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Figure S1. Developmental temperature during embryogenesis affects seizure severity

(A) RTs measured at L3 from WT and homozygous bss pre-incubated at different temperatures
during both embryonic (E) and larval (L) stages. Only bss L3 derived from embryos maintained
at 18°C, compared to either normal (25°C) or elevated (29°C) temperature, showed a statistically
significant recovery of seizure-behavior. By contrast, altering temperature after hatching had no
effect on seizure severity. The number of tested larvae is indicated in the bars. (B) RTs from WT
and homozygous bss incubated at different temperatures (18°C, 25°C and 29°C) during
embryogenesis only. Newly-hatched L1 from all groups were maintained at 25°C until L3. Only
bss embryos maintained at 18°C show significantly reduced RT (F,261) = 223.70, p < 0.001, n =
30 in each group), suggesting that temperature-sensitive events, such as neuronal metabolism
and/or circuit activity (see Figure 1B), are implicated in determining seizure-behavior. bss larvae
treated with phenytoin (Phy) during embryogenesis exhibited a reduced dependency on
temperature and RTs were lower with respect to the untreated bss line, indicating a beneficial
treatment of the drug. To determine AED sensitivity, bss embryos were exposed to Phy by
feeding gravid adult females. Data (A and B) are represented as mean £ SEM. *** = p < 0.001
with respect to the E25°C-L25°C group, Bonferroni’s post-hoc test.
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Figure S2. The effect of eNpHR is stimulation-time dependent

100 ms

(A) Whole-cell patch recordings from aCC/RP2 motoneurons in newly-hatched L1 (~21 hours
AEL) showing membrane potential changes due to activation of ChR (A470 nm, 100 or 600 ms/1
Hz). Single (1.37 £ 0.26 APs per light pulse, n = 5) or multiple (4.97 £ 0.56 APs per light pulse,
n = 5) action potentials (APs) are elicited following ChR activation for either short (100 ms) or
long (600 ms) periods, respectively. (B) In eNpHR-expressing neurons short duration (A565 nm,
100 ms/1 Hz) activation produced brief hyperpolarization events that gave rise to rebound AP
firing (4.42 + 1.34 APs per light pulse, n = 8), due to anodal-break excitation. By contrast,
prolonged photo-activation (A565 nm, 600 ms/1 Hz) produced only inhibitory hyperpolarizing
changes to the membrane potential with no rebound firing (0.36 £ 0.31 APs per light pulse, n =
8). Indeed, pulse duration (100 vs. 600 ms) affects the ability of eNpHR to suppress seizure in
our model (see Figure 1B). Inset shows magnified images of the light-evoked APs.
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Figure S3. L3 motoneurons derived from optogenetically-manipulated embryos exhibit
reduced membrane excitability

(A) Changes in membrane excitability of L3 aCC/RP2 motoneurons, following the increased
synaptic excitation (see Figure 3), were determined by injection of constant current (4 pA
steps/0.5 s). The current-firing relationship was evaluated by linear regression. The linear part
(28-76 pA) and the plateau (180-228 pA) of the curve were analyzed separately. The number of
APs fired is significantly less in manipulated (+LED, n = 12) compared to control (-LED, n = 13)
L3. The fitted lines exhibit similar slope values (linear part: 0.53 = 0.02 vs. 0.66 £ 0.01, +LED
vs. -LED, respectively; and plateau: 0.07 + 0.01 vs. 0.08 + 0.01, +LED vs. -LED, respectively),
but different intercepts considering both the rising (-16.10 £ 0.97 vs. -9.69 + 0.65, +LED vs. -
LED, respectively, p < 0.001) and plateau (41.19 + 1.62 vs. 44.10 + 1.68, +LED vs. -LED,
respectively, p = 0.004) elements of the curves. No difference in resting membrane potential,
input resistance or capacitance was observed (data not shown). Data are represented as mean +
SEM. (B) Representative traces showing firing of APs by successively greater depolarizing
current injections (20, 40, and 60 pA/0.5 s) in aCC.



Table S1. Neuronal remodeling during pupation resets the effect of optogenetic
manipulation.

Treatment n Mean + SEM p-value
bss/+ eNpHR -LED 60 | 77.67+14.89s
bss/+ eNpHR  +LEDgooms 60 67.83+9.43s n.s.
bss/+ eNpHR  +LED100ms 60 | 73.50+13.34s n.s.
WT + PTx eNpHR -LED 100 0.73+£0.055s
WT + PTx eNpHR  +LEDggoms 100 0.71+£0.06 s n.s.
WT ChR -LEDj115h 15 0.73+0.14s
WT ChR +LEDj1.15n 18 0.71+£0.07 s n.s.
WT ChR -LEDis.17n 41 0.75+£0.155s
WT ChR +LEDjs5.17n 47 0.73+£0.115s n.s.
WT ChR -LEDj7.19p 49 0.77+0.11s
WT ChR +LEDj7.191 54 0.75+0.07 s n.s.
WT ChR -LEDjg21n 64 0.68+0.115s
WT ChR +LEDj1g.211 41 0.70+£0.10s n.s.
Reference values
WT 80 0.70+£0.10s
bss/bss 100 | 242.66 £ 25.30 s
bss/+ 90 | 88.39+28.61s

RTs measured by vortexing adult flies, derived from manipulated embryos. (A) The ability of
eNpHR-activation to rescue seizure in L3 carrying the bss mutation, is not maintained in adults
flies derived from these larvae (cf. Figure 1B). (B) The effect of embryonic exposure to PTx to
induce seizure in L3, is also not carried forward to the adult (cf. Figure 1C). This loss of effect is
not influenced by activation of eNpHR during embryogenesis. (C) Similarly, neuronal
remodeling during pupation completely rescues the ChR-induced seizure-phenotype observed in
L3 (cf. Figure 2E).



Table S2. Different neuronal subpopulations contribute unequally to seizure
predisposition.
(nc;j‘rl(;:: ,I[;/npe;s) Treatment n Mean + SEM p-value
ElaV>-GAL4 -LED 18 70.22 +8.72's
(all neurons) [S1] +LED1ooms | 25 177.08 + 16.48 s <0.001
B19-GAL4 -LED 30 62.73+3.86 s
(cholinergic) [S2] +LEDjooms | 30 | 187.57+16.86s <0.001
vGat-GAL4 -LED 30 60.50 +5.19 s
(GABAergic) [S3] +LEDjgoms | 30 163.03 £12.78 s <0.001
TH-GAL4 -LED 30 63.17£3.955s
(dopaminergic)[S4] +LED1goms | 30 108.93+£10.95s <0.001
TRH-GAL4 -LED 30 60.37 £4.27 s
(serotonergic) [S5] +LED1ooms | 30 100.97 +11.45s <0.001
OK371-GAL4 -LED 30 59.87+4.30s
(glutamatergic) [S6] +LED1goms | 30 123.27+7.73s <0.001
OK6-GAL4 -LED 30 62.27 +3.98 s
(motoneurons) [S7] +LEDigoms | 30 7330 £4.42s n.s.
tdc2-GAL4 -LED 30 64.47 £3.72 s
(tyraminergic/octopaminergic) [S8] +LED1ooms | 30 74.17 £6.13 s n.s.
386Y-GAL4 -LED 30 61.87 £4.40s
(peptidergic) [S9] +LED1ooms | 30 93.30+7.20s <0.001
Repo-GAL4 -LED 30 62.73+3.86 s
(glia cells) [S10] +LED1goms | 30 74.83+5.82s n.s.
P0163-GAL4 -LED 30 60.13+4.14s
(sensory) [S11] +LEDjgoms | 30 121.50 £ 12.67 s <0.001
cry-GAL4 -LED 30 63.83+4.41s
(Cry-positive) [S12] +LEDjooms | 30 87.43+6.87s 0.005
ElavV“**-GAL4;tsh-GAL80 -LED 30 60.67 +3.01s
(brain lobes) +LED100ms 25 52.96 +6.64 s n.s.

RTs of L3 to electroshock derived from embryos in which neuronal activity was manipulated by
expression of eNpHR in different neuron types. Embryos were exposed to light (A565 nm, 100
ms/1 Hz) between 11-19 hours AEL (see Figure 1A). In order to exclude an unspecific effect of
the LED stimulation, embryos were also optically manipulated in absence of all-trans-retinal



(data not shown). Data were statistically compared to the corresponding -LED group using the
Student’s t-test.

Collectively, these data implicate the major neurotransmitter systems, e.g. cholinergic (B19),
GABAergic (VGAT), glutamatergic (OK371), serotonergic (TRH), dopaminergic (TH) and
peptidergic (386Y) to contribute to increase seizure duration. By contrast, increased activity in
neurons directly involved in locomotion, i.e. motoneurons (OK6) and octopaminergic (tdc2)
modulatory neurons was without effect. Motoneurons are glutamatergic and are also labeled by
OK371 [S6]. By subtraction, we conclude that the effect of OK371-driven expression is achieved
through manipulation of activity of the small population of glutamatergic interneurons (6 for
each hemisegment) present in the embryonic CNS [S6]. We also observed increased seizure-like
behavior following activity-manipulation of peripheral sensory inputs (P0163), which
presumably contribute to levels of excitation centrally and influence the frequency of episodic
activity in the developing motor network [S13]. Recent evidence indicates that the activation of
Cry, a blue light-sensing photoreceptor, during embryogenesis, is sufficient to increase the
seizure-phenotype of Drosophila WT L3 [S14]. Hence, we selectively manipulated the activity
of Cry-positive neurons, obtaining a mild, but still significant, increase in RT. Just 6 Cry-positive
neurons are present in the L3 CNS [S15, 16], indicating that activity-manipulation of even a
small subset of neurons is sufficient to give a detectable effect. Finally, using a subtractive
approach (ElaV“'>>-GAL4; tsh-GALB80), we tested the relative contribution of all neurons in the
brain lobes compared to those in the ventral nerve cord (VNC). Manipulation of the former was
not able to produce a bs-phenotype when tested in WT L3 indicative that seizures arise following
manipulation of the locomotor circuits located in the VNC. Finally, no effects were observed
when expression was limited to glia (Repo).



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Fly stocks

Flies were maintained on standard corn meal medium at 25°C. Canton S flies from Bloomington
Drosophila Stock Center was used as WT. Bang-sensitive flies used in this study were bang
senseless! kindly provided by Kevin O’Dell. The following fly stocks were kindly provided by
the respective researchers: channelrhodopsin w*; UAS-ChR2y134r (Stefan Pulver; [S17]),
halorhodopsin ~ UAS-eNpHR::YFP-50C; UAS-eNpHR::YFP-19C, UAS-eNpHR::YFP-34B
(Akinao Nose; [S18]), B19-GAL4 (Paul M. Salvaterra), vGat-GAL4 (Justin Blau), TH-GAL4
and tdc2-GAL4 (Chris Elliott), OK6-GAL4 (Andreas Prokop), Repo-GAL4 (Angela
Giangrande), P0163-GAL4 (Matthias Landgraf), cry-GAL4-19 (Ralf Stanewsky). All other lines
were obtained from the Bloomington Drosophila Stock Center.

Previously published results indicate that embryonic exposure to blue light is sufficient to
increase the RT in third instar larvae (L3) due to the activation of endogenous cryptochrome
(Cry) [S14]. In this study, all the experiments involving blue light were performed in a cry-null
(cry®) background, to avoid unspecific effects. Experiments involving different GAL4 drivers
were performed using eNpHR only, to overcome this issue. For each line, eNpHR-YFP
expression was qualitatively checked under a fluorescence microscope to ensure detectable
expression levels during embryogenesis (at least from the 15" h AEL).

The following strains were crossed: ElaVe*®-GAL4;; cry® females crossed to w*; UAS-
ChR2p134r; cry®® males to pan-neuronally overexpress channelrhodopsin. For halorhodopsin,
ElavV'®-GAL4;; females, or other drivers, were crossed to UAS-eNpHR:YFP-50C; UAS-
eNpHR::YFP-19C, UAS-eNpHR::YFP-34B males.

Optogenetic manipulation of neuronal activity

Mated adult females were allowed to lay eggs on grape agar (Dutscher, Essex, UK) plates at
25°C supplemented with a small amount live yeast paste. To ensure that embryos receive enough
retinal, adults were fed with 4 mM all-trans-retinal (Sigma-Aldrich, Poole, UK) dissolved in
yeast paste twice a day for three days prior to collection. As a negative control, a group of flies
was fed in the absence of retinal. Embryos (1-3 hours AEL) were collected and transferred to a
fresh grape agar plate. The plate was placed in a humidified atmosphere inside a 25°C incubator
and exposed to collimated light from an overhead LED, positioned to a distance of 17 cm
from the embryos. LEDs had peak emission at 470 nm (bandwidth 25 nm, irradiance 466 * 14
nW-cm?; OptoLED, Cairn Instruments, Kent, UK) or 565 nm (bandwidth 80 nm, 250 + 10
pW-cm'z; M565L2, Thorlabs, Newton, NJ). Light was pulsed at 1 Hz, using a Grass S48
stimulator (Grass instruments). Lower frequency stimulation (0.1 Hz) produced seizures of
reduced duration, but still significantly higher than the control (RT: 135.50 = 9.16 s vs. 62.23
459 s, +LED vs. —LED, respectively, p < 0.001, n = 30), and stimulation at 0.01 Hz was
ineffective (RT: 87.70 £ 4.62 s, n = 30). The duration of light pulses was based on their ability to
evoke or silence neuronal activity. Electrophysiological recordings from aCC/RP2 motoneurons,
from newly-eclosed first instar larvae (L1, ~21 hour AEL), determined that short duration pulses
(100 ms) were sufficient to ensure photo-activation of both ChR and eNpHR (Figure S2A and
S2B). In neurons overexpressing eNpHR, instead of AP inhibition we observed a sustained



rebound firing activity due to anodal-break excitation following the 100 ms light pulses, which
has also been indicated in other models [S19]. In this case, longer duration pulses (600 ms) were
found to be effective in preventing spike firing.

Embryos were optically treated for a pre-determined time period during embryogenesis (from the
11" to the 19" hour AEL), if not stated otherwise. Shorter periods (2-4 hours) have been used in
temporally-controlled experiments to define the presence of a critical period. After manipulation,
embryos were transferred into food bottles and maintained at 25°C in complete darkness until ~4
days later when wall climbing L3 were collected and tested for seizure-like behavior.
Development was prolonged by lowering the incubation temperature [S20]. Hence, after optical
manipulation, newly-hatched L1 were transferred into food bottles and maintained at 18°C until
~9 days later.

Seizure induction in third instar larvae

L3 (wandering stage) were transferred to a plastic dish after washing to remove food residue and
gently dried using paper tissue. Once normal crawling behavior resumed, a conductive probe,
composed of two tungsten wires (0.1 mm diameter, ~1-2 mm apart) was positioned over the
approximate position of the CNS, on the anterior-dorsal cuticle of the animal. A 30 VV DC pulse
for 3 s, generated by a Grass S88 stimulator (Grass instruments, RI, USA) was applied. In
response to the electric stimulus, we observed a transitory paralysis status in which larvae were
tonically contracted and, occasionally, exhibited spasms. The time to resumption of normal
crawling behavior was measured as recovery time (RT). Normal crawling was defined as a
whole body peristaltic wave resulting in forward movement [S21]. Electrical stimulation elicits
seizures in both wild-type (WT) and bs-mutant larvae, although the measured RT is significantly
longer in the latter, indicative of increased seizure severity. To assess seizure susceptibility four
different stimulus-intensity levels (5 — 10 — 20 — 30 V for 3 s) were applied to different sets of
larvae. In temperature-controlled experiments, L3 maintained at 18°C during larval development
were incubated at 25°C for at least 2 hours before being electroshocked in order to minimize
unspecific effects of temperature on locomotion.

Seizure induction in adult flies

To estimate bang-sensitivity, adult flies (1-2 days post-eclosion) were anesthetized by CO,,
placed in empty plastic fly vials (10 flies/vial), and allowed to recover for at least 2 hours. A 10 s
mechanical stimulation was delivered via a bench-top vortex (Vortex genie 2, Scientific
Industries, Bohemia, FL). The time required for each fly to stand upright after paralysis was
measured and a mean value calculated for each vial (RT).

Drug feeding of adult flies

Antiepileptic, i.e. phenytoin (0.4 mg/ml) or gabapentin (0.1 mg/ml), dissolved in DMSO, which
has no effect on RT [S21], were added to live yeast paste. Mated adult females were allowed to
feed twice a day, for three days, prior to embryo collection. Embryos were collected as
previously described and transferred to a nondrug-containing dish for optical stimulation.
Previous radio-labeling experiments showed that ingested drug is transferred from gravid



females to oocytes, but is not detected at L3 [S21]. Therefore a direct effect of these drugs on the
electroshock response is excluded.

In order to generate a drug-induced seizure model, picrotoxin (0.25 mg/ml), a proconvulsant
drug widely used in several animal models including flies [S22-28], was administered to adult
gravid females using the same feeding protocol. Exposure of adults to this amount of PTx
resulted in a lethality rate of ~10% per day (vs. 2% in the -PTx group) and adults exhibit
spontaneous seizure behavior ~2 days after first exposure. Nonetheless, egg-laying was not
dramatically reduced allowing us to collect sufficient eggs (100-200 per day from 100-150
adults) for 3 consecutive days. To verify that embryos were effectively exposed to PTX, synaptic
inputs were recorded from aCC/RP2 motoneurons in newly-hatched L1 (~21 hours AEL, for
further details, see the electrophysiology section). We observed a statistically significant increase
in synaptic input duration and a decrease in input frequency, as described for a genetic seizure
model (see Figure 3). Moreover, 3 out of 10 recordings showed abnormally large synaptic events
(duration: 32.59 + 7.66 s). Such events were never seen in recordings from WT. These data
clearly indicate that the embryonic neural network has been exposed to PTx and that the
concentration of drug transferred from gravid female to egg is sufficient to perturb embryonic
neural circuit activity.

Drugs were obtained from Sigma (UK).

Electrophysiology

Whole-cell voltage- and current-clamp recordings were achieved using thick-walled borosilicate
glass electrodes (GC100F-10, Harvard Apparatus, Edenbridge, UK) fire polished to resistances
of 15-20 MQ (L1) and 10-15 MQ (L3). Recordings were made using a Multiclamp 700B
amplifier controlled by pCLAMP (version 10.4) via a Digidata 1440A analog-to-digital
converter (Molecular Devices, Sunnyvale, CA). Traces were sampled at 20 kHz and filtered
online at 10 kHz. External saline composition was as follows: 135 mM NaCl, 5 mM KCI, 4 mM
MgCl,-6H,0, 2 mM CaCl,-2H,0, 5 mM TES and 36 mM sucrose, pH 7.15. Current clamp
recordings were performed in the presence of 1 mM mecamylamine to block endogenous
cholinergic synaptic currents. Internal patch solution was as follows: 140 mM K*-D-gluconate, 2
mM MgCl,-6H,0, 2 mM EGTA, 5 mM KCI, and 20 mM HEPES, pH 7.4. KCI and CaCl, were
purchased from Fisher Scientific (Loughborough, UK); sucrose was obtained from BDH (Poole,
UK); all remaining chemicals were purchased from Sigma.

Membrane potential changes induced by photo-activation of either ChR, or eNpHR were
recorded in current-clamp mode from L1 aCC/RP2 motoneurons held at -60 mV. A 470 nm LED
(OptoLED, Cairn Instruments, Kent, UK) and 590 nm LED (M565L2, Thorlabs, Newton, NJ)
were connected to an Olympus BX51WI microscope. During recording, light was pulsed onto
the sample for 100 or 600 ms at 1 Hz triggered by TTL signals from pClamp (Molecular
Devices) to the LED controller.

Spontaneous rhythmic currents (SRCs) were recorded from L3 aCC/RP2 motoneurons for 3
minutes. Traces were sampled at 20 kHz and filtered at 0.2 kHz low pass. Cells with input
resistance <0.5 GQ were not considered for analysis. Synaptic current parameters were examined
for each recorded cell using Clampfit (version 10.4). To measure the amplitude of SRCs, the
change from baseline to peak current amplitude was determined [S29]. Currents shown were



normalized for cell capacitance (determined by integrating the area under the capacity transient
resulting from a step protocol from -60 to -90 mV). The duration of each synaptic event was
defined as the time from current initiation until the return to baseline.

Membrane excitability was determined as the number of APs evoked by a series of rectangular
depolarizing current pulses (4 pA steps/0.5 s). L3 aCC/RP2 motoneurons were recorded in
current-clamp mode and held at -60 mV before the start of the protocol. The mean number of
evoked action potentials elicited by incremental current injections was counted for each event.
The input-output relationship was evaluated by linear fitting (0-76 pA and 152-228 pA) using
GraphPad Prism version 6 (GraphPad Software, San Diego, CA).

Locomotion assay

L3 (wandering stage) were picked from food vials, washed 3-4 times and allowed to crawl at
room temperature (20-22°C) for approximately 2 minutes on 140 mm Petri dishes (Thermo
Scientific, Loughborough, UK) containing 1% of agarose w/w (SeaKem LE Agarose, Lonza,
USA) in deionized water. Locomotion behavior was recorded for 3 minutes with a USB uEye
camera (model UI-2230SE-C-HQ, UDS, Germany), at a frame rate of 4 frames/s, using a light
panel (model LP812 Jessop, UK) to illuminate the visual field. Larval movement was analyzed
using Image-Pro Plus (version 6.3, MediaCybernetics, USA) tracking software and the total path
length determined based on larval centroid body measurements. The intensity range used by the
software to identify objects of interest was adjusted manually for each larva to achieve optimal
contrast.

Statistics

Data were expressed as means = SEM. Statistical analysis was performed using GraphPad Prism
version 6 (GraphPad Software, San Diego, CA) or Origin Pro 9.0 (OriginLab Corp.,
Northampton, MA). Sample size (n) is reported in each bar and in the tables. Statistical
significance between group means was assessed using Student’s t-test or ANOVA followed by
the Bonferroni’s post-hoc test. Significance levels were set at p < 0.05.
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