording from the DLM. In particular, the GF circuit pathway
to the DLM contains a prominent cholinergic synapse con-
necting the peripherally synapsing interneuron (PSI) with the
DLM motoneuron, which is often monitored for synaptic
function (Figure 3A) (Tanouye and Wyman 1980; Gorczyca
and Hall 1984; Pavlidis and Tanouye 1995; Kuebler and
Tanouye 2000; Kuebler et al. 2001; Allen et al. 2006;
Fayyazuddin et al. 2006). Defects in synaptic transmission
are indicated as a failure to follow, with fidelity, moderate
stimulation frequencies. When delivering stimuli to the brain
and recording from the DLM in mutant shi®! flies, we de-
tected synaptic transmission defects not seen in control fly
strains, even at permissive temperatures. We recorded DLM

responses to a 1-Hz pulse delivered to the brain for 60 sec. We
found that mutant combinations containing the shi®*! muta-
tion were much more likely to fail to respond to the test pulse
(Figure 3, B and C). When shi®*! flies did experience a failure,
often a rest period of several seconds before stimulating was
needed for the response to recover. Additionally, the latency
of the GF response was much more varied in shi®! flies, often
showing significant delays from the expected latency period
(Figure 3D).

When stimulated in the brain, the wild-type DLM can
maintain responses to 100-Hz stimulation (Tanouye and
Wyman 1980). While control flies had high rates of successful
DLM response at this high stimulation frequency, shi®! flies
had high failure rates, usually only responding to the first
stimulus in the train (Figure 3, E and F). The fact that shi®?
synapses show failures in following frequency within the first
10 msec of electrical stimulation suggests that the mutation
can exert an effect on the release or efficiency of release of
synaptic vesicles in addition to its role in synaptic vesicle
endocytosis. This indicates that in addition to the roles in
classical endocytosis, dynamin could have roles in other pro-
cesses at the synapse, especially with high-frequency synaptic
transmission, similar to previous observations (Kawasaki
et al. 2000). Overall, the shi®*! mutation limits the ability of
the GF system to reliably carry a neural signal across the
synapses between the brain and the DLM at both high and
low frequencies. This may be an important feature in shi®
seizure suppression, especially for sda and eas BS mutants.
The issue may be more complicated for seizure suppression in
the double heterozygous flies para®*!/shit! (i.e., genotype
shi*parabss!/shitpara*). The parabs!/shit! flies have a fol-
lowing frequency that is close to normal, not different from
para®ss’/+. Nevertheless, shi®? (in this case the heterozygous
shi1/+) appears to make a contribution to seizure suppres-
sion. This resembles previous reports on seizure suppression
and following frequency, although not specifically examining
shi® double mutants (Kuebler et al. 2001). According to Kuebler
et al. (2001) reductions in GF — DLM following frequency often
was correlated with seizure suppression but was not an ab-
solute predictor of seizure susceptibility: a low following fre-
quency did not correspond with a high seizure threshold,
indicating that other factors are involved.

Little change in seizure threshold at
permissive temperatures

Seizure susceptibility and changes to it by the shi®*! mutation
can be assessed using electrophysiological recordings of neu-
ronal seizure-like activity (Pavlidis and Tanouye 1995;
Kuebler and Tanouye 2000; Lee and Wu 2002). Seizure-like
activity may be evoked by HFS of the brain (0.4-msec pulses
delivered at 200 Hz for 300 msec). Seizure-like activity is
manifest as aberrant high-frequency firing (>80 Hz) usually
recorded from the DLM but also present in all other muscle
fibers and motoneurons (Figure 4A). The electrophysiology
phenotype is an initial discharge of aberrant seizure-like neu-
ronal firing followed by a period of synaptic failure and then

Mutant Dynamin Suppresses Seizures 1091


http://flybase.org/reports/FBgn0015541.html
http://flybase.org/reports/FBgn0000536.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBal0001325.html

A Brain Stimulation B | Cc
S
|
LMmns Record  shi's? .- ~
D E
wT Y{o\
& shits1 & |
— eas %
shitST eas \té |
parabssT |5, -
A
pel
£y parabssi /4 [0 " A
151 ns
— parabss1 /shits 48
Q
0 2 4 6 & 10 T
Avg Responses / 10 stimuli

|
1
]

Failures (out of 60) at 1hz stim

Figure 3 Electrophysiological pheno-
types in shi. (A) Cartoon overview of
the recording and stimulation paradigm

304 B of the GF circuit in Drosophila. Stimula-
| | tion to the brain activates the GF, which

20 4 synapses to the excitatory peripherally
synapsing interneuron, which then syn-

apses to the dorsal longitudinal muscle

104 w o (DLM) motoneurons (DLMmns), which
c B < N results in all-or-none activation of the
U 0 I8 DLM. Latency from stimulation to DLM

\‘S‘ .}"9\ eé"b_%b'b response is approximately 1.4 msec. (B)

& 8" Examples of DLM responses to a series

ey of 1-Hz test pulses for a total of 60 stim-

uli. Flies were tested at a voltage 1.5
times higher than their GF threshold to
ensure consistent activation of the path-
way. No differences in GF threshold vol-
tages were observed. For the wild-type
recording (WT), each stimulus was suc-
cessful in evoking a DLM response, as
indicated by the green S. A high-sweep-

speed example of a successful stimulus
\ and evoked DLM response is shown
above the WT trace. For the shi* trace,
10 stimuli were delivered: 5 stimuli were
successful in evoking DLM responses
(green S), and 5 stimuli were unsuccess-
ful in evoking responses (red F). High-
sweep-speed examples of a successful
stimulus and evoked DLM response
and an unsuccessful stimulus are shown

50 ms

above the shits’ trace. (C) While wild-type and sda control flies never failed to respond to a 1-Hz test pulse (0 failures of 60 stimuli for each), shit’ flies
averaged 23 failures, and shi®’; sda flies averaged 21 failures over the course of 60 stimuli, indicating deficiencies in responding to evoked stimuli (P =
0.0012 and P = 0.03, Student’s t-test). (D) Ten consecutive DLM responses from brain stimulation overlaid. Wild-type Canton S flies show extreme
fidelity and precision, while shi® flies initially show wild-type responses but then start to show varied latencies in their responses. (E) Tests with 100-Hz
stimuli were performed on different genotypes. Ten trains of 10 100-Hz spikes were delivered to the flies with a 4-sec rest period between each train,
totaling 100 stimuli. The percentage of successful responses was calculated for each animal and averaged for each genotype. The shi’ mutant was
completely unable to respond at this frequency, with usually only the first response of each train eliciting a response. In contrast, wild-type flies were
able to follow over 80% of the responses. Example traces show one train of the 10 presented to the fly. Statistical analysis was performed with one-way

ANOVA followed by a post-hoc Tukey's HSD test.

a delayed discharge of aberrant firing (Pavlidis and Tanouye
1995; Kuebler and Tanouye 2000; Lee and Wu 2002; Parker
et al. 2011b). The seizure threshold is the particular HFS
voltage that triggers the seizure in the fly, with seizure-
sensitive flies showing evoked seizure-like activity at relatively
lower voltages. For example, wild-type flies have thresholds
of ~30V, and bang-sensitive flies have thresholds of ~3-10V
depending on the genotype (Parker et al. 2011a).
Interestingly, the seizure threshold of the shi®*! mutant at
room temperature was the same as that of the wild-type fly,
indicating similar seizure susceptibilities (Figure 4B). Simi-
larly, at room temperature, the shi®*! eas and shi®*! bss double
mutants showed no significant differences in seizure thresh-
old compared with their eas and bss single-mutant BS controls
(Figure 4B). Seizure thresholds in para®s'/+ heterozygotes
with increasing levels of shi®®! mutant alleles appeared to
show a potential small increase in seizure thresholds at
room temperature, but the variation is substantial, and this
apparent increase was not significant (Figure 4C). Taken
together, the lack of differences in the seizure threshold
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between BS single mutants and shi®*! double mutants matches
the behavioral response: both behavior and electrophysiology
indicate that seizure susceptibility is unchanged by shi®! at
room temperature.

The form of shi®! seizure-like neuronal firing resembles
that of other mutant and wild-type seizures: an initial dis-
charge, a period of synaptic failure, and then a delayed dis-
charge. During initial and delayed discharges, the aberrant
spikes observed in shi®! DLMs show firing frequencies of
about 80 Hz, similar to that of other mutant and wild-type
flies. This is considerably different from for the shi**! evoked
DLM responses described previously that failed at about 1 Hz.
Apparently, the nervous system has some capacity for high-
frequency activity when it is triggered by HFS but is limited in
its response to evoked activity probably because of transmis-
sion limitations in the PSI—DLM motoneuron synapse.

We used a chromosomal deficiency to investigate further
the effect of shi loss of function on seizure thresholds. Because
null alleles of shi are lethal, we made transheterozygotes to
generate the weakest possible shi genotype that would still be
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Figure 4 Seizure thresholds at room
temperature are unchanged. (A) Seizure-
like activity recorded from the DLM of
a parabs’ fly evoked by high-frequency
electrical stimulation (HFS) delivered
to the brain by stimulating electrodes.
The HFS is a short wave train consisting
of 0.4-msec stimulus pulses delivered

S |- B at 200 Hz for 300 msec. The HFS trig-
20 gers a seizure-like episode when volt-
age is sufficient, in this instance for

>

S 154 parabss!, 4-V HFS. The threshold volt-
B age for evoking a seizure-like episode
E is called the seizure threshold and is
=10 a quantitative measure of seizure sus-
'g ceptibility: genotypes with a lower seizure
S 5 threshold voltage value are more seizure

sensitive. HFS-evoked seizure-like ac-
tivity is composed of a stereotypic se-
quence of neuronal activities in the
DLM, each muscle potential represent-
ing the one-to-one firing of the DLM
motoneuron. An initial discharge is a
burst of uncontrolled high-frequency

(~80 Hz) DLM potentials lasting 1-2 sec. The initial discharge is followed by a period of synaptic failure: the DLM does not respond to test pulses
that stimulate the GF circuit because of failure of transmission of the PSI— DLM motoneuron synapse (Pavlidis and Tanouye 1995). The last event in the
electrically triggered seizure-like response is a delayed discharge that resembles the initial discharge in some aspects of high-frequency spiking and is
accompanied by the recovery of evoked DLM response. Seizure-like electrical activity is recorded in these experiments as aberrant DLM activity, but many
other muscles and motoneurons also participate in the seizure (Kuebler and Tanouye 2000). (B) Seizure thresholds were measured at room temperature
and compared between the BS mutant alone and in double-mutant combinations with the shi®’. At room temperature, no significant differences in
seizure thresholds were detected, similar to the observed behavioral responses (Student’ t-test and one-way ANOVA).

viable. As previous reports indicated, the Df(1)/shi®! trans-
heterozygote was lethal, and no progeny could be collected,
while a few Df(1)/shi*? flies were produced from crosses
(Kim and Wu 1990). Over 16 Df(1)/shi*? flies were tested
for seizure thresholds, but no seizure could be obtained from
this genotype at any voltage range, suggesting that mutants
with more severe dynamin defects may have very high sei-
zure thresholds.

Discharges and hyperactivity associated with synaptic
depletion in shits' flies

To determine the electrophysiological correlates and activity
of the DLM during heat exposure, shi®*! flies were exposed to
restrictive temperature (29°-30°) while recording from the
DLM. Immediately following the temperature shift, sponta-
neous seizure-like activity was observed in the DLM. This
preceded a loss of evoked transmission from the GF to the
DLM (Figure 5), observations similarly reported previously
for shits! (Salkoff and Kelly 1978). With a return to permis-
sive temperature, shi®! flies again displayed spontaneous
DLM seizure-like activity, followed by a recovery of the
evoked GF response to the DLM. We are struck by similarities
between this temperature-induced sequence of events for
shi®*?, on the one hand, and for BS mutants, events evoked
by HFS and mechanical stimulation, on the other. That is, for
shits?, the temperature-induced events of spontaneous seiz-
ures and transmission loss resemble DLM responses during
a HFS electrically induced BS mutant seizure (i.e., initial dis-
charge, synaptic failure, and delayed discharge) and BS

behavioral events following mechanical stimulation (i.e., initial
seizure, paralysis, and recovery seizure). The temperature-
induced electrical events in the DLM were seen only in flies
with the shi®*! mutation, suggesting that these particular
spontaneous discharges are a consequence of GF circuit—
DLM activity related to the disruption of endocytosis. The
similarities of the BS mutant responses could indicate simi-
larly that this seizure-like activity also might be related to
some type of synaptic depletion. After ~20-30 sec of paraly-
sis, in which enough time has elapsed for newly recycled
synaptic vesicles to regenerate, BS flies regain the ability to
walk, maintain posture, and respond to evoked stimuli in the
GF circuit.

Overexpression of shi*! in neurons suppresses seizures
in para®ss? and eas

Endocytosis can be reversibly impaired using shi®! trans-
genes owing to the dominant-negative functioning of the
Shits! product (Pfeiffer et al. 2012). In combination with
GAL4/UAS, shit! transgenes have been used to inhibit
synaptic transmission in neuronal subsets to determine
functional involvement in specific behaviors (Brand and
Perrimon 1993; Kitamoto 2001). Here we tested UAS-shi®!
for its ability to suppress BS seizures initially using the
broadly expressed neuronal GAL4 line R57C10-GAL4,
which is based on an N-Syb enhancer (Pfeiffer et al.
2012). Conditional BS suppression by R57C10-GAL4/
UAS-shits17100 was observed in hemizygous para®s'/Y
and eas/Y flies. BS suppression was observed when flies
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Figure 5 DLM recordings showing discharges and failures in shit” heated flies. (A) A typical DLM recording from a wild-type Canton S fly. The fly was heated
to 30° for 25 sec by blown air from a hair dryer, as indicated by the horizontal red bar. During the course of the experiment, the GF was activated continuously
by single-pulse stimuli (0.2-msec duration, 0.5 Hz) delivered to the brain. Observed most saliently in this trace are the stimulus artifacts occurring at about 2-sec
intervals (note: in this particular recording, there is some regularly occurring amplitude variation in the stimulus artifacts from an unknown source). Associated
with every stimulus artifact is an evoked DLM muscle potential (not resolved at this sweep speed). The temperature shift causes no loss of evoked DLM
response. Also, there is little evidence of temperature-induced discharges in the DLM. Spontaneous activity is limited to three spikes that occur about 5 sec
following the return to room temperature. (B) A typical DLM recording from a shi” fly. The fly was heated to 29° for 15 sec, as indicated by the horizontal red
bar. Observed most saliently in this trace is seizure-like DLM spiking that begins about midway through the temperature shift and, in this instance, continues
throughout the course of the recording. Some interruptions in the discharge and changes in frequency are observed. For purposes of clarity, the GF neural
circuit was not stimulated in this example. (C) A typical DLM recording from an eas mutant fly. The fly was heated to 30° for about 15 sec, as indicated by the
horizontal red bar. At the start of the recording, the GF was stimulated by single-pulse stimuli at 0.5 Hz (0.2-msec stimulus pulses). The recording shows the
delivery of five stimuli, with each stimulus evoking a DLM potential (not resolved at this sweep speed). GF stimulation was turned off prior to the temperature
shift. The temperature shift causes no seizure-like DLM spiking; a single spontaneous DLM spike is observed near the end of the recording showing that the
DLM remained responsive throughout the course of the recording. (D) A DLM recording from a shi®’ eas double-mutant fly. Room-temperature air (23°,
horizontal blue bar) was blown on the fly, followed by heated air that caused a temperature shift to 29° (horizontal red bar). Seizure-like discharges were
triggered by heat, beginning at about the middle of the temperature shift. Seizure-like discharges are not triggered by the unheated blown air. GF stimulation
showed that evoked DLM responses were unaffected by unheated blown air but were lost by the high-temperature shift (DLM potentials are not resolved at
this sweep speed). A red F indicates examples of GF stimulations that failed to evoke a DLM response; a green S indicates examples of recovering evoked DLM
responses. (E) A DLM recording from a shi’ eas double-mutant fly. The fly was heated to 29° for 10 sec, as indicated by the horizontal red bar. During the
course of the experiment, the GF was activated continuously by single-pulse stimuli (0.2-msec duration, 0.5 Hz) delivered to the brain. Seizure-like discharges
were triggered by heat, beginning near the end of the temperature-shift period. GF stimulation showed that evoked DLM responses were lost after the
temperature shift. A red F indicates examples of GF stimulations that failed to evoke a DLM response, displayed at high sweep speed; a green S indicates
examples of recovering evoked DLM responses, displayed at high sweep speed.

were preincubated for 3 min at elevated temperature
(Figure 6A). In contrast, at room temperature, without ele-
vated temperature preincubation, no BS suppression
was observed for para®s?/Y and eas/Y flies. Thus, for this
GAL4/UAS suppression, elevated-temperature preincubation
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is required, resembling the suppression observed for shi**! BS
double mutants.

The para®s!/+ mutant had a surprising and unusual re-
sponse to the suppressive effects of UAS-shi®*!: BS suppression
was found to be constitutive (Figure 6B). That is, we found
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Figure 6 Overexpression of shi®’ with the GAL4/UAS system suppresses
seizures at permissive and near-restrictive temperatures depending on the
bang-sensitive mutant. (A) Seizures in para®s’ and eas flies are sup-
pressed with overexpression of shis’. The GAL4 driver R57C10 was

that expression of UAS-shi**! transgenes suppressed BS phe-
notypes in para®s!/+ heterozygous flies at room tempera-
ture (permissive temperature). Control flies with either the
transgene or GAL4 alone were still seizure sensitive at all
temperatures (Figure 6B). We used two different UAS-shi®!
lines (UAS-shits17100 and UAS-shit**Kit)  and both were effec-
tive at suppressing para®s!/+ at room temperature (Figure
6B). Both of these UAS-shi®! constructs have been described
previously as strongly expressing Shi**! dominant-negative
protein because they both contain multiple copies of the
UAS-shi®! transgene (Pfeiffer et al. 2012). Also, we used
two different GAL4 drivers, with elav*1>>-GAL4 a little more
effective at BS suppression than R57C10-GAL4 (Figure 6C).
Because seizure suppression was not observed in para®s?/shit!
mutants at room temperature, increased expression of mu-
tant dynamin is likely responsible for the observed differ-
ences. The distinct effect of shi®*! at room temperature
when overexpressed, despite no apparent major impairment
or depletion of synaptic vesicles through the use of elevated
temperatures, also has been observed by another group when
they observed changes in the length of circadian rhythms in
flies expressing shi®*! (Kilman et al. 2009). Additionally, they
found no changes when expressing wild-type Shibire protein,
suggesting that only the mutant Shibire protein caused the
observed changes at room temperature (Kilman et al. 2009).

The temperature dependence of BS suppression of
para®ss!/+ by UAS-shi®! is complex, as shown by preincuba-
tion experiments (Figure 6C). Preincubation at an elevated
temperature (30° for 5 min) appears to show greater suppres-
sion than for room temperature, although it is difficult to be

combined with different UAS-shi®? transgenes to express the mutant
gene product. Preincubation temperature shifts were made to 28° for 3 min.
Note that preincubation is carried out at a little higher temperature for
the transgene-carrying flies than for shi®’ mutant flies because of the
differences in restrictive temperature: 29° for shi®’ mutant flies, 30.6°
for UAS-shits’ flies (Pfeiffer et al. 2012). Mutants were para®s’ and eas
hemizgotes expressing UAS-shit~190 or UAS-shis’kit with the 57C10-
GAL4 line, which expresses pan-neuronally, or GAL4U, which does not
have nervous system expression. Both genotypes showed BS levels
around 20% with the UAS-shit’-00 transgene (P < 0.0001, Fisher's
exact test). (B) Seizures in parabss’/+ flies are suppressed at room temper-
ature (23°) using GAL4/UAS to express shi’. At room temperature, there
was a reduction in the proportion of parabss’/+ flies experiencing a seizure
when both the UAS-shit’~79 transgene and the GAL4 line were com-
bined, with 43% of the flies experiencing seizures compared to 88
and 84% for controls (P < 0.0001, chi-square test). The Kitamoto line
(UAS-shi=™K1t) also had significant effects at room temperature (P < 0.0001,
Fisher's exact test). There was no effect on hemizygous para®ss’ males at
23°, indicating that a stronger blockade of synaptic vesicle recycling than
can be achieved at room temperature is required to suppress seizures in
that mutant. (C) Temperature shifts were performed on para®ss’/+ flies
with two broadly expressed neuronal GAL4 drivers and UAS-shits’-/100
transgenes compared to the GAL4 control line. The para®s'/+ mutants
showed increased bang sensitivity when shifted to 18°. In contrast, flies
that were shifted to a 30° air incubator all experienced fewer seizures.
While controls also were affected by temperature, making it difficult to
determine the magnitude of the effects, they were less affected than any
lines expressing shit? (***P < 0.001, chi-square test).
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completely sure about this because control flies with GAL4U
(nonneural driver) were reduced in their BS paralysis. A sur-
prising and unusual finding occurred with flies that were
preincubated at a lowered temperature (18° for 5 min). For
these flies, the lowered temperature appeared to completely
abolish suppression of para®s’/+ BS phenotypes; 100% of
flies showed BS paralysis regardless of UAS-shi®*1~/190 driven
by GAL4U, elav1°>-GAL4, or R57C10-GAL4 (Figure 6C).
Taken together, the observations at different temperatures
suggest that the BS phenotype seen in para®s’/+ flies is di-
rectly related to the severity of the endocytosis block. BS
suppression is observed at 23°, it may be increased at 30°,
and suppression appears to be completely absent at 18°. Be-
cause the more severe BS mutants need a stronger disruption
of dynamin and endocytosis to suppress the seizures com-
pared to the para®*!/+ heterozygote, this suggests that more
synaptic vesicles are used or released during the seizure in eas
and para®>! flies compared to para®s?/+ flies.

Mapping a seizure circuit: disruption of endocytosis in
excitatory neurons or the GF neuron suppresses seizures

Since shi®*! was effective at suppressing seizures when
expressed in all neurons, we used it to investigate the contri-
bution of different neuronal subsets on the BS phenotype and
map out a preliminary seizure circuit. Different GAL4 drivers
were tested for their ability to suppress the BS phenotype and
increase seizure thresholds in mutant flies. We first per-
formed a small preliminary screen to identify the types of
GAL4 lines that might produce a seizure-suppression effect.
A number of GAL4 lines were selected and then crossed to
parabs?; UAS-shi®1190 virgin flies, and the para®s'/+ het-
erozygous progeny were tested. For this initial screen, flies
were raised at both 23° and 25°, and no significant differ-
ences were detected between them (supporting information,
Figure S1A). We found that most lines tested in this initial
screen had no effect on seizures, and lines that had more
expansive expression patterns were more likely to have re-
duced seizure sensitivity (Figure S1B).

We also narrowed our focus on neurons within the GF
circuit upstream of the DLM. Hemizygous para?*s! and eas flies
were tested after preincubation at an elevated temperature,
while parabs?/+ flies were tested at room temperature. We
first tested whether disruption of the neuromuscular junction
directly upstream of the DLM was sufficient to suppress bang
sensitivity. We found that OK6-GAL4, which expresses in
motoneurons, had little or no effect on the behavioral BS
phenotype of any of the flies. Matching the behavioral re-
sponse, the seizure thresholds were not increased. This indi-
cates that the suppression of action potentials associated with
the seizure mainly occurs upstream of the motoneuron within
the seizure circuit (Figure 7).

Upstream of the DLM motoneuron in the GF circuit is the
PSI neuron, an excitatory cholinergic interneuron that forms
a chemical synapse to the DLM motoneuron. Using Cha-GAL4,
which expresses in cholinergic neurons in addition to the PSI
neuron, we observed that suppression of bang sensitivity and
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seizure thresholds was increased (Figure 7, A and B). Given
the widespread expression of the Cha-GAL4 pattern, it is dif-
ficult to determine the specific contribution of the PSI neuron
itself. However, these results fit the model that an overall
disruption of synaptic transmission in excitatory neurons
would reduce overall neuronal excitability and limit the
spread of the action potentials associated with the seizure
throughout the animal.

Flies also were tested for suppression using a307-GAL4,
a line expressed strongly and specifically in the GF neurons
(Allen et al. 2007). While no behavioral effect was observed
in the para®!/+ mutant flies, nor were seizure thresholds
increased at room temperature, we saw strong suppression
with a307-GAL4 in para®ss! and eas genotypes that were pre-
incubated at 28° before bang testing (Figure 7C). Inhibition
of the GF neurons was sufficient to block bang sensitivity,
implicating them as an important pathway for the seizure
to spread from the brain; however, it is difficult to determine
in the remaining flies that were still BS whether another
potential seizure circuit was used or there was insufficient
disruption of dynamin in the GF neuron. The strikingly sim-
ilar responses to the different GAL4 lines between the para’ss!
and eas mutants suggest that the same seizure circuit is used
between the different BS mutants during their responses to
mechanical or electrical stimuli.

Additionally, expression of shi®*! in the GF neurons was
sufficient to copy the phenotype of heated shi®! flies. Heated
eas and para®ss! flies with a307-GAL4/UAS-shi®1~/190 showed
DLM responses that were similar to heated shi®*! mutant flies
(Figure 7, D and E). Therefore, expression of shi®*! in the GF
neuron is sufficient to produce the similar sequence of dis-
charges and failures associated with synaptic depletion, and
the GF could be the responsible neuron for the discharges
seen in the mutant.

Finally, flies were given a HFS to attempt to induce seizure-
like activity after being heated. While seven of nine control
para®s!; a307-GAL4/+ flies experienced a seizure at 5.6 V
after being heated and did not show characteristic discharges
of the DLM in response to heat, only one of nine experimental
paras?; a307-GAL4/UAS-shi®17190 flies experienced a sei-
zure at 5.6 V, and eight showed discharges of the DLM before
the seizure, indicating that the experimental flies had a higher
seizure threshold than controls (P = 0.015, Fisher’s exact
test) (Figure 7, D and E). Mutant eas; a307-GAL4/UAS-
shits1-7100 flies also showed similar responses to heat and
HFS as the paras! mutant, indicating that seizure thresholds
are increased and bang sensitivity is reduced when endocy-
tosis is disrupted in the GF neuron (Figure 7F).

Beyond dynamin: Rab mutations also suppress
para®ss'/+ bang sensitivity

To more broadly determine whether the suppression of bang
sensitivity is due to the specific role of dynamin itself or is more
generally related to disruption or alteration of endocytic
processes, we tested additional mutants involved in endocy-
tosis and vesicle trafficking but that did not interact directly


http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBgn0000536.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBal0001325.html
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177600/-/DC1/genetics.115.177600-1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177600/-/DC1/genetics.115.177600-1.pdf
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBgn0000536.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBgn0000536.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBgn0000536.html
http://flybase.org/reports/FBgn0000536.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBal0001325.html
http://flybase.org/reports/FBgn0000536.html
http://flybase.org/reports/FBal0001325.html

x ephys
A & B 23° =it | ik
20 =t L bss1 151-J100
parabSSI s para” /+; GAL4 + UAS-shi
M GAL4 only -
B GAL4 + uaS-shiST100
ns —k ns
dam == — 257
100 — Pres a
” k]
[s] -
% 80 % 20 .
2 - |
® 60 £ 15-
()] ()]
g 8
o 404 3 101
201 B3 5 1
o i~ <t <t < (=]
(o 5" | (sY] (Tp] (a0 (Te)
1Sl 1] [l 1] 1
(=g == = (= =
D Qo © 2 A GAL4: w0 0 o @ &
GAL4: | B N NS S B N AE o o
N O (@) O Ne) N /\0 o O IS
A\ & X
¥ P G
&
b
)
Cc ?8”‘ 3min &
= 5’@ . GAL4 only 1510100
28— : GAL4 + UAS-shi®
eas
1004 _ns_ e 100 —
1 | I
.g 80 1 g 80 —
G B
c [ =
g 604 C}J'IJ 60 —
> )
T 40 @ 40
m m ok
2 &2 .
| ]
201 © 20 o o ©
o 1 (o]
=) 7 c
u L T:{ E = 0 ?;i'
GAL4: O o GAL4: © 4o 2 A
o 0 ¥ O F F
c) & ) &
D para™’; az07-GAL4/+ ’\i?
D DD
| ‘ 11, L 1l I )
ipug ‘r! ™ | 1 T r|‘|1| =T \Iwm L1 A B e o
10s
('o
E  para®™'; uas-shits'~19 2307-GAL4 5
\)&Q
GJQ.'\‘L
{‘\C)
10s
F eas;UAS-shi®®"~10% a307-GAL4 &
s \)@
» &
B TR
15 pause e i

Mutant Dynamin Suppresses Seizures

Figure 7 Involvement of the GF circuit
in suppression of seizure-like activity in
the DLM. (A) Heterozygous parabss’/+
flies expressing UAS-shits7-190 with dif-
ferent GAL4 lines were tested at room
temperature for BS paralysis. Using the
GAL4/UAS system, we expressed shits’
in different neurons of the GF circuit.
No effect was seen with a307-GAL4,
which expresses in GF neurons; a small
effect was seen with OK6-GAL4, which
expresses in motoneurons. However,
there were large, significant effects with
Cha-GAL4, with only 30% of the flies
experiencing seizures (***P < 0.0001,
**p < 0.001, Fisher's exact test). For
comparison, experiments with R57C10-
GAL4 produced the data in Figure 6. (B)
Heterozygous parabss’/+ flies expressing
UAS-shits7-100 with different GAL4 lines
were tested at room temperature for
seizure thresholds. Similar to behavioral
results, the 57C10-GAL4 and Cha-GAL4
lines increased seizure thresholds to 17
and 29 V compared to 7.5 V for the
control [**P = 0.01, *P < 0.05 by
one-way ANOVA followed by post-hoc
Bonferroni and Holm correction (groups
vs. control)]. (C) Hemizygous parabss?
and eas flies were tested for bang sen-
sitivity after a 3-min incubation at 28°
while expressing UAS-shits-/100 wjith
different GAL4 lines. Strong effects
were seen with R57C10-GAL4, Cha-
GAL4, and a307-GAL4 lines (***P <
0.0001, **P < 0.001, Fisher's exact
tests). (D) A para®ss’; a307-GAL4/+ con-
trol fly was heated and stimulated with
a HFS at 5.6 V to attempt to trigger
a seizure. The control fly had a stereo-
typic seizure, with an initial discharge
(ID), followed by synaptic failure, fol-
lowed by a delayed discharge (DD). (E)
A parabs’; a307-GAL4/UAS-shits1-100
fly was heated and stimulated with
a HFS at 5.6 V to attempt to trigger
a seizure. The fly did not experience
any seizure or failures in response to
the 5.6-V stimulus. (F) Similar to E, an
eas; a307-GAL4/UAS-shits™/790 fly was
heated and stimulated with a HFS at
5.6 V to attempt to trigger a seizure.
The fly did not experience any seizure
or failures in response to the 5.6-V
stimulus.
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Table 1 Suppression of para®ss’/+ bang-sensitivity (BS) by mutant Rab proteins

Drosophila gene Human ortholog(s)? 57C10 BS (%) 57C10 n GAL4U BS (%) GAL4Un P- value® Stock no.c
Rab3 Rab3a, 3b,3c, 3d CA 100 45 100 35 1 9764
DN 93 41 94 36 1 9766
Rab5 Rab5a, 5b, 5¢c, 17 CA 60 45 96 28 0.0004* 9773
DN 85 124 84 107 1 9771
Rab8 Rab8a, 8b, 13, 12 CA 97 32 86 28 0.174 9781
DN 81 101 92 97 0.038* 9780
Rab9 Rab%a, 9b CA 78 99 90 99 0.033* 9785
DN 74 66 92 71 0.011* 23642
Rab23 Rab23 CA 98 95 98 46 1 9806
DN 97 36 100 41 1 9804
Rab27 Rab27a, 27b CA 88 69 100 17 0.347 23266
DN 92 25 100 47 0.117 23267
Rab30 Rab30 CA 65 110 78 115 0.027* 9814
DN 75 99 89 84 0.011* 9813
Rab32 Rab32 CA 95 44 95 22 1 23280
DN 76 87 98 45 0.001* 23281
Rab35 Rab35 CA 91 150 94 180 0.206 9818
DN 92 112 100 66 0.027* 9819

Summary of Rab GTPases used in this study and their effects on suppression of parabss'/+ bang sensitivity. The nine Rab GTPases used in the screen were chosen because of

evidence indicating colocalization with CSP, a synaptic vesicle marker (Jin et al. 2012).

2 Human orthologs were determined from Gillingham et al. (2014).

b p-values obtained from a Fisher's exact test comparing the bang sensitivity of the para®ss'/+; GAL4U/UAS-Rab (control) compared to the para®ss'/+; R57C10/UAS-Rab

(experimental) genotype.

¢ Bloomington Stock Center number for the UAS-Rab transgene used in the experiment (Zhang et al., 2006).

with dynamin. Rab GTPases are part of a large class of eukary-
otic proteins that act as key regulators of vesicle trafficking,
formation, fusion, transport, and endocytosis (Somsel Rodman
and Wandinger-Ness 2000; Deinhardt et al. 2006; Chan et al.
2011). While the exact function of each Rab is still unclear,
they are known to play a significant role in neuronal function
(Ng and Tang 2008). Additionally, many Rabs express solely in
neurons, and of those, many display strong localization at
synapses (Chan et al. 2011). We hypothesized that altering
Rab GTPase activity would either directly disrupt or interfere
with endocytosis, synaptic vesicle availability, or the efficiency
of the synapses and lead to suppression of seizure phenotypes,
similar to the effects of dynamin. While there are approxi-
mately 31 distinct Rab genes in Drosophila, we focused our
efforts on nine that have been shown previously to colocalize
with synaptic vesicles (Jin et al. 2012; Gillingham et al. 2014).
To alter Rab GTPase activity, we expressed dominant-negative
(DN) or constitutively active (CA) mutant Rab proteins in
parabs1/+ flies and scored them for bang sensitivity (Zhang
et al. 2006). We used the pan-neuronal R57C10-GAL4 driver.
Of a total of 18 Rab mutant combinations tested (representing
nine genes, each gene with a DN and CA mutation), we found
eight Rab combinations that caused significant reductions of
bang sensitivity (P < 0.05) compared to control flies contain-
ing the Rab transgene with the control GAL4U line (Table 1).In
contrast to the effect on para®s'/+, no reduction in bang sen-
sitivity was seen when testing the eas mutant or the para®ss!
hemizygote, implying that the Rab mutants are weaker seizure
suppressors than shi®*! (data not shown). Overall, the reduc-
tion in seizure susceptibility by multiple Rab GTPases suggests
that a general interference or disruption of synaptic vesicle
trafficking and regulation may be sufficient to suppress some
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seizure disorders and that the effect is not limited only to
dynamin.

Discussion

Disruption of synaptic transmission vs. restoration of
ionic current

Our goal was to determine whether mutations affecting syn-
aptic transmission that would perturb synaptic transmission at
chemical synapses would be sufficient to suppress seizures.
Through use of the temperature-sensitive paralytic shi®! mu-
tation, we introduced a reversible block of endocytosis into
the flies and observed seizure suppression in multiple bang-
sensitive genotypes, including a model of epilepsy that
resembles aspects of intractable SCNIA gain-of-function
mutations in humans. Our approach to suppress seizures
and the spread of action potentials at chemical synapses
by disrupting synaptic vesicle availability and recycling by-
passes the requirement to overcome the difficult-to-suppress
ionic or molecular changes that may be introduced by epilepsy
mutations, many of which are de novo. For example, AEDs
such as phenytoin or carbamazepine bind to Na* channels
and block high-frequency firing, decreasing the amount of
neurotransmitter released at synapses (Rogawski and Loscher
2004). In cases of SCN1A epilepsy mutations in which there
is a truncation or other disruption, all AEDs that target Na*
channels likely would be ineffective.

The role of dynamin in synaptic transmission

Robust synaptic transmission requires recycling of vesicles at
the plasma membrane via endocytosis to maintain efficient
and accurate synaptic transmission. Endocytosis is especially
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critical for replenishment of the synaptic vesicle pools during
high-frequency stimulation, which would be present during
a seizure-like episode or discharge. If the synapse were unable
to maintain the rate of endocytosis and replenish the popu-
lation of vesicles via introduction of the shi®*! mutation, for
example, synaptic transmission would be affected as a result
of the unavailability of docked vesicles to release neurotrans-
mitter. In addition to this cumulative effect, evidence sug-
gests that dynamin also has a role in normal synaptic
transmission and maintenance of the RRP of vesicles inde-
pendent of the depletion of synaptic vesicles achieved with
a preincubation at restrictive temperatures: the following
frequency of the DLM in shi®! mutant flies is extremely low
even at permissive temperatures, and the onset of the shit!
phenotype can occur within ~20 msec, much quicker than
the estimates of synaptic vesicle recycling time (Kawasaki
et al. 2000). One potential mechanism for this observation
is that the trapped endocytic intermediates formed by the
mutation accumulate in the active zone, inhibiting further
rounds of exocytosis and ultimately reducing the synaptic
efficiency or potential of the synapse (Kawasaki et al.
2000). Therefore, seizures and other high-frequency evoked
stimuli would be impeded or blocked because of both the
reduction of synaptic vesicles over time and the formation
of intermediates accumulating in the active zone.

Synaptic vesicle pools

In general, three pools of vesicles can be found at the synapse:
the readily releasable pool, the recycling pool, and the reserve
pool (Rizzoli and Betz 2005). First, the RRP contains the
docked vesicles primed for release and contains only a small
percentage of the total amount of vesicles in the cell. Esti-
mates suggest that in the wild-type DLM motoneuron neuro-
muscular junction, there are only ~11 docked vesicles per
individual active zone (Koenig et al. 1989). Owing to their
limited number, vesicles considered part of the RRP will rap-
idly deplete from single shocks of high-frequency stimulation
or a few milliseconds of depolarization (Delgado et al. 2000;
Rizzoli and Betz 2005). Replacement of docked vesicles at
the membrane and refilling of the RRP are accomplished by
mobilization of vesicles from the recycling pool (or exo/endo
recycling pool), a pool composed of continuously recycling
vesicles that are used to maintain moderate physiological
stimulation frequencies (Rizzoli and Betz 2005). These
vesicles would mostly be retrieved by endocytosis from the
plasma membrane via classical clathrin-mediated endocyto-
sis (Kuromi and Kidokoro 1998). The last pool of vesicles, the
reserve pool, holds the highest percentage of vesicles and is
used only in extreme circumstances or intense stimulation,
and mixing between the reserve and recycling pools is slow. It
is thought that vesicles for this pool are mostly generated via
bulk endocytosis, a noncanonical membrane recycling path-
way (Akbergenova and Bykhovskaia 2009). It is unclear at
this moment whether the stimulation needed to trigger a sei-
zure also triggers mobilization of the reserve pool of vesicles,
but some behavioral observations, such as the refractory

period following a bang-sensitive episode, in which for ~10 min
seizure thresholds are highly increased and flies are no longer
bang sensitive, suggest that those vesicles may be mobilized
and partially responsible for the lack of seizures following the
initial seizure. Dynamin mutations did not alter the refractory
period of the flies (data not shown), consistent with the mo-
bilization of preformed vesicles from one pool to another,
which would occur independent of dynamin function.

Overexpression of mutant dynamin

Overexpression of mutant Shibire protein caused suppression
of bang sensitivity at permissive temperatures in the parabs?/+
mutant. How is seizure sensitivity in this mutant different from
other types of behaviors that require a preincubation at restric-
tive temperatures? First, seizure threshold may be a behavioral
phenotype that is more sensitive to modification than other
types of behaviors, and it could be easier to detect smaller and
subtler changes to the phenotype. Second, ultrastructural
defects have even been observed in flies raised even at 18°,
indicating that Shis! protein is defective at a larger range of
temperatures than what is observable with the behavioral pa-
ralysis phenotype (Masur et al. 1990; Gonzalez-Bellido et al.
2009). Additionally, the para®s'/+ seizure threshold is much
higher than the para?*'/Y and eas/Y thresholds, so smaller
changes will be more likely to cross the threshold of bang
sensitivity and rescue the phenotype. Finally, in contrast to
many behavioral studies in which the Shi**! protein is ex-
pressed in small subsets of neurons, we expressed the Shits!
pan-neuronally in a broad expression pattern. When restrict-
ing the expression pattern to smaller subsets of neurons, the
permissive temperature effect was no longer apparent. There-
fore, the combined effect of the Shi*s! protein on many neurons
within the nervous system may reduce the temperature at
which a change in behavior is detected.

Dual roles of dynamin and other epilepsy-related genes
in neuronal excitability

The homology of the dynamin protein is highly conserved
between Drosophila and mammals despite three separate
dynamin genes in mammals (Praefcke and McMahon 2004).
For example, homologous mutations of shi®! in mammalian
dynamin-1 also causes temperature-sensitive disruption of en-
docytosis (Damke et al. 1995).

Interestingly, studies in mice have shown that the fitful
mutant, caused by a missense mutation in Dynamin-1, exhib-
its spontaneous limbic and generalized tonic-clonic seizures
on routine handling (Boumil et al. 2010). The seizure-like
activity detected in the DLM from heated shi®! flies could
resemble aspects of the fitful mutant. In fact, the dynamin
mutant shi*! was characterized early as a “temperature-
sensitive induced seizure mutant” before it was later de-
scribed more often as a temperature-sensitive paralytic
mutant (Salkoff and Kelly 1978). Why there is excitatory
activity is unclear, but one possible explanation is that differ-
ent neurons within the fly have different thresholds or num-
bers of vesicles in the RRP. Therefore, inhibitory neurons that
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keep the activity the DLM quiet are inhibited first by shi®!,
leading to spontaneous discharges of the DLM when that tonic
inhibition is removed. The somewhat paradoxical role of dyna-
min in either promoting seizures or suppressing seizures
indicates the importance of proper regulation of synaptic
vesicles on overall excitability within the animal.

Other genes linked to epilepsy have different alleles that
can drastically alter the balance of neural excitability. For
example, in mice and humans, missense mutations of the
Cacnala calcium channel have been linked to absence seiz-
ures, while in Drosophila, mutations in the homologous
cac™? channel result in heat-activated seizures but are also
a suppressor of bang-sensitive mutants (Zamponi et al.
2009). Additionally, there are different para alleles in Dro-
sophila that can cause either bang sensitivity, seizure suppres-
sion, heat-activated seizure sensitivity, cold sensitivity, or
temperature-sensitive paralysis, all extremes of either hyper-
or hypoactivity of the sodium channel (Lindsay et al. 2008;
Parker et al. 2011b; Sun et al. 2012; Schutte et al. 2014).

Seizure suppression by Rab GTPases

Our results suggest that specific mutations in Rab GTPases
have minor effects on seizure susceptibility compared to the
relatively strong effects of mutant dynamin. The strong seizure
suppression seen by the Rab5% mutant is especially interesting
because of the proposed role of Rab5 in early stages of endocy-
tosis and membrane fusion (Wucherpfennig et al. 2003;
Shimizu 2003). While the activation of Rab5 seems coun-
terintuitive to the inhibition of endocytosis brought about
by dynamin, one possibility is that the activated Rab5 sequesters
other proteins or vesicles that normally would be involved with
endocytosis, therefore disrupting the normal functioning of en-
docytosis at the synapse. Additionally, the functional difference
between DN and CA mutations appears complex. For example,
both Rab5% and Rab5PN mutations were shown to inhibit ves-
icle mobility compared to wild-type Rab5 expression, suggesting
that the ability to switch between active and inactive states may
be especially important for their proper function (Potokar et al.
2012). While there was no observed effect with the Rab5PN
mutation, the degree of inhibition by the transgene may not
be strong enough for any detectable changes in seizure thresh-
old, especially since strong transgene expression is necessary for
seizure suppression by dynamin. Additionally, it has been shown
previously that Rab5 is not strictly required for vesicle formation
following synaptic depletion, even when inhibitor is fully
expressed (Shimizu 2003). In another mutant, Rab35PN, pre-
vious studies have shown that the mutant exhibits diminished
excitatory junctional currents (EJCs), suggesting that decreased
synaptic transmission in that mutant could contribute to the
suppression of bang sensitivity (Uytterhoeven et al. 2011).
The identification of 8 seizure-suppressor mutations within
a sample of 18 (~40% hit rate) is very high and surpasses any
previous attempts to identify seizure-suppressor mutations
(forward or reverse genetics) in any bang-sensitive genotype.
For example, we have tested existing P-element mutations by
crossing them into the para®*?/+ bang-sensitive genotype
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and have achieved a much lower hit rate of <5%. Identifying
the exact role and function of each Rab protein and how it
specifically affects seizure susceptibility and synaptic trans-
mission will be important for determining the mechanism of
suppression in each case. However, because the genes tested
were chosen based on their colocalization with a synaptic
vesicle marker, synaptic vesicles are likely to be affected by
each of the mutations, which has been shown to be the case in
other studies with DN and CA versions of Rab5, Rab23, and
Rab35 (Uytterhoeven et al. 2011).

Neurons and circuits involved in the bang-
sensitive phenotype

A full understanding of the neurons involved in the spread of
aseizure from the electrical or mechanical origin of the seizure
to the DLM motor output (the entire “seizure circuit”) is un-
known. One difficulty is that the activity and connections of
neurons that may be involved in such behavior are still rela-
tively unknown in healthy animals, let alone how they then
might function or interact in a disease state such as epilepsy.
For example, expression of wild-type eas™ in cholinergic neu-
rons is sufficient to suppress bang sensitivity in eas mutants,
while RNA interference (RNAI) of kazachoc (kcc) in neurons,
glia, or the GF neuron independently caused seizure sensitiv-
ity (Kroll and Tanouye 2013; Rusan et al. 2014). With these
results, it is difficult to determine whether the neurons tar-
geted were actually part of the circuit within which the
seizure travels or whether compensating for an ionic or
molecular defect, independent of the neurons, eliminated
seizures and the circuits through which seizures travel.

Our data suggest that action potentials associated with bang
sensitivity originate in the brain and then spread to downstream
motor outputs through the GF neuron, passing through the PSI
and DLM motoneuron before being detected as the series of
discharges and failures in the DLM. Overexpression of shi®! in
all neurons, excitatory cholinergic neurons, or the GF neuron
was sufficient for suppression of bang sensitivity. We also
tested an assortment of ~40 other GAL4 lines with various
sparse expression patterns and found no significant seizure
suppression (data not shown), indicating specific require-
ments for a given GAL4 line to suppress seizures.

We cannot confirm to what extent the PSI neuron alone
affects the suppression of seizures because the GAL4 line
expresses in many other cells (cholinergic) outside the circuit.
However, it does appear that the PSI, in addition to the GF, has
an important role in the manifestation of seizures. First, pre-
vious studies have shown that seizures and discharges are not
detected in the tergortrochanteral muscle (TTM) despite the
fact that both the DLM and TTM respond to input from the GF
neuron (Pavlidis and Tanouye 1995). This is so because the
TTM motoneuron is innervated directly by the GF, while the
DLM motoneuron is innervated directly by the PSI neuron,
which receives its input from the GF. Additionally, given the
independent recovery of the individual DLM fibers during re-
covery from a seizure and the ability for DLM motoneurons to
fire action potentials when directly stimulated in the thorax
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during the failure period of the seizure, it was reasoned that
the PSI-DLM motoneuron synapse was the site of synaptic
failure following the high-frequency stimulus necessary to trig-
ger a seizure (Pavlidis and Tanouye 1995).

Our data from this study suggest that indirectly inhibiting
the PSI neuron by inhibiting the upstream GF neuron could be
preventing the failure of the PSI neuron and therefore the
discharges and failures observed in the DLM that are associ-
ated with the response to mechanical or electrical stimuli
sufficient to trigger a seizure. More detailed and comprehen-
sive GAL4 lines/split-GAL4 lines that express only in the PSI
neuron will enable a more rigorous test of this hypothesis.

Synaptic vesicles and epilepsy

Synaptic vesicles are the basic unit of synaptic transmission,
converting changes in ionic current and the total excitability of
a particular synaptic terminal into account. Thus, synaptic
vesicles could represent an important and critical target for
the prevention of aberrant action potentials and hyperactivity
in patients with epilepsy. Recent progress to suppress epilepsy
and seizures has emphasized the use of various light- or chemical-
gated channels expressed in different neurons and circuits within
the brain (Tgnnesen et al. 2009; Sukhotinsky et al. 2013; Kéatzel
et al. 2014). While these show great promise, the problems with
these types of manipulations in human patients will be halted by
the ability to safely perform genome editing in human tissues,
a significant technological challenge. Our study has shown that
mutant dynamin and Rab proteins can act as seizure suppres-
sors. Therefore, we imagine that additional proteins involved
with synaptic vesicle regulation, biogenesis, or mobilization
could be potential new targets for AEDs without the need for
novel expression of channels or pumps.

Acknowledgments

We thank fellow members of our laboratory for their advice
and helpful discussions throughout this project. We also
thank Todd Laverty and Monti Mercer for assistance with
shipping of the fly stocks for the project. We also acknowl-
edge Jascha Pohl, who passed away unexpectedly during
the course of the project and who always provided great
support, inspiration, and wisdom. This study was supported
by awards from the McKnight Foundation and the National
Institutes of Health (NS31231) to M.A.T.

Author contributions: J.R.K. and M.A.T. designed the study,
experiments, and wrote the manuscript. J.R.K. performed
the behavior and electrophysiology experiments, analyzed
data, and performed statistical analysis. K.G.W. and F.M.S.
performed the behavior experiments and analyzed data. All
authors edited the manuscript.

Literature Cited

Akbergenova, Y., and M. Bykhovskaia, 2009 Stimulation-induced
formation of the reserve pool of vesicles in Drosophila motor
boutons. J. Neurophysiol. 101: 2423-2433.

Allen, M. J., T. A. Godenschwege, M. A. Tanouye, and P. Phelan,
2006 Making an escape: development and function of the Dro-
sophila giant fibre system. Semin. Cell Dev. Biol. 17: 31-41.

Allen, M. J., J. A. Drummond, D. J. Sweetman, and K. G. Moffat,
2007 Analysis of two P-element enhancer-trap insertion lines
that show expression in the giant fibre neuron of Drosophila
melanogaster. Genes Brain Behav. 6: 347-358.

Boumil, R. M., V. A. Letts, M. C. Roberts, C. Lenz, C. L. Mahaffey
et al., 2010 A missense mutation in a highly conserved alter-
nate exon of dynamin-1 causes epilepsy in fitful mice. PLoS
Genet. 6: €100104.

Brand, A. H., and N. Perrimon, 1993 Targeted gene expression as
a means of altering cell fates and generating dominant pheno-
types. Development 118: 401-415.

Chan, C.-C., S. Scoggin, D. Wang, S. Cherry, T. Dembo et al,
2011 Systematic discovery of Rab GTPases with synaptic func-
tions in Drosophila. Curr. Biol. 21: 1704-1715.

Damke, H., T. Baba, A. M. van der Bliek, and S. L. Schmid,
1995 Clathrin-independent pinocytosis is induced in cells
overexpressing a temperature-sensitive mutant of dynamin. J.
Cell Biol. 131: 69-80.

Deinhardt, K., S. Salinas, C. Verastegui, R. Watson, D. Worth et al.,
2006 Rab5 and Rab7 control endocytic sorting along the axo-
nal retrograde transport pathway. Neuron 52: 293-305.

Delgado, R., C. Maureira, C. Oliva, Y. Kidokoro, and P. Labarca,
2000 Size of vesicle pools, rates of mobilization, and recycling
at neuromuscular synapses of a Drosophila mutant, shibire.
Neuron 28: 941-953.

Fayyazuddin, A., M. A. Zaheer, P. R. Hiesinger, and H. J. Bellen,
2006 The nicotinic acetylcholine receptor Da7 is required for
an escape behavior in Drosophila. PLoS. Biol. 4: e63.

Gillingham, A. K., R. Sinka, I. L. Torres, K. S. Lilley, and S. Munro,
2014 Toward a comprehensive map of the effectors of Rab
GTPases. Dev. Cell 31: 358-373.

Gonzalez-Bellido, P. T., T. J. Wardill, R. Kostyleva, I. A. Meinertzhagen,
and M. Juusola, 2009 Overexpressing temperature-sensitive dy-
namin decelerates phototransduction and bundles microtubules in
Drosophila photoreceptors. J. Neurosci. 29: 14199-14210.

Gorczyca, M., and J. C. Hall, 1984 Identification of a cholinergic
synapse in the giant fiber pathway of Drosophila using con-
ditional mutations of acetylcholine synthesis. J. Neurogenet.
1: 289-313.

Grigliatti, T. A., L. Hall, R. Rosenbluth, and D. T. Suzuki,
1973 Temperature-sensitive mutations in Drosophila mela-
nogaster. Mol. Gen. Genet. 120: 107-114.

Guzman, S. J., A. Schlogl, and C. Schmidt-Hieber, 2014 Stimfit:
quantifying electrophysiological data with Python. Front. Neu-
roinform. 8: 16.

Jin, E. J., C.-C. Chan, E. Agi, S. Cherry, E. Hanacik et al,
2012 Similarities of Drosophila rab GTPases based on expres-
sion profiling: completion and analysis of the rab-Gal4 kit. PLoS
ONE 7: e40912.

Kétzel, D., E. Nicholson, S. Schorge, M. C. Walker, and D. M. Kullmann,
2014 Chemical-genetic attenuation of focal neocortical seizures.
Nat. Commun. 5: 3847.

Kawasaki, F., M. Hazen, and R. W. Ordway, 2000 Fast synaptic
fatigue in shibire mutants reveals a rapid requirement for dyna-
min in synaptic vesicle membrane trafficking. Nat. Neurosci. 3:
859-860.

Kilman, V. L., L. Zhang, R.-A. Meissner, E. Burg, and R. Allada,
2009 Perturbing dynamin reveals potent effects on the Dro-
sophila circadian clock. PLoS ONE 4: e5235.

Kim, Y.-T., and C.-F. Wu, 1990 Allelic interactions at the shibire
locus of Drosophila: effects on behavior. J. Neurogenet. 7: 1-14.

Kitamoto, T., 2001 Conditional modification of behavior in Dro-
sophila by targeted expression of a temperature-sensitive shibire
allele in defined neurons. J. Neurobiol. 47: 81-92.

Mutant Dynamin Suppresses Seizures 1101



Koenig, J. H., and K. Ikeda, 1980 Flight pattern induced by tem-
perature in a single-gene mutant of Drosophila melanogaster. J.
Neurobiol. 11: 509-517.

Koenig, J. H., and K. Ikeda, 1989 Disappearance and reformation
of synaptic vesicle membrane upon transmitter release observed
under reversible blockage of membrane retrieval. J. Neurosci. 9:
3844-3860.

Koenig, J. H., K. Saito, and K. Ikeda, 1983 Reversible control of
synaptic transmission in a single gene mutant of Drosophila
melanogaster. J. Cell Biol. 96: 1517-1522.

Koenig, J. H., T. Kosaka, and K. Ikeda, 1989 The relationship
between the number of synaptic vesicles and the amount of
transmitter released. J. Neurosci. 9: 1937-1942.

Kroll, J. R., and M. A. Tanouye, 2013 Rescue of easily shocked
mutant seizure sensitivity in Drosophila adults. J. Comp. Neurol.
521: 3500-3507.

Kuebler, D., and M. A. Tanouye, 2000 Modifications of seizure
susceptibility in Drosophila. J. Neurophysiol. 83: 998-1009.
Kuebler, D., H. Zhang, X. Ren, and M. A. Tanouye, 2001 Genetic
suppression of seizure susceptibility in Drosophila. J. Neurophy-

siol. 86: 1211-1225.

Kuromi, H., and Y. Kidokoro, 1998 Two distinct pools of synaptic
vesicles in single presynaptic boutons in a temperature-sensitive
Drosophila mutant, shibire. Neuron 20: 917-925.

Lee, J., and C.-F. Wu, 2002 Electroconvulsive seizure behavior in
Drosophila: analysis of the physiological repertoire underlying
a stereotyped action pattern in bang-sensitive mutants. J. Neu-
rosci. 22: 11065-11079.

Lindsay, H. A., R. Baines, R. ffrench-Constant, K. Lilley, H. T. Jacobs
et al., 2008 The dominant cold-sensitive out-cold mutants of Dro-
sophila melanogaster have novel missense mutations in the voltage-
gated sodium channel gene paralytic. Genetics 180: 873-884.

Marini, C., I. E. Scheffer, R. Nabbout, A. Suls, P. De Jonghe et al.,
2011 The genetics of Dravet syndrome. Epilepsia 52(Suppl.
2): 24-29.

Marley, R., and R. A. Baines, 2011 Increased persistent Na* cur-
rent contributes to seizure in the slamdance bang-sensitive Dro-
sophila mutant. J. Neurophysiol. 106: 18-29.

Masur, S. K., Y. T. Kim, and C. F. Wu, 1990 Reversible inhibition
of endocytosis in cultured neurons from the Drosophila temperature-
sensitive mutant shibire. J. Neurogenet. 6: 191-206.

Meldrum, B. S., 1996 Update on the mechanism of action of
antiepileptic drugs. Epilepsia 37(Suppl. 6): S4-S11.

Ng, E. L., and B. L. Tang, 2008 Rab GTPases and their roles in
brain neurons and glia. Brain Res. Rev. 58: 236-246.

Parker, L., I. C. Howlett, Z. M. Rusan, and M. A. Tanouye,
2011a Seizure and epilepsy: studies of seizure disorders in
Drosophila. Int. Rev. Neurobiol. 99: 1-21.

Parker, L., M. Padilla, Y. Du, K. Dong, and M. A. Tanouye,
2011b Drosophila as a model for epilepsy: bss is a gain-of-
function mutation in the para sodium channel gene that leads
to seizures. Genetics 187: 523-534.

Pavlidis, P., and M. A. Tanouye, 1995 Seizures and failures in the
giant fiber pathway of Drosophila bang-sensitive paralytic mu-
tants. J. Neurosci. 15: 5810-5819.

Pavlidis, P., M. Ramaswami, and M. A. Tanouye, 1994 The Drosophila
easily shocked gene: a mutation in a phospholipid synthetic pathway
causes seizure, neuronal failure, and paralysis. Cell 79: 23-33.

Pfeiffer, B. D., J. W. Truman, and G. M. Rubin, 2012 Using trans-
lational enhancers to increase transgene expression in Drosoph-
ila. Proc. Natl. Acad. Sci. USA 109: 6626-6631.

Potokar, M., V. Lacovich, H. H. Chowdhury, M. Kreft, and R. Zorec,
2012 Rab4 and Rab5 GTPase are required for directional mo-
bility of endocytic vesicles in astrocytes. Glia 60: 594-604.

Praefcke, G. J. K., and H. T. McMahon, 2004 The dynamin super-
family: universal membrane tubulation and fission molecules?
Nat. Rev. Mol. Cell Biol. 5: 133-147.

1102 J. R. Kroll et al.

Pyle, J. L., E. T. Kavalali, E. S. Piedras-Renteria, and R. W. Tsien,
2000 Rapid reuse of readily releasable pool vesicles at hippo-
campal synapses. Neuron. 28: 221-231.

Rizzoli, S. O., and W. J. Betz, 2005 Synaptic vesicle pools. Nat.
Rev. Neurosci. 6: 57-69.

Rogawski, M. A., and W. Loscher, 2004 The neurobiology of
antiepileptic drugs. Nat. Rev. Neurosci. 5: 553-564.

Rusan, Z. M., O. A. Kingsford, and M. A. Tanouye, 2014 Modeling
glial contributions to seizures and epileptogenesis: cation-chloride
cotransporters in Drosophila melanogaster. PLoS ONE 9: e101117.

Saheki, Y., and P. De Camilli, 2012 Synaptic vesicle endocytosis.
Cold Spring Harb. Perspect. Biol. 4: a005645.

Salkoff, L., and L. Kelly, 1978 Temperature-induced seizure and
frequency-dependent neuromuscular block in a ts mutant of
Drosophila. Nature 273: 156-158.

Schuele, S. U., and H. O. Liiders, 2008 Intractable epilepsy: man-
agement and therapeutic alternatives. Lancet Neurol. 7: 514-524.

Schutte, R. J., S. S. Schutte, J. Algara, E. V. Barragan, J. Gilligan
etal., 2014 Knock-in model of Dravet syndrome reveals a con-
stitutive and conditional reduction in sodium current. J. Neuro-
physiol. 112: 903-912.

Shimizu, H., 2003 An essential role of Rab5 in uniformity of syn-
aptic vesicle size. J. Cell Sci. 116: 3583-3590.

Siddigi, O., and S. Benzer, 1976 Neurophysiological defects in
temperature-sensitive paralytic mutants of Drosophila mela-
nogaster. Proc. Natl. Acad. Sci. USA 73: 3253-3257.

Somsel Rodman, J., and A. Wandinger-Ness, 2000 Rab GTPases
coordinate endocytosis. J. Cell Sci. 113: 183-192.

Song, J., J. Hu, and M. Tanouye, 2007 Seizure suppression by
topl mutations in Drosophila. J. Neurosci. 27: 2927-2937.
Sukhotinsky, I., A. M. Chan, O. J. Ahmed, V. R. Rao, V. Gradinaru
etal., 2013 Optogenetic delay of status epilepticus onset in an

in vivo rodent epilepsy model. PLoS ONE 8: €62013.

Sun, L., J. Gilligan, C. Staber, R. J. Schutte, V. Nguyen et al.,
2012 A knock-in model of human epilepsy in Drosophila re-
veals a novel cellular mechanism associated with heat-induced
seizure. J. Neurosci. 32: 14145-14155.

Tanouye, M. A., and R. J. Wyman, 1980 Motor outputs of giant
nerve fiber in Drosophila. J. Neurophysiol. 44: 405-421.

Tgnnesen, J., A. T. Sgrensen, K. Deisseroth, C. Lundberg, and M.
Kokaia, 2009 Optogenetic control of epileptiform activity.
Proc. Natl. Acad. Sci. USA 106: 12162-12167.

Uytterhoeven, V., S. Kuenen, J. Kasprowicz, K. Miskiewicz, and P.
Verstreken, 2011 Loss of skywalker reveals synaptic endosomes
as sorting stationsfor synaptic vesicle proteins. Cell 145: 117-132.

van der Bliek, A. M., and E. M. Meyerowrtz, 1991 Dynamin-like
protein encoded by the Drosophila shibire gene associated with
vesicular traffic. Nature 351: 411-414.

Wucherpfennig, T., M. Wilsch-Brduninger, and M. Gonzélez-Gaitan,
2003 Role of Drosophila Rab5 during endosomal trafficking at
the synapse and evoked neurotransmitter release. J. Cell Biol.
161: 609-624.

Yu, F. H.,, M. Mantegazza, R. E. Westenbroek, C. A. Robbins, F.
Kalume et al., 2006 Reduced sodium current in GABAergic
interneurons in a mouse model of severe myoclonic epilepsy
in infancy. Nat. Neurosci. 9: 1142-1149.

Zamponi, G. W., P. Lory, and E. Perez-Reyes, 2009 Role of voltage-
gated calcium channels in epilepsy. Pflugers Arch. 460: 395-403.

Zhang, H., J. Tan, E. Reynolds, D. Kuebler, S. Faulhaber et al.,
2002 The Drosophila slamdance gene: a mutation in an ami-
nopeptidase can cause seizure, paralysis and neuronal failure.
Genetics 162: 1283-1299.

Zhang, J., K. L. Schulze, P. R. Hiesinger, K. Suyama, S. Wang et al.,
2006 Thirty-one flavors of Drosophila rab proteins. Genetics
176: 1307-1322.

Communicating editor: W. Sullivan



GENETICS

Supporting Information
www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177600/-/DC1

Disruption of Endocytosis with the Dynamin Mutant
shibire®' Suppresses Seizures in Drosophila

Jason R. Kroll, Karen G. Wong, Faria M. Siddiqui, and Mark A. Tanouye

Copyright © 2015 by the Genetics Society of America
DOI: 10.1534/genetics.115.177600



test

23° Or 25° —p
bss1 N
para "/ + ; GAL4 + UAS-shiST100

ns

1004 - ns
ns ns
80 - | I |
° ns ns
2
B
G 60 4
0 | o
o) I 23
C
g o
2 401 m 25
20 o
(9Y 0 0 [+ (s}
(se] [50) (2] [50) (52}
1] 1] 1] 1]
c c c c
N O S
» O % < X
A A Q ) &)
X < & ® &
B
100
80
(0]
2
:§
S 60
)]
o)
3
o 40
*
20

* E S E S
& N ®

S PSS TLERF NS S
FE TESEFTS PP "{’bé’v\@@(( &©

< [c

Figure S1. Preliminary GAL4 screen for seizure suppression

A) An initial test was performed to determine whether raising flies at 25° or 23° would have any
significant effect on the phenotype, and no differences were detected.

B) The small initial GAL4 screen shows that most GAL4 lines did not have effects on the seizure
phenotype. The three strongest hits corresponded to GAL4 drivers with wide spread expression

patterns.
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