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Abstract

Recent connectome analyses of the entire synaptic circuit in the nervous system have provided
tremendous insights into how neural processing occurs through the synaptic relay of neural information.
Conversely, the extent to which ephaptic transmission which does not depend on the synapses contributes
to the relay of neural information, especially beyond a distance between adjacent neurons and to neural
processing remains unclear. We show that ephaptic transmission mediated by extracellular potential
changes in female Drosophila melanogaster can reach more than 200 um, equivalent to the depth of its
brain. Furthermore, ephaptic transmission driven by retinal photoreceptor cells mediates light-evoked
firing rate increases in olfactory sensory neurons. These results indicate that ephaptic transmission

contributes to sensory responses that can change momentarily in a context-dependent manner.

Significance Statement

Although extracellular field potential activities are commonly observed in many nervous systems, this
activity has been generally considered as a side effect of synchronized spiking of neurons. This study,
however, shows that field potential changes in retinae evoked by a sensory stimulus can control the
excitability of distant neurons in vivo and mediates multimodal sensory integration in Drosophila
melanogaster. As such ephaptic transmission is more effective at a short distance, the ephaptic transmission
from the retinae may contribute significantly to firing rate changes in downstream neurons of the

photoreceptor cells in the optic lobe.
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Introduction

Behavioral responses to a specific mode of sensory input varies with the context. For example, in
Drosophila melanogaster, pairing a food odor with a visual stimulus enhanced the optomotor response
(Chow et al., 2011), and light facilitated both establishment and recall of olfactory memory (Yarali et al.,
2008). Sensory information from different modalities is generally integrated by sensory neurons expressing
multimodal sensory receptors or by the convergence of synaptic relay of sensory information originating
from distinct sensory organs onto individual neurons (van Atteveldt et al., 2014). This study demonstrates

that ephaptic transmission also contributes to sensory integration.

Ephaptic transmission is a form of communication that does not depend on synapses. It is
mediated by changes in extracellular field potential or electric field, evoked by neural activity (Weiss and
Faber, 2010; Buzsaki et al., 2012; Anastassiou and Koch, 2015). Recent studies have reported that
excitation of an olfactory sensory neuron (OSN) induces ephaptic inhibition in another OSN housed in the
same sensillum in Drosophila antennae (Zhang et al., 2019), and that firing of a Purkinje cell promotes
synchronous firing of nearby Purkinje cells by ephaptic coupling (Han et al., 2018). These findings reveal
the existence of ephaptic transmission between neighboring neurons. However, the contribution of ephaptic
transmission at a distance remains unclear in vivo, as it is not easy to separate the effect of ephaptic
communication from synaptic communication. To study this further, we analyzed the integration of visual

and olfactory inputs in Drosophila.

In Drosophila, light is primarily received by external photoreceptor cells in the compound eyes
and ocelli. Moreover, internal photoreceptor cells in Hofbauer-Buchner eyelets and brain also contribute to
sensing light to regulate the circadian rhythm (Malpel et al., 2002; Yasuyama and Meinertzhagen, 1999; Ni
et al., 2017). In contrast, olfactory sensory input is received by OSNs in the antennae and maxillary palpi.
OSNss send projections to the primary olfactory center, referred to as the antennal lobe (Wilson, 2013). Dye
injection into the antennal lobe does not label the optic lobe (i.e., the primary visual center), indicating that

there are no direct connections between the primary olfactory and visual centers (Tanaka et al., 2012). The
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mushroom body is considered as the site of integration of visual and olfactory information, since it is
connected to the primary centers and its intrinsic neurons respond to light and odor stimulations (Yagi et al.,
2016; Vogt et al., 2016). However, it remains unclear if peripheral sensory neurons integrate visual and

olfactory information.

In this study, we recorded odor and light responses from OSNs expressing the olfactory receptor
Or67d, under various light conditions (Fig. 1A). Or67d OSN is the sole OSN housed in the trichodia
sensilluml1 (T1), the largest spine-shaped sensillum distributed in the proximal part of the antenna
(Shanbhag et al., 1999). Or67d OSN responds specifically to the male pheromone Cis-vaccenyl acetate
(cVA), and the spikes recorded from T1 sensilla are composed of a single unit of the Or67d OSN (van
Naters and Carlson, 2007), which enabled us to record the same type of neuron repeatedly from different
individuals. Analyses of the firing patterns of Or67d OSNs revealed that a transient change in the light
condition modified the odor response of Or67d OSNs, which was mediated by ephaptic transmission driven

by retinal photoreceptor cells.

Materials and Methods

Drosophila strains
Flies were reared on standard agar-cornmeal medium at 25°C with a 12-hour light/12-hour dark cycle.
We used female flies between 3 to 7 days after eclosion.

We used Canton S as a wild type and the following mutants for the single-sensillum
recordings: eya? (RRID: BDSC_2285; Choi and Benzer, 1994), hdc™®® (RRID: BDSC_64203; Burg et
al., 1993; Melzig et al., 1996), and norpA®* (RRID: BDSC_9048; Bloomquist et al., 1988) obtained from
the Bloomington Drosophila Stock Center (BDSC). We prepared flies in which synaptic transmission of
the photoreceptors in the ocelli, compound eyes, and eyelets were blocked by mating |longGMR-GAL4
(RRID: BDSC_8121; Wernet et al., 2003) from BDSC with UAStetanustoxin (TNT; BDSC_28838;
Sweeney et al., 1995) gifted by Aki Ejima. To label the photoreceptor cells, flies bearing both UAS-GFP
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obtained from Barry Dickson (Tanaka et al., 2008) and UAS-20XmCD8:: GFP from BDSC (RRID:

BDSC 32194) were crossed with longGMR-GALA4.

Single-sensillum recording from the antennal T1 sensillum
Each female fly was anesthetized in a vial on ice for less than 1 min and restrained in a custom-made
plastic dish by fixing the appendages with wax and epoxy (Tanaka et al., 2009). The right antenna was
then set on a tin foil to which the rear side of the antenna was bonded with epoxy to avoid movement. To
exclude the light, the head except for the right antenna was painted with black acrylic paint. While the
epoxy and paint were drying, the dish was placed in a moist chamber for 15-20 min in the dark. The
lateral surface of the thorax was then gently heated using a wax melter to avoid muscle movement in the
thorax. After applying Drosophila saline (in mM: NaCl 103, KC1 3,
N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid 5, trehalose 10, glucose 10, sucrose 7,
NaHCOs; 26, NaH,PO, 1, CaCl, 1.5, MgCl, 4, adjusted to pH 7.25 with HCI) over the thorax, the cuticle
of the thorax was partially removed. Surgical manipulations such as transplantation of a compound eye
were performed using a window made on the top of the head in saline. After removing fat and air sacs
over the brain through the window, saline was applied over the brain. For the transplantation experiment,
a compound eye severed from a wild-type female fly by cutting the rim of the eye was set on the window.
The outer surface of the eye was kept dry. To amputate the antennal nerve, we inserted forceps through
the window and cut the right antennal nerve. All dissection steps were performed with forceps under a
dissection microscope.

The restrained fly was then placed under a Slicescope (Scientifica, East Sussex, UK) equipped with
a GSWH20x/12.5 ocular lens, LUCPlanFLN40x (n.a. 0.60) objective and U-ECA 2x magnification
changers (Olympus, Tokyo, Japan). When recording spikes from the T1 sensillum, the recording and
reference electrodes were inserted into the base of the sensillum and into saline over the thorax,
respectively. We inserted the reference electrode into saline, instead of the head, to avoid recording

light-evoked potentials through the reference electrode. To inject current, we additionally inserted a

6
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tungsten electrode that were connected to an AxoClamp-2B (Molecular Devices, San Jose, CA, USA)
into the right optic lobe area. We recorded neural responses from a single sensillum in each animal. The
recording electrodes (impedance of approximately 90 MQ) were prepared by pulling quartz capillaries
(QF100-70-7.5, Sutter Instrument, Novato, CA, USA) with a Sutter Instrument P2000 puller and filled
with sensillum lymph ringer (in mM: KC1 171.9, KH,PO,4 9.2, K,HPO, 10.8, MgCl 3, CaCl, 1, glucose
22.5, NaCl 25, adjusted to pH 6.5 with HCI) (Kaissling and Thorson, 1980; Dobritsa et al., 2003; Olsson
and Hansson, 2013).

Recorded signals were amplified 100-fold with a headstage (8024/7001 N=1, Dagan Corporation,
Minneapolis, MN, USA) and DAGAN 8700 Cell Explorer amplifier, and were fed into a PC via an A/D
converter Digidata 1322A or 1440A (Molecular Devices). Data was filtered digitally between 65 and 5
kHz using the Axoscope software (Molecular Devices). All recorded data were analyzed using MATLAB
2019b (The MathWorks, Inc., Natick, MA, USA). Recordings under each light condition was repeated
three to five times for each animal, and the firing rates were averaged for further analyses. In animals
transplanted with a compound eye, data was excluded if the average firing rate in a 300-ms bin just before

the light stimulations differed by more than 5 Hz between trials, with and without light stimulation.

Odor and light stimulations
For the odor stimulations, an air puff (3 s, 240 mL/min) from a pneumatic picopump (PV 820, World
Precision Instruments, Sarasota, FL, USA) that passed through a tube inserted with filter paper (3.5 x 50
mm) containing 15 pL of either paraffin oil or 1% v/v cVA in paraffin oil was applied to a fly every 30 s.
The airpuff speed was adjusted to 1 m/s. Odorized air was continuously removed using a vacuum tube set
near the fly’s body. The total amount of cVA in the oil was adjusted to 140 pg.

Flies were subjected to 1.5 s light-on or light-off stimulations simultaneously with odor
stimulations. Emitted light from an Olympus U-HGLGPS mercury lamp was filtered by U-MNIBA3

which allows 470495 nm light to pass, and the intensity was adjusted to 55 pmol m?s™. We confirmed
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these values using a LI-250 light meter connected to an LI-190SA quantum sensor (LI-COR, Lincoln,
NE, USA). The picopump and shutter were controlled using Master-8 (A.M.P.1., Jerusalem, Israel). We
randomly alternated the order of different light conditions and counterbalanced the number of recordings

of one light condition preceding the other, with those in the opposite sequence.

Antibody staining of the brain
Brains were dissected in phosphate buffered saline (PBS) and fixed in 4% paraformaldehyde in PBS for
60 min. After washing with PBS, the brains were shaken in a blocking solution: 10% goat serum in 0.2 %
triton in PBS (PBST). They were subsequently incubated overnight in the blocking solution containing
primary antibodies at room temperature with shaking. After washing with 0.2% PBST, the brains were
incubated overnight in the blocking solution containing secondary antibodies at room temperature with
shaking. Finally, the brains were washed with PBS and mounted in Vectashield mounting medium
(Vector Laboratories, Inc., Burlingame, CA, USA).

The primary antibodies used were rabbit anti-GFP (A-11122, Molecular Probes, Eugene, OR;
RRID: AB_221569; diluted at 1:500) and mouse anti-choline acetyltransferase antibodies (Takagawa and
Salvaterra, 1996; 4B1, Developmental Studies Hybridoma Bank at University of lowa, USA; RRID:
AB 528122; 1:200). Goat anti-rabbit antibodies conjugated with Alexa Fluor 488 (A11034, Life
Technologies Japan LTD, Tokyo, Japan; RRID: AB 2576217; diluted at 1:200) and anti-mouse
antibodies with Alexa Fluor 568 (A11004, Life Technologies Japan LTD; RRID: AB_2534072; 1:200)

were used as the secondary antibodies.

Reconstruction and analyses of confocal images
Confocal serial optical images were taken at 0.9-3.8 um z intervals with a Carl Zeiss (Jena, Germany)
LSM 700 laser scanning confocal microscope equipped with Plan-Neofluar 20x/0.50 and C-Apochromat

40x%/1.2W lenses. Three-dimensional reconstruction of confocal images was performed with Zeiss ZEN
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2012. The brightness, color, and contrast of images were adjusted with Photoshop CS 5.1 (Adobe Inc.,
San Jose, CA, USA).

The confocal microscope was also used to measure the distance between the bottom of the
transplanted eye and the top of the brain immediately after recording the odor responses from eya’®

mutants transplanted with a compound eye from a wild-type fly.

Experimental design and statistical analysis

Data are presented as mean + SEM. We performed Wilcoxon matched-pairs signed rank test and
Mann-Whitney test using Prism 5 (GraphPad, San Diego, CA, USA). We calculated r correlation
coefficients as effect sizes on R 4.2.1 (https://www.R-project.org/) by dividing Z statistic by the square
root of the total number of animals. We used G*Power 3.1 (Faul et al., 2007) to perform power analysis.
We calculated the minimum sample sizes required to detect enough statistical power (0.8) during the
period Il in Fig. 2A, 3D, 3E, 4A, and 4D that showed firing rate increases during sustained lighting or
current injection. The mean minimum sample size was approximately 7. We thus considered that the
sample size of 7 was enough to detect a positive result during the period II. Statistical significance was set

at p < 0.05. p-values, r-values, and sample sizes are shown in the figures and Table 1.

Results
Effect of transient changes in light condition on the odor response pattern of Or67d OSNs

We first investigated whether light conditions affected the response to cVA in Or67d OSNs and found that
1.5-s blue light stimulations transiently applied in the dark during the latter half of 3-s odor stimulations
decreased the firing rate by 12 Hz on an average, at the onset of light. The firing rate then increased by 2—
3 Hz until the offset of light (Figs. 1B and 2A). Conversely, when the flies were set under constant blue light
and subjected to transient darkening during the latter half of odor stimulation, we observed an increase in

the firing rates at light offset and then a gradual decrease until the onset of light (Fig. 2B). When flies were

9
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subjected to blue light stimulation alone in the dark without odor stimulation, a significant change in the
firing rate was observed only at the offset when the firing rate was increased (Fig. 2C). However, significant
firing rate changes were not observed when blue light stimulation was applied transiently in the dark during
the first half of cVA stimulation (Fig. 2D). This may be because the firing rate drastically changed during
the first half of cVA stimulation, which may have obscured the effect of light stimulation. We also did not
observe significant differences in the firing rates during cVA stimulation between constant light and
constant dark conditions (Fig. 2E). These results suggest that transient changes in light conditions altered
the odor response patterns of Or67d OSNs, especially when the firing rate in the OSNs was nearly constant.
As a thermistor placed under the blue light did not show any temperature changes, the firing rate changes
were caused by photoreception. The firing rates of Or67d OSNs during odor stimulation decreased at the
onset of light and increased at the offset. Moreover, between the onset and offset, the firing rate increased

during sustained lighting but decreased during sustained darkening.

Antennal photoreceptors contributing to the light-evoked firing rate changes in Or67d OSNs at the

onset and offset of light

We next examined the neural mechanisms underlying light-evoked firing rate changes in the OSNs. We
focused on the firing rate changes observed by blue light stimulations which were transiently applied in the
dark during the latter half of odor stimulations in which light-evoked firing rate changes were clearly
observed. To determine if antennal photoreceptors contribute to these changes, we recorded from wild-type
flies whose antennal nerve which connects the antenna and brain was severed, and flies whose heads were
covered with black paint, except for one antenna for recording (Fig. 3A, B). Neither fly exhibited an
increase in firing rate during sustained light, indicating that the increase involves photoreceptors outside the
antennae. However, we observed light-evoked firing rate changes at the onset and offset of light in these
flies, although the change at the onset was not statistically significant in the painted flies (Fig. 3B). These

results indicate that while the firing rate changes at light onset and offset occur autonomously within the

10
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antenna, the photoreceptors within the antennae contribute little to the firing rate increase between onset

and offset.

Ephaptic transmission from the compound eyes contributes to the light-evoked firing rate increases

in Or67d OSNs during sustained light

We next examined the contribution of photoreceptors outside the antennae to the firing rate increases
during sustained light. We first analyzed eyes absent (eya®) mutants that lacked compound eyes, but not
ocelli (Choi and Benzer, 1994), and did not observe an increase in firing rates in the eya? mutants (Fig. 3C).
We further analyzed two strains in which chemical transmission of photoreceptors in the compound eyes
was blocked: histidine decarboxylase mutants (hdc™®™°) that lacked histamine, a neurotransmitter of the
photoreceptor cells in the compound eyes (Burg et al., 1993; Melzig et al., 1996) (Fig. 3D), and
IongGMR-GAL4/UAS tetanus toxin mutants, in which chemical synaptic transmission of cholinergic
photoreceptor cells in Hofbauer-Buchner eyelets was blocked (Yasuyama and Meinertzhagen, 1999) as
well as photoreceptor cells in the compound eyes and ocelli (Fig. 3E-I). These two strains exhibited normal
light-evoked firing rate changes, except at light onset in hdc™®™. This result appears to contradict the
findings in the eya® mutants, but also raises the possibility that although photoreception by the
photoreceptor cells in the compound eyes were indispensable, synaptic transmission from photoreceptor

cells was not necessary for the light-evoked firing rate increases during sustained lighting.

We therefore verified whether synaptic relay of information from photoreceptor cells in the
compound eyes was required for increasing the light-evoked firing rate. We prepared eya® mutants in which
a compound eye severed from a wild-type fly was placed on a window made at the top of the head cuticle.
Synaptic relay of light information through both chemical and electrical synapses from the transplanted
compound eye to the brain were completely missing in eya® mutants that were operated on. The operated
eya® mutants showed the light-evoked firing rate increase comparable to that of the wild type (Fig. 4A).

This result indicates that the mechanisms that evoke firing rate changes in the OSNs are normal in the eya®

11
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mutants except for photoreception in the compound eyes. The increase in firing rate were not induced by
surgical manipulation, as the firing rate did not increase in eya’ mutants transplanted with the compound
eye of a no receptor potential A mutant (nor pA®), in which the phototransduction pathway in photoreceptor
cells is disrupted due to dysfunction of phospholipase C-f gene (Bloomquist et al., 1988; Pearn et al., 1996)
(Fig. 4B). Consistent with observations in hdc™®® and longGMR-GAL4/UAS-tetanus toxin flies, this result
demonstrates that synaptic relay of light information from the compound eyes to brain is not required to
increase the firing rate. Furthermore, since we did not manipulate the brain of these operated eya® mutants,
the photoreceptors within the brain were unlikely to contribute to the increase in firing rate during sustained

lighting.

We further investigated whether diffusion of chemical substances released from the transplanted
compound eye, induced an increase in firing rate in the OSNs. For this purpose, a tungsten wire connected
to the ground was inserted into extracellular saline covering the eya® brain, to minimize light-evoked
extracellular field potential change near the transplanted compound eye, without interrupting the diffusion
of chemical substances from the compound eye or the blue light path to the compound eye and brain. In
such preparations, we did not observe an increase in the firing rate during sustained light (Fig. 4C), although
we observed normal cVA responses in OSNs. This indicates that the light-evoked firing rate increase was
not mediated by chemical substances released from the compound eye. We also examined whether negative
filed potential deflections in the optic lobe area were also able to induce an increase in firing rate in the
OSN:s, as light evokes negative field potential deflections in the retina (Pearn et al., 1996). We found that a
negative current (-10 nA) injected into the optic lobe area in eya® mutants caused an increase in firing rate
(Fig. 4D). Thus, we conclude that ephaptic transmission, but not synaptic transmission from the
photoreceptor cells, mediated by field potential changes in the retina, induced light-evoked firing rate
increase of OSNs in the antennae. The transplanted eye was separated from the brain and antennae by a
distance of more than 200 um, indicating that field potential change evoked by retinal activity has the

potential to change the spiking patterns of distant neurons in the fly brain.
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Discussion

We found that ephaptic transmission of light information from photoreceptor cells in the retina mediates the
increase in firing rate in the OSNs during odor stimulations. This study has not revealed whether the
ephaptic transmission directly changes the firing rate of the OSNs. We observed that amputation of the
antennal nerve abolished the firing rate increases during sustained light (Fig. 3A), suggesting that once the
light information might be received by neurons in the brain, the information would be relayed by the

neurons through the antennal nerve to the antenna, resulting in the firing rate increases in the OSNs.

While ephaptic coupling has been reported earlier such as between neighboring neurons within
the same sensillum, or between Purkinje cells, which is at a distance of less than 100 um (Su et al., 2013;
Han et al., 2018), this study shows that ephaptic transmission reaches over 200 um in vivo, equivalent to the
depth of the entire fly brain, beyond the distance between neighboring neurons. Light stimulations cause
~-10 mV field potential deflections in a retina (Pearn et al., 1996). If we neglect endogenous fields in the
brain, light stimulations may induce ~33.3 mV/mm electric field between the retina and center of the brain
(0 mV), since the distance between them is 300 um approximately. This electric field is strong enough to
modulate neural activities, as even weaker electric fields (<0.5 mV/mm) changed the firing patterns of

neurons in vitro (Weiss and Faber, 2010).

In rodents, the firing rate of cerebellar Purkinje cells either decreased or increased when a
current was injected into the extracellular field around their axons, causing field potential changes of 0.2
mV (Blot and Barbour, 2014). In insects, odor-evoked field potential oscillations whose amplitude is
comparable to that caused by the current injection in the rodents, are induced by synchronous firing of
olfactory neurons in the antennal lobe which are mediated by GABAergic neurons forming reciprocal
synapses with excitatory projection neurons (Stopfer et al., 1997; Tanaka et al., 2009). Changes in the

extracellular field potential are commonly observed in many nervous systems (Buzsaki et al., 2012). While



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
=)

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

such extracellular field potential activities have been considered as a side effect of synchronized spiking of
neurons, this study suggests that such field potential changes evoked by a sensory stimulus can control the
excitability of distant neurons, in addition to adjacent neurons. As ephaptic transmission is more effective at
a short distance, the ephaptic transmission from the retinae may contribute significantly to firing rate

changes in downstream neurons of the photoreceptor cells in the optic lobe.

This study also revealed that odor responses of OSNs were clearly modulated when light
conditions changed transiently. This mechanism may help flies switch attention to newly presented sensory
cues or maintain attention toward those remaining after the change. Turning the light on, for example,
reduces the firing rates of the OSNs, which may enable the flies to pay more attention to visual information,
whereas turning the light off increases the firing rates of the OSNs, which may help them attend to olfactory

sensory cues.

Recent connectome analyses have revealed the entire synaptic network in the central nervous
system in Drosophila (Scheffer et al., 2020) and provides insight into how neural information is subject to
synaptic relays to determine the behavioral output. In this study, we show that ephaptic relays also
contribute to modulating the firing rate of distant neurons and modify the sensory responses that can change
momentarily in a context-dependent manner. To build an integrated model of the fly brain, we should also
consider ephaptic relay of neural information (Scheffer and Meinertzhagen, 2021). The compound
eye-antenna model would be a suitable model to determine the role of ephaptic transmission in neural

processing.
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Figure legends

Figure 1. Transient changes in light condition modulated cis-vaccenyl acetate (cVA) response of
Or67d olfactory sensory neurons (OSNs) in wild-type flies

A, Experimental setup. While recording spikes extracellularly from Or67d OSN, cVA and/or blue light
stimulations were applied to the fly’s head. B, Extracellular recording of spikes from Or67d OSNs. The
upper panel shows the response to a sole cVA puff, whereas the lower panel shows the response to
simultaneous stimulation with cVA and blue light. The red lines indicate the timing of 3-s odor stimulations
and the blue line represents 1.5 s of lighting period. I, II, and III represent the first 50 ms after the light
condition was changed, 1.2 s while transient change in the light condition was sustained, and 300 ms just

after the light condition was returned to the original condition, respectively.

Figure 2. Transient changes in the light condition modulated cis-vaccenyl acetate (cVA) responses

A and B, Transient lighting (A) and darkening (B) during the latter half of odor stimulations changed the
firing rates of OSNs. The left panel shows the firing rates in each 300 ms bin. The blue and black lines
represent 1.5 s of the lighting and darkening periods, respectively. The right graphs indicate the firing rates
during I, 11, and II1, as shown in Fig. 1B. n represents the number of animals recorded. C, Light responses of
the OSNs without odor stimulations. D, Transient lighting was applied during the first half of odor
stimulations. E, The cVA response under constant light or constant dark condition. The right panel shows
the firing rates during the first and second halves of the odor stimulations. For statistical analyses, Wilcoxon
matched-pairs signed rank test (A—D) and Mann-Whitney test (E) were performed. The error bars indicate

the standard error of the mean.

Figure 3. Transient lighting during the latter half of cis-vaccenyl acetate (cVA) stimulations

modulated the responses of Or67d olfactory sensory neurons (OSNs)

A, Wild type with its antennal nerve amputated. B, Wild type whose head except for the antenna being

recorded was painted black. C, eyes absent (eya?) mutant. D, histidine decarboxylase (hdc™®*®) mutant. E,

18
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longGMR-GAL4/UAS TNT. Left panels: the firing rates in each 300 ms bin. The blue lines represent 1.5 s of
the lighting period, whereas red lines indicate the timing of 3-s odor stimulations. Light blue lines show the
firing rate when both odor and light stimulations were applied, whereas gray lines indicate those where odor
stimulations were solely applied. Right panels: the firing rates during I, II, and III, as shown in Fig. 1B. For
statistical analyses, Wilcoxon matched-pairs signed rank tests were performed. Error bars indicate the
standard error of the mean. F-I, Expression patterns of longGMR-GAL4. Photoreceptors in the ocelli
(arrowheads in F) and eyelet (arrowheads in G-1) neurons as well as in the retinae are labeled. Magenta in G
and white in H represent anti-choline acetyltransferase (ChAT) antibodies, whereas white in F and | and
green in G indicate the presence of anti-GFP antibodies. The area surrounded by dotted square in G is
enlarged in H and |. Dorsal side is on the top, lateral is represented on the left (G-I). OL, optic lobe. Single
frontal confocal sections (H, I) and 3D-reconstructed images (F, G) are shown. Scale bars = 10 um (H) and

100 pum (F, G). Genotype: W; +/UAS-GFP; UAS-20XmCD8:: GFP/longGMR-GAL4.

Figure 4. Ephaptic transmission mediates the light-evoked firing rate increase in the Or67d olfactory
sensory neurons (OSNs)

A-C, Transient lighting was applied during the latter half of odor stimulations in eya? mutants transplanted
with a wild-type eye (A,C) or no receptor potential A (norpA®) mutant eye (B). In C, ground electrode was
placed in the extracellular saline. The left panels show the firing rates in each 300-ms bin. Blue lines
represent 1.5 s of the lighting period, whereas red lines indicate the timing of 3-s odor stimulations. Right
panels indicate the firing rates during I, II, and III, as shown in Fig. 1B. D, Negative current (-10 nA)
injected into the optic lobe area caused firing rate increases of the OSNs during odor stimulations in
eya’ mutants. For statistical analyses, Wilcoxon matched-pairs signed rank tests were performed. Error

bars indicate the standard error of the mean.

Table legend
Tablel. Detailed statistic values
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A Wild type with its antennal nerve amputated (n = 16) B wild type with its head painted (n = 7)
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