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Abstract

Hypersynchronous neural activity is a characteristic feature of seizures. Although many 

Drosophila mutants of epilepsy-related genes display clear behavioral spasms and motor unit 

hyperexcitability, field potential measurements of aberrant hypersynchronous activity across brain 

regions during seizures have yet to be described. Here, we report a straightforward method 

to observe local field potentials (LFPs) from the Drosophila brain to monitor ensemble neural 

activity during seizures in behaving tethered flies. High frequency stimulation across the brain 

reliably triggers a stereotypic sequence of electroconvulsive seizure (ECS) spike discharges 

readily detectable in the dorsal longitudinal muscle (DLM) and coupled with behavioral spasms. 

During seizure episodes, the LFP signal displayed characteristic large-amplitude oscillations 

with a stereotypic temporal correlation to DLM flight muscle spiking. ECS-related LFP events 

were clearly distinct from rest- and flight-associated LFP patterns. We further characterized the 

LFP activity during different types of seizures originating from genetic and pharmacological 

manipulations. In the ‘bang-sensitive’ sodium channel mutant bangsenseless (bss), the LFP pattern 

was prolonged, and the temporal correlation between LFP oscillations and DLM discharges was 

altered. Following administration of the pro-convulsant GABAA blocker picrotoxin, we uncovered 

a qualitatively different LFP activity pattern, which consisted of a slow (1-Hz), repetitive, 

waveform, closely coupled with DLM bursting and behavioral spasms. Our approach to record 

brain LFPs presents an initial framework for electrophysiological analysis of the complex brain-

wide activity patterns in the large collection of Drosophila excitability mutants.
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Introduction

Studies of the fruit fly Drosophila melanogaster have provided many invaluable insights 

into the genetic basis of nervous system function underlying behaviors (for review, see 

Sokolowski, 2001). Such neurogenetic analyses have helped to establish direct links from 

identified genetic mutations to alterations in nervous system physiology that lead to the 

behavior of interest. At the behavioral level, a variety of protocols ranging from relatively 
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simple climbing assays (‘negative-geotaxis’) to more sophisticated video analysis of fly 

behavior have effectively identified and characterized specific abnormalities. In the same 

mutant flies, alterations in neuronal and synaptic physiology initially uncovered through 

analysis of peripheral neuromuscular junctions (Ikeda, Ozawa, & Hagiwara, 1976; Jan & 

Jan, 1976; Siddiqi & Benzer, 1976; Wu, Ganetzky, Jan, Jan, & Benzer, 1978), can provide 

clear readouts on the role of the genes in regulating membrane excitability and synaptic 

transmission. Recently, a growing number of studies have extended the cellular-level 

findings, first established in the peripheral nervous system, by studying central neuronal 

activity in vivo using patch-clamp recording from neuronal soma (Wilson, Turner, & 

Laurent, 2004; Worrell & Levine, 2008) and imaging with GCaMP or other genetically 

encoded fluorophores within individual or groups of identifiable neurons (Lemon et al., 

2015; Streit, Fan, Masullo, & Baines, 2016; Wang, Wong, Flores, Vosshall, & Axel, 2003). 

In addition to these robust protocols established to study detailed behavioral and cellular 

physiological aspects, it is desirable to elucidate global features of ensemble neural activities 

across various brain regions during behavioral tasks or neurophysiological events.

Pioneered in humans and in other mammals nearly a century ago, electroencephalogram 

(EEG) techniques provide a readout of different waveforms associated with ensemble 

and aggregate neuronal activity in different brain regions (Berger, 1929 cited in Millett 

2001, see also Adrian & Matthews 1934). EEG signals have found widespread application 

in revealing key characteristics of global ‘brain states’, such as wakefulness, non-REM 

and REM sleep (Britton et al., 2016), and have provided clear hallmarks of epileptiform 

and other pathophysiological forms of activity (Noachtar & Peters, 2009). In Drosophila, 

extracellular electrical recordings of activity across neuronal populations have yielded 

valuable information on sensory physiology, including: photoreceptors in the compound 

eye (via electroretinogram, Heisenberg 1971; Pak, 1975), olfactory receptor neurons in the 

antenna (via electroantennogram, Borst 1984; Ayyub, Paranjape, Rodrigues & Siddiqi, 1990; 

Alcorta, 1991), and mechanosensory transduction in the Johnston’s organ (Eberl, Hardy, & 

Kernan, 2000). A few studies have developed protocols for measuring local field potentials 

(LFPs) in the brain using glass microelectrodes (Ito, Bazhenov, Ong, Raman, & Stopfer, 

2009; Nitz, Van Swinderen, Tononi, & Greenspan, 2002; Tanaka, Ito, & Stopfer, 2009) 

or multi-electrode arrays (Paulk, Zhou, Stratton, Liu, & van Swinderen, 2013), focusing 

on central sensory processing (Paulk, Kirszenblat, Zhou, & van Swinderen, 2015; van 

Swinderen, 2007), or differentiating between rest, activity and sleep states (van Alphen, 

Semenza, Yap, van Swinderen, & Allada, 2021; van Swinderen, 2006; Yap et al., 2017).

In this report, we describe an approach for observing LFP signals from an anatomically 

specified locus that is suitable for monitoring global electrical activity in the brain during 

seizures. We found the high-frequency stimulation protocol, that induces electroconvulsive 

seizures (ECS), produced a characteristic LFP activity pattern temporally correlated with 

the previously-described repertoire of flight muscle (DLM) motor unit discharges and 

behavioral spasms. Furthermore, LFP activities during rest or flight could be readily 

distinguished from the seizure-related LFP signals. In the hyperexcitable voltage-gated 

sodium (NaV) channel mutant bangsenseless (bss, (Ganetzky & Wu, 1982; Parker, Padilla, 

Du, Dong, & Tanouye, 2011), which displays a lower ECS threshold and extreme sensitivity 

to mechanical shock (Lee & Wu, 2002), we found clear temporal alterations in the 
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ECS-associated LFP activity. We further contrasted ECS activity to proconvulsant-evoked 

spasms by characterizing the LFP activity, demonstrating a unique seizure pattern following 

injection of the GABAA blocker picrotoxin (PTX). There is a large collection of epileptic 

Drosophila mutants with well-characterized behavioral and electrophysiological phenotypes. 

Our study provides a first glimpse of a readily accessible brain-wide quantitative signal that 

can add a new dimension for distinguishing seizure sub-types.

Materials and Methods

Fly Stocks

The WT strain Canton-S (CS) and bang-sensitive mutant bangsenseless (bss) are part of the 

Wu Lab’s collection, and are described in Ganetzky & Wu (1982). All flies were reared 

at room temperature (~22 °C) on Frankel & Brosseau’s cornmeal media (1968, see also 

Kasuya et al., 2019). Flies aged four to seven days were used for recordings.

Electrophysiology

The tethered fly preparation employed has been described elsewhere (Engel & Wu, 1992; 

Iyengar & Wu, 2014). Briefly, flies were immobilized on ice, affixed to a tungsten pin 

with cyanoacrylate glue (Aaron Alpha Type-203TX), and allowed approximately 30 min to 

recover. Flies were given a polystyrene ball (~4 mm dia.) to hold and ‘walk’ on during rest 

periods. Flight activity was induced by gentle air-puffs (see Iyengar & Wu, 2014 for details).

Flight muscle spikes were monitored by an electrolytically sharpened tungsten electrode 

inserted into the top-most dorsal longitudinal muscle (DLM) fiber (#45a A. Miller, 1950). 

A similarly constructed tungsten electrode inserted into the dorsal abdomen served as the 

reference. Signals were picked up by an AC amplifier (gain: 100x, bandwidth: 1.0 Hz – 

10 kHz, AM Systems Model 1800). Electroconvulsive stimulation was delivered following 

protocols from Lee & Wu (2002). Sharpened tungsten stimulation electrodes were inserted 

into each cornea (anode in right eye). An isolated pulse stimulator (AM systems Model 

2100) generated a 2-s train of 80-V stimuli (0.1-ms duration) at 200 Hz to trigger the ECS 

discharge repertoire. The stimulation parameters approximately correspond to 1.5x threshold 

intensity based on previous work (Iyengar & Wu, 2014; Lee & Wu, 2006).

Field potentials were recorded through a low-resistance glass electrode (tip diameter: ~ 2 

μm, resistance: < 1MΩ) pulled from filamented borosilicate glass tubing (1 mm OD, 0.58 

mm ID, AM systems) with a Brown-Flamming type electrode puller (Sutter P87). These 

glass electrodes were filled with an adult hemolymph-like saline (108 mM NaCl, 5 mM 

KCl, 2 mM CaCl2, 8.2 mM MgCl2, 4 mM NaHCO3, 1 mM NaH2PO4, 10 mM sucrose, 5 

mM trehalose, 5 mM HEPES, adjusted to pH 7.5 with NaOH, see Wang et al., 2003). The 

electrode insertion site was aimed at the center of the three orbital bristles (Figure 1B; see 

Ferris, 1950), and the electrode was advanced beyond the cuticle until a stable electrical 

signal was observed (~25–50 μm). During LFP recordings, the abdominal electrode and 

stimulation electrodes were held at isopotential to each other and served as reference. Field 

potentials were amplified by a Grass P15 amplifier (gain: 1000x, bandwidth: 0.1 Hz – 10 

kHz).

Iyengar and Wu Page 3

J Neurogenet. Author manuscript; available in PMC 2023 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Signal Processing and Statistics

For computer-assisted data analysis, DLM spikes and LFP signals were acquired by a 

USB 6212 data acquisition card (sampling rate: 20 kHz, National Instruments) controlled 

by a custom-written LabVIEW 2018 script (National Instruments). LFP waveforms were 

analyzed offline using MATLAB (r2019a) software, including the following procedures. 

To reduce stimulation-related artifacts, signals were passed through a zero-phase high-pass 

Butterworth filter (1.0 Hz cutoff, 80 dB attenuation at 0.5 Hz, implemented via the filtfilt 
function). To reduce 60 Hz-related line nose, the signal was then passed through notch filters 

centered at 60 Hz and the 120 Hz harmonic (± 3 Hz width, 80 dB attenuation). Short-time 

FFT spectrographs were constructed between 1 and 55 Hz (at 0.5 Hz intervals) using the 

spectrogram function (FFT window width: 1 s, 80% overlap with adjacent windows). Power 

spectral densities were calculated using the periodogram function (0.5 Hz frequency bin 

width). In Figure 2E, normalized power, PN, at a particular frequency, f, was defined as the 

fraction of power at a particular frequency within the total power across the 1–55 Hz band, 

i.e. PN (f) = P (f) / Σ P (f). All statistical analyses were conducted in MATLAB.

Pharmacology

The rapid, systemic drug injection protocol in the tethered fly preparation is described in 

Lee, Iyengar & Wu (2019) and was adapted from a dorsal vessel (DV) injection protocol 

for restrained flies (Howlett & Tanouye, 2013). We utilized a filamented glass electrode 

similar to the LFP recording electrodes described above, which was filled with solution 

of the drug of interest dissolved in adult hemolymph-like saline marked with blue #1 dye 

(16 mg/ml). To inject the solution, the electrode tip was broken and inserted into the DV 

(see Miller 1950). Positive air pressure, controlled manually through a syringe, pushed the 

solution (0.33 μL, see Lee et al., 2019) into the DV, and the circulatory system rapidly (~10 

s) perfused the dyed drug solution.

The nicotinic acetylcholine receptor (nAChR) blocker mecamylamine and GABAA receptor 

blocker picrotoxin (PTX) were obtained from Sigma Aldrich (Cat#: M9020, P1675 

respectively). The voltage-gated sodium channel blocker tetrodotoxin (TTX) was acquired 

from Cayman Chemical (Cat#: 14964). The concentrations of MEC and TTX were 

determined empirically to block giant-fiber transmission (1000 and 300 μM respectively). 

The PTX at the dosage of 100 μM caused a robust sequence of spasms described in Lee et 

al. (2019).

Results

LFP signals during rest, flight, and electroconvulsive seizure

To record field potentials from the brains of behaving flies, we adopted a tethered fly 

preparation (Figure 1A, see also Engel & Wu, 1992; Iyengar & Wu, 2014) originally 

developed to record spiking activity in a set of large indirect flight muscles, the dorsal 

longitudinal muscle (DLMs). During flight, the DLMs undergo isometric stretch-activated 

contractions at the wing-beat frequency (~200 Hz), with asynchronous spikes (~5 Hz) 

facilitating Ca2+ influx requisite for contraction (Dickinson & Tu, 1997; Gordon & 

Dickinson, 2006). Besides flight, several motor patterns drive DLM spiking, including 
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escape (Tanouye & Wyman, 1980), grooming (Lee et al., 2019), courtship (Ewing, 1977), 

and seizure activity (Lee & Wu, 2002; Pavlidis & Tanouye, 1995). To measure brain field 

potentials in this preparation, we inserted a stubby, low-resistance (< 1 MΩ) glass electrode 

(“probe electrode”) filled with adult hemolymph-like saline (Wang et al., 2003) into the 

head at the recording site (Figure 1A). The three orbital bristles served as landmarks to 

guide electrode insertion (Figure 1B), and the electrode was advanced through the cuticle 

until we observed a stable potential in the brain (~ 25– 50 μm). It should be noted that 

the recorded signal is presumably a complex representation of the electrical activity with 

different major and minor contributions from various body parts between the probe and 

reference electrodes (tungsten electrodes inserted into each cornea and into the abdomen). 

Following conventional nomenclature (Buzsáki, Anastassiou, & Koch, 2012), we refer to the 

signals picked up in this configuration as local field potentials (LFP). In this preparation, it 

is straightforward to correlate the LFP with DLM spike patterns associated with different 

motor programs by using an additional tungsten electrode inserted into the muscle fiber.

We first observed LFP and DLM signals corresponding to two behavioral states: rest and 

flight. During rest periods, flies held onto or ‘walked’ on a polystyrene ball and periodically 

groomed themselves. DLM activity during these periods was quite sparse, with brief bouts 

of spiking closely corresponding with grooming-related wing depression events (c.f. Lee 

et al., 2019). The corresponding LFP activity was largely consistent with previous reports 

(Nitz et al., 2002), characterized by signals reaching 2–10 μV amplitude (RMS average, 

variable across flies presumably reflecting current density and electrode positioning) with 

superimposed sharp spike-like waves of variable size (Figure 1C). Notably, the LFP signal 

appeared to loosely correlate with grooming behaviors and related DLM spiking, with 

transient periods of increased LFP amplitude occasionally observed during periods of no 

DLM spiking.

A gentle air-puff would initiate a startle response during which the fly dropped the ball 

and displayed sustained flight (operationally defined to be > 30 s, Iyengar & Wu, 2014), 

while the DLM spiked rhythmically at ~5 Hz. During flight bouts, the LFP signal was 

qualitatively distinct from rest period signals, displaying an increased in amplitude (~30 μV 

RMS average) with more frequent bouts of prolonged spiking activity (Figure 1D). Thus, the 

LFP signal indeed provides clear indications for distinguishing brain state changes between 

rest and flight.

High-frequency (200 Hz) electrical stimulation across the brain triggers ECS discharges in 

flies (Pavlidis & Tanouye, 1995). As shown in Figure 1E, following a 2-s stimulation train, 

a distinct sequence of seizure activity consisting of behavioral spasms accompanied by DLM 

spike discharges are recruited: an initial discharge (ID), followed by a period of paralysis 

(P), a delayed discharge (DD), and eventual recovery (cf. Lee & Wu, 2002). Immediately 

following electroconvulsive stimulation, the LFP remained remarkably quiet for several 

seconds during the paralysis phase. As the ECS repertoire progressed, before DD onset, a 

general pattern emerged: the LFP signal grew by an order of magnitude or more (from ~5 

μV to ~200 – 1,500 μV RMS) and these enhanced oscillations continued through the DD 

period. Following the DD initiation, we often observed prolonged bouts of sharp spiking 

events in the LFP of millivolt-magnitude (see enlarged traces, Figure 1E). Subsequently, 
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the amplitude of the LFP signal gradually decreased, over several tens of seconds to reach 

baseline levels. The exact temporal correlation between the LFP oscillations and DD spiking 

may vary among different experiments, as the ECS-evoked DLM spiking parameters reflect 

thoracic ganglion driven activity (Lee & Wu, 2002) whereas the LFP events are confined 

to the head. Taken together, these observations provide a robust read-out of central hyper-

excitability and hyper-synchronicity which give rise to these large amplitude extracellular 

field signals that accompany the behavioral and motor unit activity sequence recruited by 

electroconvulsive stimulation.

Frequency-domain characteristics of the LFP signal during rest, flight and the ECS 
discharge repertoire

To examine the frequency components that composed the LFP signal during the respective 

motor activities, we applied the Short-Time Fourier Transform (stFFT, over 1-s windows, 

see Methods) to construct spectrograms across a frequency range (1 – 55 Hz, representative 

spectrograms shown in Figure 2A–B). Across the population, we found the total LFP 

power over the frequency range during ECS discharges was considerably greater than the 

power during flight or rest (Figure 2C, median values of −32.1, −47.7 and −61.9 dB mV2 

respectively). Consistent with previous reports (Nitz et al., 2002), we found the LFP signal 

during rest displayed increased power in the 1–10 Hz range compared to other frequencies 

(Figure 2D). Notably, this trend remained true during the flight and ECS discharge activities, 

in spite of the broad ‘up-shift’ in the power spectrum curve observed. When normalized to 

total power (Figure 2E, see Methods for computational details), the power spectrum curves 

during the three motor activities displayed similar inverse-frequency scaling (P ∝ 1/f n) as 

reported for brain field potentials from a wide range of species (Buzsáki et al., 2012). Linear 

regression of the log-transformed spectra indicated values of n ranging from 0.72 – 1.05 

across the 1 – 55 Hz band width (Supplemental Figure 1).

Pharmacological manipulation of the LFP signal: effects of blocking NaV channels or 
cholinergic neurotransmission

The LFP signal we observed was likely a product dominated by brain field potentials, with 

some other bioelectric phenomena (e.g., heart beats) and system noise picked up between 

the recording and reference electrode. To identify the origins of LFP signals, we sought 

to determine how activity patterns were altered by blocking action potential propagation 

or synaptic transmission. Using a dorsal vessel (DV) drug injection technique (Howlett 

& Tanouye, 2013; Lee et al., 2019), we systemically applied the NaV channel blocker 

tetrodotoxin (TTX), or the nicotinic acetylcholine (ACh) receptor blocker mecamylamine 

(MEC). Within seconds of injection of TTX, we observed behavioral paralysis coupled 

with elimination of grooming or flight activity, and the failure of giant-fiber pathway, 

i.e. brain-stimulation failed to evoke single DLM spikes or ECS discharges. Remarkably, 

MEC injection led to a comparable effect. Following TTX or MEC administration, the 

LFP signals were decreased in power to a similar extent (Figure 3A). Both treatments 

abolished LFP spiking events (Figure 3A), and across the frequency range examined, the 

signal power was attenuated by ~ 20 dB (Figure 3B, note that the pre-injection spectra 

are comparable to the rest-associated spectra in Figure 2D). The results demonstrate that 

TTX-sensitive NaV channel-driven brain activities generate the predominant component of 
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the LFP signal recorded. Notably, MEC blockade of nAChR also achieved a similar level 

of LFP attenuation. As in other insects, it is known that ACh is the primary excitatory 

neurotrasmitter in the Drosophila central nervous system (Salvaterra & Kitamoto, 2001). It 

is also known that synaptic potentials are more effectively picked-up by extracellular field 

potential recordings than Na+ action potentials (Lopes da Silva & Van Rotterdam, 2005). 

Our data provide an independent line of evidence for a major role of cholinergic system in 

maintaining the basal brain activity as monitored by our LFP protocol.

LFP characteristics in bss, a ‘bang-sensitive’ mutant

As an initial exploration of the seizure-associated brain dynamics in hyperexcitable 

Drosophila mutants, we examined LFP oscillations during ECS discharges in the ‘bang-

sensitive’ mutant allele bangsenseless (bss, Ganetzky & Wu, 1982), a gain-of-function allele 

of para (Parker et al., 2011), the sole NaV channel gene in Drosophila (Loughney et al., 

1989). Upon mechanical shock (e.g. vortexing), bss mutants display a striking repertoire of 

paralysis and vigorous spasms (see Burg & Wu, 2012). With the ECS protocols, these 

mutants display a decreased threshold to evoke the DLM spike discharge (Pavlidis & 

Tanouye 1995) along with signficantly prolonged paralysis interval between the ID and 

DD (Lee & Wu, 2002). Using the same stimulation protocol for bss and the WT counterparts 

(see Methods), we monitored LFP activity during the ECS discharge sequence. Figure 

4A shows LFP oscillations accompanied the DLM spike discharges in bss flies. Both bss 
and WT flies displayed similar oscillation frequency characteristics, consisting of a broad 

increase in power across the 1 – 55 Hz band, but over different timespans (cf. Figure 

2B). The episodes of bss LFP oscillations were substantially longer than WT individuals 

(Figure 4C, 87.0 ± 18.4 vs 54.6 ± 5.4 s), corroborating timing differences in the DLM 

spiking repertoire described previously (Lee & Wu, 2002; 2006). Furthermore, we noted 

a qualitative distinction between bss mutants and WT counterparts in that the LFP signal 

largely waned prior to DD onset in bss mutants (Figure 4A), while in most WT individuals, 

the major LFP power overlapped with DD episodes, suggesting a modification of the 

coupling between circuits driving the LFP and DLM spiking.

LFP oscillations associated with picrotoxin-induced convulsions

Administration of the GABAA receptor antagonist picrotoxin (PTX) via feeding or injection 

through the dorsal vessel (DV) triggers a pattern of convulsions and stereotyped DLM 

spike bursts qualitatively distinct from ECS discharge repertoire (Lee & Wu, 2002, Lee 

et al., 2019). Through monitoring the LFP signal, we identified brain activity patterns 

induced by PTX. Following DV injection, the LFP signal displayed a sequence of distinct 

types of oscillations. Within minutes, a stable activity pattern emerged, exhibiting rhythmic 

depolarization events that coincided with DLM spike bursts and behavioral spasms, which 

were different from both the rest (pre-injection) state and ECS discharges (Figure 5A vs 

Figure 2A). Characteristically, LFP activity spectrograms showed strong increases in power 

around 1 Hz, which corresponded to the DLM burst frequency, while power at higher 

frequencies remained largely unaltered (representative spectrograms shown in Figure 5B). 

Thus, the PTX-induced LFP activity reflects a high degree of synchronization correlation 

between brain activity (LFP waves), motor unit bursting and behavioral spasms. These 
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observations further delineate the proposed distinctions between the modes of seizure 

activity associated with GABAA blockade and ECS (Lee et al. 2019).

Discussion

Studies of field potential signals from the CNS of Drosophila and other insects have 

contributed to our understanding of olfactory processing (Tanaka et al., 2009; Wang, 2000), 

attention (Grabowska, Jeans, Steeves, & van Swinderen, 2020; van Swinderen, 2007), sleep-

wake cycles (Raccuglia et al., 2019; Yap et al., 2017), as well as chill coma and spreading 

depression events across the nervous system (Robertson, Spong, & Srithiphaphirom, 2017; 

Spong, Rodríguez, & Robertson, 2016). In this report, we describe a straightforward 

technique for monitoring event-related LFP signals in the brain during seizure events 

in tethered behaving flies. Utilizing the orbital bristles (Ferris, 1950) as landmarks for 

electrode insertion, and a defined electrical stimulation-recording configuration (Figure 

1A–B), we obtained reliable readouts of global brain signals. Using this approach, we 

differentiated LFP activity during rest from flight-associated patterns. Furthermore, we 

discovered aberrant yet reproduceable LFP waveforms accompanying the stereotypic ECS 

discharge (Figure 1E), and proconvulsant (PTX)-induced spasms (Figure 5).

Origins and properties of the LFP signal: Cellular- and systems-level mechanisms

Field potentials in the brain, arise through the combined current contributions from synaptic 

transmission and action potential generation as well as other cellular physiological processes 

(Busakzi et al., 2012). In vertebrate brain slice and in vivo preparations, excitatory 

post-synaptic currents are thought to be the major contributor to LFP signals, as their 

relatively slow time-course (> 10 ms) provides the opportunity for temporal overlap 

(i.e. synchronization) promoting larger field potential amplitudes (Lopes da Silva & Van 

Rotterdam, 2005). Additionally, currents associated with action potentials and sub-threshold 

activity in neurons are also recognized to contribute to LFP waveforms to some extent 

(Belluscio, Mizuseki, Schmidt, Kempter, & Buzsáki, 2012; Ray & Maunsell, 2011). Thus, 

an LFP signal (Figure 1) is a complex representation of electrical activity arising between 

the glass microelectrode and reference electrode(s) in this report.

Our pharmacological experiments indicate that action potential and synaptic transmission 

blockade similarly suppressed prominent but irregular spike waveforms and power in the 

Drosophila LFP signal (Figure 3). Indeed, previous examination of temperature-sensitive 

mutants of paralytic (encoding NaV channels) and shibire (encoding dynamin) found 

restrictive temperatures similarly blocked components of the LFP signal (Nitz et al., 2002). 

Although the specific contributions of action potential or synaptic transmission-associated 

currents in the Drosophila LFP remain to be resolved, these results demonstrate that their 

collective action represents a major component of the LFP signal.

Interestingly, across the three activity states studied, i.e. rest, flight and ECS discharges, 

the Drosophila LFP signal displayed a general inverse relation between frequency and 

spectral power, P ∝ 1/f n, with n ~ 1 (Figure 2D–E). This power scaling phenomenon is 

also observed across a wide array of vertebrate EEG and LFP recordings from in vivo and 

brain slice preparations under a variety of physiological conditions, albeit with n ~ 1 – 4 
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(K. J. Miller, Sorensen, Ojemann, & den Nijs, 2009; Milstein, Mormann, Fried, & Koch, 

2009; Pritchard, 1992). Although the basis for the inverse power relation remains to be fully 

understood, the value of n is thought to reflect electrical filtering properties of brain tissue 

(Bédard & Destexhe, 2009) and the network organization of the nervous system (Buzsáki 

et al., 2012). The specific mechanisms giving rise to the power scaling relationship in our 

signal remain to be further investigated, given the differences in circuit organization between 

Drosophila and vertebrate brains.

The LFP signal readily separates brain activity associated with rest, flight and ECS 

discharges (Figures 1 and 2). At the baseline rest activity pattern, the LFP signal consisted 

of a ~ 10 μV (RMS amplitude) signal punctuated with sharp negative deflections (i.e., 

small spike waveforms, Figure 1C). During flight, the signal displayed a clear increase 

in RMS amplitude and in the rate of sharp spike waveforms (Figure 1D). Nevertheless, 

the most striking LFP signal emerged during seizure activity evoked by electroconvulsion 

(Figure 1E), with an approximate ten-fold increase in amplitude superimposed by large 

amplitude spike waveforms. PTX injection triggered a separate, but clear activity pattern 

consisting of ‘slow waves’ (~ 1 Hz) synchronized with behavioral spasms (Figure 5). 

Although these LFP activity modes are clear and robustly reproducible, the precise changes 

in circuit function driving these activity patterns remain to be elucidated. For example, the 

identified differences between the rest and flight-associated LFP could involve identified 

octopaminergic (Suver, Mamiya, & Dickinson, 2012; van Breugel, Suver, & Dickinson, 

2014) or dopaminergic (Sadaf, Reddy, Sane, & Hasan, 2015) systems in the CNS that are 

known to modulate flight behavior (Brembs, Christiansen, Pflüger, & Duch, 2007). Further 

systematic manipulations of the microelectrode recording site or configurations coupled with 

transgenic manipulation of activity within specified neural circuits may provide important 

information regarding the specific neural circuits and/or brain regions in generating the 

flight- or seizure-specific alterations in LFP signals.

Monitoring aberrant brain activity through the LFP

In wild-type flies, seizures can be triggered by high-frequency, electroconvulsive, 

stimulation across the brain, known as ECS discharges (Lee & Wu, 2002; Pavlidis & 

Tanouye, 1995), or by pro-convulsant (e.g. PTX) application (Lee et al., 2019; Stilwell, 

Saraswati, Littleton, & Chouinard, 2006), much like seizure induction models in their 

vertebrate counterparts (Löscher & Schmidt, 1988; Woodbury & Davenport, 1952). Thus 

far, electrophysiological characterization of seizure activity in Drosophila has largely relied 

on the DLM motor unit as an faithful readout of seizure-associated activity (Ehaideb 

et al., 2014; Kuebler & Tanouye, 2000; Lee & Wu, 2002, 2006; Pavlidis & Tanouye, 

1995). Following ECS induction, the fly undergoes the highly stereotypic motor sequence 

consisting of two bouts of DLM spike discharges with intervening paralysis (Figure 1E, 

see also Lee & Wu, 2002). Although the DLM is a widely utilized readout, previous 

studies have shown its action potential bursts are driven by its motor neuron (DLMn) and 

are temporally correlated with additional thoracic motor units (Pavlidis & Tanouye, 1995). 

Furthermore, these DLM discharges overlap with a phase of increased activity that could 

be picked up within the cervical connective or along the head-abdomen axis (Lee & Wu, 
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2002). The LFP recordings here provide an initial glimpse of the brain activity patterns 

accompanying ECS discharges.

Interestingly, during the ECS discharge sequence, the onset of LFP oscillations occurred 

during the paralysis phase and was distinct from ID or DD onset times (Figure 1E & Figure 

4B). This temporal separation suggests distinct physiological processes driving brain and 

thoracic expression of seizure activity that drive DLM firing. In decapitated flies both ID and 

DD spike discharges can still be electrically triggered (Lee & Wu, 2002). Thus, while the 

DLM discharges represent thoracic circuit activity, the LFP signals reflect the physiological 

state in a different CNS region, i.e., brain-associated seizure activity in Drosophila. This 

ECS-associated LFP pattern consisted of a substantial increase in signal power (across a 

broad frequency spectrum) and the emergence of repetitive sharp spike waveforms (Figure 1 

& 2). Notably, sharp spike events are characteristic of epileptiform activity from mammalian 

EEG waveforms (Niedermeyer, 2005) and from hippocampal and cortical slice LFPs (Prince 

& Tseng, 1993; Traynelis & Dingledine, 1988). It is possible that shared physiological 

mechanisms generate these LFP spike waveforms during ECS in Drosophila.

Notably, PTX injection produces a mode of hyperexcitability distinct from the ECS 

sequence, first inducing flight-like rhythmic (~10 Hz) DLM spiking that gradually evolves 

into a pattern of regular burst firing (peak frequency ~ 100 Hz), a hyper-active state lasting 

for hours (this report, and Lee et al., 2019). In contrast to DLM spikes, the PTX-associated 

LFP signal displayed a relatively slow (~1 Hz) negative waves that appeared to be phase-

linked with the DLM bursts (Figure 5). Therefore, in this PTX-induced seizure, there 

appears to be a high degree of synchronization between brain and thoracic activity. Although 

the similarities and distinctions in physiological mechanisms underlying ECS discharges and 

PTX-induced seizures remain to be elucidated, both cases provide strong indications for 

central hyperexcitability and synchronization during seizure activity in Drosophila.

Hyperexcitable neural activities and behavioral phenotypes have been associated with a rich 

and growing collection of Drosophila mutants (Benzer, 1971; Burg & Wu, 2012; Ganetzky 

& Wu, 1982; Song & Tanouye, 2008). Certain mutants, such as the gain-of-function para 
allele Shudderer exhibit spontaneous seizures (Kaas et al., 2016). In other mutants, seizures 

can be induced by mechanical shock (e.g., bss, Ganetzky & Wu, 1982; slamdance, Zhang et 

al., 2002; Horne et al., 2017), high temperature (e.g., seizure, Jackson, Wilson, Strichartz, & 

Hall, 1984; Titus, Warmke & Ganetzky, 1997; down and out, Fergestad et al., 2010; zydeco, 

Melom & Littleton 2013) or by nutritional deficiencies (e.g. sugarlethal, Chi et al., 2019). 

Indeed, many identified mammalian epilepsy-associated genes (Frankel, 2009; Noebels, 

2015) have homologs in Drosophila with mutant alleles displaying clear modifications of 

circuit-level excitability and/or seizure-like behaviors. There is a growing collection of 

Drosophila transgenic and/or knock-in lines carrying human epilepsy-associated mutations 

(e.g., paraGEFS, Sun et al., 2012; paraDS, Schutte et al., 2014; Dube3a, Hope, Ledoux & 

Reiter, 2017). Importantly, in several classes of excitability mutants, seizure phenotypes 

can be suppressed by established antiepileptic drugs (e.g. valproate in bss, Keubler and 

Tanouye, 2002) or by emerging therapeutic strategies (e.g. milk-whey dietary supplement in 

Shudderer, Kasuya et al., 2019). Notably the LFP signal provides a promising approach to 

study antiepileptic drug action in the Drosophila brain.
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Although a systematic analysis across seizure-prone Drosophila mutants is beyond the 

scope of this report, initial distinctions (Figure 4) uncovered between the bang-sensitive 

paralytic allele, bss and WT flies highlights the potential power of the new LFP approach in 

refined neurogenetic analysis of epileptic categories and potential modifications of seizure 

phenotypes in the CNS of Drosophila.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Local field potential measurements in the Drosophila brain during rest, flight and 

electroconvulsive seizures (ECS). (A) Photograph of the tethered fly preparation, with the 

fly holding a polystyrene ball. The glass microelectrode monitoring local field potential 

(LFP, red), the tungsten electrode for DLM recording (DLM, blue), isolated stimulation 

electrodes (Stim (+) and Stim (−), black) across the brain, and abdominal reference electrode 

(Abd Ref, black) are indicated. (B) Position of the LFP electrode insertion site between 

the three orbital bristles (bolded in black, drawing adapted from Ferris, 1950). During 

LFP recording, both stimulation electrodes are grounded as local current sinks. (C-D) 

Representative traces of DLM spiking and corresponding LFP activity from three flies 

resting on a polystyrene ball (C) and flying (D, after dropping the ball). DLM spikes 

during rest correspond with bouts of grooming activity. Portion of LFP trace from Fly #2 

and #3 boxed in red are expanded below the respective traces. (E) DLM spiking and LFP 

activity during the ECS repertoire. High-frequency, high-intensity stimulation (grey bar, 80 

V, 0.1-ms stimuli at 200 Hz for 2 s, see Methods) triggers a stereotypic ECS spike discharge 

pattern in DLM activity: an initial spike discharge (ID) followed by a paralysis period (P), 

a delayed spike discharge (DD), and eventual fly recovery. Traces of corresponding LFP 

activity are shown. For Fly #3 and #5, portions of the LFP trace are expanded below. Note 

the marked increase in LFP amplitude during ECS, compared to rest and flight.
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Figure 2. 
Frequency-domain characteristics of LFP activity related to different behavioral states. (A) 

Representative traces of DLM spiking (upper traces) and LFP activity (lower traces) during 

rest, flight and ECS. Grey box denotes the period of electroconvulsive stimulation (ECS 

trace corresponds to Fly #2 in Figure 1E). (B) Short-time FFT spectrograms corresponding 

to the LFP activity traces in (A). Window width = 1 s, 80 % overlap between adjacent 

windows; see Methods for further details. (C) Box plot of the total power in the 1 – 55 

Hz range during the respective behavioral states. Boxes represent the 25th, 50th, and 75th 

percentiles; whiskers the 5th and 95th percentile. Sample sizes in parenthesis indicate the 

number of trials (left) and flies (right). (D) Averaged FFT spectrogram across all samples 

of LFP recordings shown in (C) for the respective behavioral states. Solid line indicates 

the average power across the frequency range; shaded region, SEM. (E) Normalized power, 

defined as the frequency-specific power divided by the total power (over the 1– 55 Hz 

range), for the respective behavioral states (see Methods).
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Figure 3. 
Pharmacological suppression of the LFP signal. (A) LFP traces before and after systemic 

application of the NaV channel blocker tetrodotoxin (TTX) and the nAChR blocker 

mecamylamine (MEC) via dorsal vessel injection. Robust effects were observed within 

seconds, and the traces shown represent the end-point state (achieved ~ 2 – 4 min). (B) 

Power spectra of the LFP signals (computed over a 120 s period) before (thin lines) and after 

injection (thick lines) of MEC (purple) and TTX (green).
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Figure 4. 
Modifications of the ECS repertoire in bss, a hyperexcitable, bang-sensitive mutant. (A) 

Representative traces of DLM spiking (upper traces) and corresponding LFP activity (lower 

traces) from three bss flies (ECS induction parameters same as Figure 1). (B) Power 

spectrogram corresponding to the LFP trace directly above in panel (A), constructed in 

the same manner as Figure 2B. (C) Bar graphs of LFP onset, LFP cessation (shaded pink 

bar) and DD onset (blue tick) in WT flies compared to bss mutants. Note the prolonged 

LFP signal and delayed DD onset compared to WT flies (cf. Figure 1C). Error bars indicate 

S.E.M, number of flies as indicated.
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Figure 5. 
Correlated DLM bursts and LFP waves induced by application of picrotoxin (PTX), a 

GABAA receptor antagonist. (A) Traces of DLM spiking (upper), and LFP activity (lower) 

before and after dorsal vessel injection of PTX. The post-injection (~10 min) traces illustrate 

end-point DLM spike ‘bursting,’ up to ~100 Hz within bursts (cf. Lee et. al, 2019). 

(B) Short-time FFT spectrogram of the pre- and post-injection activity. Note the specific 

increase in low frequency power (about 1 Hz) corresponding to the frequency components of 

the LFP waves.
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