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Appropriate termination of the photoresponse in image-forming photoreceptors and downstream neurons is critical for an
animal to achieve high temporal resolution. Although the cellular and molecular mechanisms of termination in image-form-
ing photoreceptors have been extensively studied in Drosophila, the underlying mechanism of termination in their down-
stream large monopolar cells remains less explored. Here, we show that synaptic ACh signaling, from both amacrine cells
(ACs) and L4 neurons, facilitates the rapid repolarization of L1 and L2 neurons. Intracellular recordings in female flies show
that blocking synaptic ACh output from either ACs or L4 neurons leads to slow repolarization of L1 and L2 neurons. Genetic
and electrophysiological studies in both male and female flies determine that L2 neurons express ACh receptors and directly
receive ACh signaling. Moreover, our results demonstrate that synaptic ACh signaling from both ACs and L4 neurons simul-
taneously facilitates ERG termination. Finally, visual behavior studies in both male and female flies show that synaptic ACh
signaling, from either ACs or L4 neurons to L2 neurons, is essential for the optomotor response of the flies in high-frequency
light stimulation. Our study identifies parallel synaptic ACh signaling for repolarization of L1 and L2 neurons and demon-
strates that synaptic ACh signaling facilitates L1 and L2 neuron repolarization to maintain the optomotor response of the fly
on high-frequency light stimulation.
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Significance Statement

The image-forming photoreceptor downstream neurons receive multiple synaptic inputs from image-forming photoreceptors
and various types of interneurons. It remains largely unknown how these synaptic inputs modulate the neural activity and
function of image-forming photoreceptor downstream neurons. We show that parallel synaptic ACh signaling from both ama-
crine cells and L4 neurons facilitates rapid repolarization of large monopolar cells in Drosophila and maintains the optomotor
response of the fly on high-frequency light stimulation. This work is one of the first reports showing how parallel synaptic sig-
naling modulates the activity of large monopolar cells and motion vision simultaneously.

Introduction
Image-forming vision initiates with light activation of rods
and cones in the vertebrate retina or eight photoreceptors
(R1-R8) in the Drosophila retina, which send information
about the color, contrast, and motion of objects to brain. In
addition, Melanopsin in the vertebrate intrinsically photosen-
sitive retinal ganglion cells or the flavoprotein Cryptochrome
and Rhodopsin 7 in Drosophila pacemaker neurons generate
non–image-forming vision to synchronize the biological
clocks with the external light/dark cycle (Berson et al., 2002;
Hattar et al., 2002; Ni et al., 2017; Baik et al., 2019). In both
vertebrates and invertebrates, absorption of light photons in
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image-forming photoreceptors causes a conformational change
of the light receptor rhodopsin, which subsequently activates
the phototransduction cascade. The image-forming photore-
ceptors promptly return to their original state when the light is
turned off (Montell, 1999; Burns and Baylor, 2001; Hardie and
Raghu, 2001; Tian et al., 2012). Rapid termination of photores-
ponses is critical for image-forming vision, whereas a sustained
photoresponse is essential for non–image-forming vision
(Montell, 1999; Berson et al., 2002; Hattar et al., 2002; Han et
al., 2007; Ni et al., 2017; Baik et al., 2019). Rapid termination of
the image-forming photoreceptor response depends on intrin-
sic regulation at each step of phototransduction, including the
deactivation of rhodopsin as well as the restoration the compo-
nents of the phototransduction cascade (Laitko and Hofmann,
1998; Burns and Baylor, 2001; Han et al., 2006; Wang and
Montell, 2007; Hu et al., 2012). In addition, extrinsic regula-
tion also contributes to the termination of the image-forming
photoreceptor response (e.g., retrograde regulation from reti-
nal horizontal cells and visual glial cells) (Rajaram et al.,
2005; Bringmann et al., 2006; Cadetti and Thoreson, 2006;
Chaturvedi et al., 2014). However, the underlying mechanism
for rapid termination of downstream neurons remains less
explored.

The Drosophila visual system is a good model to dissect the
molecular and neural circuit mechanisms for neural activity
modulation. In Drosophila, the compound eye contains ;800
ommatidia, and each ommatidium contains eight photoreceptors
(R1-R8). The outer photoreceptors (R1-R6) project axons from
the retina to the underlying lamina neuropil to form synapses
with large monopolar cells (LMCs, L1-L3) and amacrine cells
(ACs) in lamina, where they are organized into synaptic modules
called cartridges (Tian et al., 2012). Light stimulation activates
phototransduction cascades in photoreceptors to release the in-
hibitory neurotransmitter histamine (Hardie, 1989; Tian et al.,
2012), which subsequently hyperpolarizes postsynaptic LMCs
(L1-L3) and ACs by opening their HisCl2 channels (Huguenard,
1996; Gisselmann et al., 2002; Pantazis et al., 2008; Hu et al.,
2015). Conversely, turning the light off abolishes histamine
release and excites the postsynaptic neurons. ERG recording is
an extracellular recording technique that can measure the light-
induced mass responses of the eye, and ON and OFF transients
in ERG reflect the electrical activity of LMCs at the onset and the
end of light stimulation, respectively (Heisenberg, 1971; Agee
and Park, 1975). The L1 and L2 neurons are electrically coupled
via gap junctions, and serial electron microscopy reconstruction
has shown that L1 and L2 neurons receive multiple inputs from

R cells, L4 neurons, ACs, C2, C3, and Lawf neurons (Joesch et
al., 2010; Rivera-Alba et al., 2011). However, the mechanism that
regulates LMC repolarization remains unknown.

In this study, we show that ACs form synaptic connections
with L2 neurons, and L2 neurons directly receive ACh signaling
from ACs to facilitate the rapid repolarization of L1 and L2 neu-
rons. Synaptic ACh signaling from L4 neurons also facilitates L1
and L2 neuron repolarization. Moreover, we demonstrate that
synaptic ACh signaling from either ACs or L4 neurons to L1 and
L2 neurons is essential for the optomotor response of flies in
response to high-frequency light stimulation. Our studies eluci-
date the molecular mechanism and physiological roles of parallel
synaptic ACh signaling in L1 and L2 neuron repolarization and
inDrosophila visual signal processing.

Materials and Methods
Fly stocks. UAS-RNAi lines were ordered from Vienna Drosophila

RNAi Center, Tsinghua RNAi Stock Center, and Bloomington Stock
Center. The split Lai-GAL4 line (R92A10ADattP40; R17D06DBDattp2)
labeling AC cells, L4-GAL4 line (R20A03ADattP40; R31C06DBDattp2)
labeling L4 neurons, and L2-GAL4 line (R53G02ADattP40; R29G11DBD
attp2) labeling L2 neurons were provided by Aljoscha Nern (Tuthill et al.,
2013). The L1-GAL4 line that labels L1 neurons was obtained from Jens
Rister (Rister et al., 2007). Other lines used in this work were obtained
from the Bloomington Stock Center. All fly lines used, the cells targeted
by the individual line, and the original source publications of each line are
listed in Table 1. The WT flies used in this study were w1118. All flies were
maintained in standard medium at 25°C, with 60%-80% relative humidity.
Less than 3-d-old flies were used for ERG recordings, and 3-d-old flies
were used for optomotor response assays.

Antibodies. The sources of antibodies are as follows: rabbit anti-hista-
mine (ImmunoStar, RRID:AB_572245), rabbit anti-GFP (Invitrogen, RRID:
AB_221569), mouse anti-24B10 (DSHB, RRID:SCR_013527), Alexa Fluor-
488 goat anti-rabbit IgG (Abcam, RRID:AB_2734747), Alexa Fluor-555
goat anti-rabbit IgG (Abcam, catalog #ab150086), and Alexa Fluor-647 goat
anti-mouse IgG (Abcam, RRID:AB_2687948).

Electroretinogram recordings. The ERG recordings were conducted
at 25°C as previously described (Tian et al., 2013). Flies ,3 d old were
collected and immobilized with strips of tape. Before recording, the flies
were adapted to darkness for 5 min. Two borosilicate tubing microelectr-
odes (World Precision Instruments, RRID:SCR_008593) were used as
recording electrodes, and reference electrodes filled with Ringer’s solu-
tion were placed on the surfaces of the compound eye and shoulder. Fly
eyes were stimulated with 5 s light pulses (4000 Lux). For each genotype
and condition, .8 flies were examined. ERG recording traces were ana-
lyzed using pCLAMp 10.6 software (Molecular Devices, RRID:SCR_
011323), and the averaged decay traces of ERG recording were fitted
using GraphPad Prism 7 (GraphPad Software, RRID:SCR_002798) to

Table 1. The cells targeted by individual fly lines and the original source publications

Fly stocks Products or target cells Identifier References

y1wp;PinYt/CyO; P[UAS-mCD8::GFP] mCD8::GFP RRID:BDSC_5130 Lee and Luo, 1999
wp; P[UAS-TeTxLC] Tetanus toxin light chain RRID:BDSC_28837 Sweeney et al., 1995
P[UAS-hid.Z]2/CyO Head involution defective RRID:BDSC_65403 McNabb et al., 1997; Zhou et al., 1997
P[UAS-Kir2.1-eGFP] Inwardly rectifying potassium channel RRID:BDSC_6595 Baines et al., 2001; Hardie et al., 2001
wp; P[UAS-shits1] Shibirets1 RRID:BDSC_44222 Kitamoto, 2001
y1 wp; P[UAS-NaChBac-EGFP]/ TM3, Sb1 Voltage-gated sodium channel RRID:BDSC_9467 Luan et al., 2006; Nitabach et al., 2006
wp; P[UAS-nSyb-spGFP1-10], P[LexAop-CD4-spGFP11]/CyO nSyb-spGFP1-10; CD4-spGFP11 RRID:BDSC_64314 Feinberg et al., 2008
L1-Gal4 L1 neuron NA Rister et al., 2007
R53G02AD attP40; R29G11DBD attp2 L2 neuron NA Tuthill et al., 2013
R20A03AD attP40; R31C06DBD attp2 L4 neuron NA Tuthill et al., 2013
R92A10AD attP40; R17D06DBD attp2 AC NA Tuthill et al., 2013
R31C06-GAL4 L4 neuron RRID:BDSC_49883 Pfeiffer et al., 2008; Pecot et al., 2013
GMR75H08-lexA L2 neuron RRID:BDSC_54949 Pfeiffer et al., 2010
GMR92A10-GAL4 AC RRID:BDSC_40599 Pfeiffer et al., 2008
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corroborate the recordings. To quantitate the contribution of fast decay
and the speed of response termination, the time required for 1/4 recov-
ery of amplitude (t1/4) was measured and the SE was calculated.

Intracellular recordings. Intracellular recordings in photoreceptors
were performed as previously described (Hu et al., 2015). A fly was fixed
with glue in a fly-shaped hole cut in steel foil. To allow the recording
microelectrode to be inserted into the retina/lamina, a small hole (6-10
ommatidia) was cut in the dorsal cornea, and Vaseline was applied to the
eye to prevent drying. A low-resistance borosilicate tubing microelectrode
filled with 3 M KCl was placed into a small hole on the compound eye
and used for intracellular recordings from R1-R6 photoreceptors. A refer-
ence electrode was filled with Ringer’s solution and placed at the retina
layer. The recording microelectrode placed on the hole was gradually
inserted into the opening until light-induced membrane depolarization
was observed. The signals were amplified and recorded using a Warner
IE210 Intracellular Electrometer.

Intracellular recordings in LMCs were performed as previously
described (L. Zheng et al., 2006). A high-resistance quartz microelec-
trode (Sutter Instruments, catalog #QF100-50-10), filled with 3 M potas-
sium acetate with 0.5 mM KCl (to maintain the chloride battery
homeostasis) was used for intracellular recordings for LMCs. Three-
day-old adult female flies were used in the experiments; the female flies
are larger than the males, making the recordings somewhat easier. A
reference electrode, filled with Ringer’s solution, was gently pushed
through ocelli ;100mm into the head for in vivo intracellular record-
ings. The recording microelectrode placed on the hole was gradually
inserted into the opening until light-induced membrane hyperpolariza-
tion was observed. The signals were amplified and recorded using a
Warner IE210 Intracellular Electrometer. Intracellular recording traces
were analyzed using pCLAMp 10.6 software (Molecular Devices,
RRID:SCR_011323), and individual traces of the decay in intracellular
recording were fitted using GraphPad Prism 7 to corroborate the
recordings.

Histamine staining. Histamine staining was performed as previously
described (Chaturvedi et al., 2014). Briefly, fly heads were fixed with 4%
ethyl-dimethyl-aminopropyl-carbodiimide in 0.1 M PBS, pH 7.4, for 1 h
on ice, and then fixed with 4% PFA in 0.1 M PBS, pH 7.4, for 1 h on ice.
After three PBS washes, fixed heads were immersed in 12% glucose with
PBS overnight at 4°C embedded in optimal cutting temperature me-
dium, and 10-mm-thick cryosections were immunolabeled with
mouse anti-24B10 and rabbit anti-histamine (1:100, ImmunoStar) as
primary antibodies. For histamine immunolabeling, the antibody was
preadsorbed with carcinine. After three washes with PBS, sections
were incubated at room temperature for 2 h with secondary antibod-
ies Alexa Fluor-555 goat anti-rabbit IgG (1:200, Abcam) and Alexa
Fluor-647 goat anti-mouse IgG (1:100, Abcam). After three washes
with PBS, brains were mounted for microscopy in Vectashield with-
out DAPI (Vector Laboratories, RRID:SCR_000821), and the images
were recorded with an LSM 700 confocal microscope (Carl Zeiss,
RRID:SCR_017377).

GFP reconstitution across synaptic partners (GRASP). The neuronal-
synaptobrevin::spGFP1-10 chimera (nSyb-spGFP1-10) was used for syn-
aptic GRASP (Macpherson et al., 2015). The UAS-nSyb-spGFP1-10 was
expressed in ACs using a Lai-GAL4 driver. The lexAop-CD4-spGFP11
was expressed in L2 neurons under the control of L2-LexA. The recon-
stituted GFP signals were detected by the anti-GFP antibodies that rec-
ognize the reconstituted GFP specifically (1:100; Invitrogen) (Gordon
and Scott, 2009). For the control flies, only spGFP11 was expressed in L2
neurons. The axons of photoreceptors in the lamina were labeled with
24B10.

Optomotor responses assay. Fly optomotor responses were tested as
previously described (Hu et al., 2015). Briefly, 3-d-old flies were col-
lected, and their wings were cut off. After recovering for.24 h in a 12 h
light/12 h dark cycle incubator, a single fly was placed on a circular plat-
form for the optomotor response detection. The platform was sur-
rounded with a water-filled moat to prevent the fly from escaping, and
the moat was surrounded with a panoramic LED display that controlled
by LED Studio software (Shenzhen Sinorad Medical Electronics). Bright
and dark stripes were used to generate a clockwise motion light for 90 s

followed by a counterclockwise motion light for another 90 s. A 22.5°
spatial wavelength light and dark grating pattern was presented with
100% contrast values, and three angular velocities (90, 225, and 562.5/s)
corresponded to the light stimulation frequencies of 4, 10, and 25Hz,
respectively. The light intensity of the LED screen was 160 Lux. The
walking traces of flies were recorded with a camera (WV-BP330,
Panasonic System Networks). The coordinates of the position of the fly
in each recorded frame were calculated using Limelight software
(Coulbourn Instruments, RRID:SCR_014254), and the data were ana-
lyzed in MATLAB (The MathWorks, RRID:SCR_010457). The optomo-
tor responses of the flies were quantified by the performance index of
tracking time (PITT). The PITT is defined as follows: (tracking time –
untracking time)/(tracking time 1 untracking time). The probabilities
of fly movement in the platform in accordance with LED rotating direc-
tion or not are defined as tracking or untracking, respectively.

Experimental design and statistical analysis. For ERG recordings,
.8 flies were examined, and the fly number used for each genotype and
condition is presented in the figures. Two-tailed Student’s t tests were
used for comparing the quarter of decay time in ERG.

For intracellular recordings, .4 flies were examined for each geno-
type and condition, and only one neuron was recorded from 1 fly. The
neuron number used to generate the averaged decay trace is presented in
the text. The decay traces of ERG and intracellular recording were fitted
using GraphPad Prism 7 to corroborate the recordings. The comparison
of reduced R2 between single exponential decay and double exponential
decay fittings revealed a better fit (higher R2). R2 is informed in the figure
legends. Two-tailed Student’s t tests were used for comparing the decay
constants.

To compare the distribution of histamine in the eye, 4 WT and 7
Lai-Gal4/UAS-TeTxLC flies were examined. Two-tailed Student’s t tests
were used for comparing the relative histamine signal of lamina over
retina.

For fly optomotor responses, .8 flies were examined for each geno-
type and condition. The fly numbers used for optomotor response analy-
sis are presented in the figures. Unpaired t tests were used for comparing
the performance index of tracking time.

Statistical analysis was conducted using GraphPad Prism 5 (RRID:
SCR_002798). Boxplots were also generated using GraphPad Prism 5.
All data are presented as boxplots, box dimension indicates the middle
50% of the data, and line and whiskers indicate variability outside the
upper and lower quartiles. Dots indicate outliers.

Results
Blocking synaptic ACh release from ACs leads to slow ERG
termination
ERG recordings show that light stimulation evokes a rapid
depolarization whereas light cessation results in a rapid repola-
rization in WT flies (Fig. 1A). The decay of ERG recording in
WT flies is nicely fit with a double exponential decay fit with
t fast = 77.73ms, t slow = 7803ms (Fig. 1B), suggesting that vari-
ant mechanisms regulate ERG termination. Given that the
intrinsic regulations for ERG termination of image-forming
photoreceptor have been extensively studied, we further investi-
gate the potential roles of neural circuits in ERG termination.
Interestingly, blocking all neurotransmitters release from AC
cells via ectopic expression of tetanus toxin light chain
(TeTxLC) (Sweeney et al., 1995) results in a different shape of
ERG termination. Satisfied single exponential decay fit with t =
6686ms is obtained for the decay of ERG recording in Lai-
Gal4/UAS-TeTxLC flies (Fig. 1B), indicating that the regulation
for the fast decay of ERG recording is disrupted in these flies.
These results indicate that the synaptic output from ACs is
essential for the fast decay in ERG recording. Therefore, from
here on, the time required for a quarter recovery from the ERG
responses is used to quantify the contribution of fast decay and
the termination speed of ERG recording in each genotype and
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condition. Convincingly, blocking all neurotransmitters release from
AC cells via ectopic expression of either TeTxLC or shibirets (shits)
(Kitamoto, 2001) results in slow ERG termination (w1118: t1/4 =
0.0396 0.0085 s, vs Lai-Gal4/UAS-TeTxLC: t1/4 = 1.086 0.064 s,

t(34)=14.47, p, 0.001; Lai-Gal4/1: t1/4 = 0.176 0.031 s, vs Lai-
Gal4/UAS-TeTxLC: t1/4 = 1.086 0.064 s, t(37) = 12.53, p, 0.001;
UAS-TeTxLC/1: t1/4 = 0.166 0.028 s, vs Lai-Gal4/UAS-TeTxLC:
t1/4 = 1.086 0.064 s, t(42) = 13.98, p, 0.001; UAS-shits/1: t1/4 =

Figure 1. Blocking synaptic ACh release from ACs leads to slow termination in ERG. A, ERG recording traces of WT, and flies with expression of TeTxLC using Lai-GAL4 driver. Event markers
represent 5 s orange light pulses. Calibration: ERG traces throughout all figures, 5 mV. B, The decay of ERG recordings in WT and Lai-Gal4/UAS-TeTxLC flies is fit with double or single exponential
decay fit, respectively. Solid lines indicate the averaged experimental ERG recording decay traces. Dashed lines indicate the exponential decay fit. w1118: R2 = 99.72%; Lai-Gal4/UAS-TeTxLC:
R2 = 99.83%. Arrows indicate decay constants for the fast and slow component of the exponential fit. C, Boxplots with whiskers represent the times (t1/4) required for a 1/4 recovery from the
responses on stimulation cessation (with maximum 1.5 interquartile ranges). The number of recorded flies for each genotype are also listed. D, ERG recording traces of the flies with expression
of shibirets using a Lai-GAL4 driver. For this experiment, the flies were kept for at 30.5 °C for 3 h before the experiment, and the ERG recordings were conducted at 30.5°C. Right, Quantification
of the time (t1/4) required for a 1/4 recovery and the number of recorded flies. E, ERG recording traces of flies with expression of Kir2.1 using Lai-GAL4 driver. Right, Quantification of the time
(t1/4) required for a 1/4 recovery and the number of recorded flies. F, ERG recording traces of flies with expression of HID using Lai-GAL4 driver. Right, Quantification of the time (t1/4) required
for a 1/4 recovery and the number of recorded flies. G, Immunostaining images of flies with expression of both mCD8-GFP and HID using Lai-GAL4 driver. White arrows point out the
somata of AC cells. Scale bar, 20mm. H, ERG recording traces of the flies expressing UAS-vGluT-RNAi or UAS-vAChT-RNAi using Lai-GAL4 driver. Right, Quantification of the time (t1/4) required
for a 1/4 recovery and the number of recorded flies. ppp, 0.01. pppp, 0.001; n.s., Not significant (p. 0.05).
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0.0736 0.019 s, vs Lai-Gal4/UAS-shits: t1/4 = 0.526 0.086 s,
t(21) = 5.73, p, 0.001, two-tailed Student’s t test; Fig. 1C,D).
Similar deficits are observed in the flies with electrically silenced
ACs via ectopic expression of the inward rectifier potassium

channel (Kir2.1) (Baines et al., 2001) to induce irreversible hyper-
polarization (UAS-Kir2.1/1: t1/4 = 0.256 0.03 s, vs Lai-Gal4/UAS-
Kir2.1: t1/4 = 0.96 0.095 s, t(32) = 5.93, p, 0.001, two-tailed
Student’s t test; Fig. 1E). Similarly, abolishing ACs via

Figure 2. Blocking synaptic ACh release from ACs leads to slow repolarization in L1 and L2 neurons. A, Intracellular recording reveals normal light response in w1118 and Lai-GAL4/UAS-
TeTxLC photoreceptors. Left, Simplified diagram of the electrode approach to photoreceptors. Right, Intracellular recording traces. For intracellular recording traces, event markers represent 5 s
orange light pulses. Calibration: 5 mV. B, The decay of intracellular recordings in photoreceptors is fit with double exponential decay fit. Solid lines indicate the averaged decay trace of experi-
mental intracellular recording. Dashed lines indicate the exponential decay fit. w1118: R2 = 93.37%; Lai-Gal4/UAS-TeTxLC: R2 = 98.60%. Arrows indicate decay constants for the fast component
of the exponential fit. C, Intracellular recording reveals slow repolarization in Lai-GAL4/UAS-TeTxLC LMCs. Left, Simplified diagram of electrode approach to LMCs. Right, Intracellular recording
traces. For intracellular recording traces, event markers represent 200 ms light pulses. Calibration: 2.5 mV. Top, Measurements of the amplitude (Am) and rise time (Rt) of light-induced hyper-
polarization. D, The decay of intracellular recordings in LMCs is fit with the single exponential decay fit. Solid lines indicate the averaged decay trace of experimental intracellular recording.
Dashed lines indicate the single exponential decay fit. w1118: R2 = 98.90%; Lai-Gal4/UAS-TeTxLC: R2 = 97.96%. Arrows indicate decay constants for the exponential fit. E, ERG recording traces of
L2-GAL4/UAS-kir2.1 and L2-GAL4/UAS-NaChBac flies. Right, Quantification of the time (t1/4) required for a 1/4 recovery and the number of recorded flies. F, ERG recording traces of L1-GAL4/
UAS-kir2.1 and L1-GAL4/1 flies. Right, Quantification of the time (t1/4) required for a 1/4 recovery and the number of recorded flies. G, ERG recording traces of L2-GAL4/UAS-TeTxLC and L2-
GAL4/1 flies. Right, Quantification of the time (t1/4) required for a 1/4 recovery and the number of recorded flies. pppp, 0.001; n.s., Not significant (p. 0.05).

2168 • J. Neurosci., March 10, 2021 • 41(10):2164–2176 Wu et al. · ACh Signaling Facilitates LMC Repolarization



Figure 3. AChRs in L2 neurons receive synaptic ACh release from ACs to facilitate LMCs repolarization. A, Immunostaining images represent normal level and distribution of histamine in
w1118 and Lai-GAL4/UAS-TeTxLC flies. Histamine (green) was immunolabeled in horizontal sections of heads from w1118, and Lai-GAL4/UAS-TeTxLC flies were stained with 24B10 (red, for
Chaoptin) and antihistamine antibody (green). The anti-24B10 signal is condensed in the retinal (Re), and is weak in the lamina (La) and the medulla (Me). The weak anti-24B10 signal is hard
to be detected, when nonsaturated anti-24B10 signal in the retina is observed. Scale bar, 20mm. Right, Quantification of relative histamine level and the number of examined flies. B, ERG re-
cording traces of L2-GAL4/UAS-nAChRa5RNAi, L2-GAL4/UAS-nAChRa7RNAi, and control flies. C, Quantification of the time (t1/4) required for a 1/4 recovery and the number of recorded flies for
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ectopic expression of a pro-cell death gene (UAS-hid)
(McNabb et al., 1997) also causes slow ERG termination
(UAS-hid/1: t1/4 = 0.346 0.025 s, vs Lai-Gal4/UAS-hid: t1/4 =
0.76 0.029 s, t(36) = 9.63, p, 0.001, two-tailed Student’s t test; Fig.
1F,G). These data indicate that blocking the synaptic output of
ACs leads to slow ERG termination.

Previous immunocytochemistry studies have shown that ACs
are both glutamatergic and cholinergic neurons (Kolodziejczyk
et al., 2008). We next examine which neurotransmitter released
from ACs contributes to rapid ERG termination. vGluT and
vAChT are critical for synaptic output via loading glutamate or
ACh into synaptic vesicles, respectively. Interestingly, AC-spe-
cific knockdown of vAChT, but not vGluT, phenocopies the
slow ERG termination phenotype (UAS-vAChTRNAi/1: t1/4 =
0.176 0.020 s, vs Lai-Gal4/UAS-vAChTRNAi: t1/4 = 0.46 0.069 s,
t(29) = 3.64, p= 0.001; UAS-vGluT

RNAi/1: t1/4 = 0.176 0.016 s, vs
Lai-Gal4/UAS-vGluTRNAi: t1/4 = 0.186 0.028 s, t(39) = 0.21,
p=0.83, two-tailed Student’s t test; Fig. 1H). These data show
that blocking synaptic ACh release from ACs leads to slow ERG
termination.

Blocking synaptic output from ACs results in slow
repolarization of L1 and L2 neurons
Given that an ERG is an extracellular record that reflects light-
induced mass response of the eye, we next conducted intracellu-
lar recordings in photoreceptors to examine whether slow ERG
termination is because of prolonged repolarization of photore-
ceptors. Our previous studies have identified the retrograde glu-
tamate signaling from ACs to photoreceptor cells facilitates the
repolarization of photoreceptor cells (Hu et al., 2015). Consistent
with previous observations (Hu et al., 2015), blocking synaptic
glutamate release from ACs suppresses the recording recovery to
the prestimulation baseline (Fig. 2A). Satisfied double exponen-
tial decay fits are obtained for the decay of intracellular record-
ings in both WT and Lai-Gal4/UAS-TeTxLC fly photoreceptors
(Fig. 2B). The fast decay constant of Lai-Gal4/UAS-TeTxLC pho-
toreceptors is comparable with that of WT photoreceptors
(w1118: t fast = 43.636 8.98ms, vs Lai-Gal4/UAS-TeTxLC: t fast =
66.116 8.13ms, t(4) = 1.86, p=0.14, two-tailed Student’s t test;
Fig. 2B). These results reveal that slow ERG termination in Lai-
Gal4/UAS-TeTxLC flies is not because of an abnormality in
photoreceptors.

Light stimulation activates the phototransduction cascade
in eye photoreceptors to release the inhibitory neurotransmit-
ter histamine, which subsequently hyperpolarizes postsynaptic
L1-L3 neurons and ACs by opening their HisCl2 channels
(Huguenard, 1996; Pantazis et al., 2008; Tian et al., 2012). We
further performed intracellular recordings on L1 and L2 neu-
rons to test whether blocking synaptic output from ACs
affects light responses of these neurons. In WT L1 and L2 neu-
rons, light stimulation induces hyperpolarization, whereas
turning off the light results in rapid repolarization (Fig. 2C).
Satisfied single exponential decay fit with t = 56.46 11.14ms
is obtained for the decay of intracellular recordings in WT L1

and L2 neurons (Fig. 2D). In contrast, in the L1 and L2 neu-
rons of Lai-Gal4/UAS-TeTxLC flies, light stimulation induces
normal hyperpolarization and light cessation slows repolariza-
tion (w1118: single exponential decay fit, t = 56.46 11.14ms,
vs Lai-Gal4/UAS-TeTxLC: single exponential decay fit, t =
119.56 17.43ms, t(4) = 3.05, p = 0.038, two-tailed Student’s t
test) (Fig. 2C,D). These data show that blocking synaptic out-
put from ACs results in slow repolarization of L1 and L2
neurons.

Next, we ask whether slow repolarization of L2 and L1 neu-
rons directly contributes to slow ERG termination. We express
Kir2.1 channel in L2 neurons to induce irreversible hyperpolar-
ization and find that L2-GAL4/UAS-Kir2.1 flies exhibit slow ERG
termination (UAS-Kir2.1/1: t1/4 = 0.166 0.019 s, vs L2-Gal4/
UAS-Kir2.1: t1/4 = 0.976 0.068 s, t(28) = 9.39, p, 0.001, two-
tailed Student’s t test; Fig. 2E), similar to that in Lai-GAL4/UAS-
TeTxLC flies. In contrast, ectopic expression of the NaChBac
channel (Luan et al., 2006; Nitabach et al., 2006) in L2 neurons
shows normal ERG termination (UAS-NaChBac/1: t1/4 =
0.196 0.028 s, vs L2-Gal4/UAS-NaChBac: t1/4 = 0.276 0.031 s,
t(34) = 1.83, p=0.076, two-tailed Student’s t test; Fig. 2E). Given
that L1 and L2 neurons are electrically coupled via gap junctions
(Joesch et al., 2010), we examined whether inducing hyperpolar-
ization in L1 neurons also results in slow ERG termination. As
expected, expression of Kir2.1 channel in L1 neurons also results
in slow ERG termination (L1-Gal4/1: t1/4 = 0.176 0.028 s, vs
L1-Gal4/UAS-Kir2.1: t1/4 = 0.386 0.039 s, t(29) = 4.28, p=0.002,
two-tailed Student’s t test; Fig. 2F). These data indicate that slow
repolarization of L1 and L2 neurons leads to slow ERG
termination.

We also exclude the possibility that the abnormalities in the
neurons downstream from L2 neurons cause slow ERG termina-
tion because blocking the neurotransmitter release from L2 neu-
rons results in normal ERG termination (L2-Gal4/1: t1/4 =
0.166 0.024 s, vs L2-Gal4/UAS-TeTxLC: t1/4 = 0.116 0.018 s,
t(30) = 1.56, p=0.13, two-tailed Student’s t test; Fig. 2G). These
results demonstrate that slow repolarization of LMCs causes
slow ERG termination in Lai-GAL4/UAS-TeTxLC flies.

L2 neurons receive synaptic ACh signaling from ACs to
facilitate light off-induced repolarization
Since HisCl2 channel functions as a histamine-gated chloride
channel (Gisselmann et al., 2002; Pantazis et al., 2008), slow repo-
larization of LMCs in Lai-GAL4/UAS-TeTxLC flies could simply
reflect defective histamine recycling, which subsequently causes
prolonged opening of HisCl2 channels. Our intracellular record-
ings reveal normal amplitude (w1118: amplitude=5.986 0.60mV,
vs Lai-Gal4/UAS-TeTxLC: amplitude=6.146 0.51mV, t(15) =0.20,
p=0.92, two-tailed Student’s t test; Fig. 2C) and rise time in
L1 and L2 neurons in Lai-GAL4/UAS-TeTxLC flies (w1118:
rise time = 0.0796 0.0046 s, vs Lai-Gal4/UAS-TeTxLC: rise
time = 0.0916 0.0028 s, t(15) = 2.01, p = 0.063, two-tailed
Student’s t test; Fig. 2C), reflecting normal histamine release
from photoreceptor cells and normal opening of HisCl2
channels in L1 and L2 neurons. Released histamine is taken
up by lamina glia rapidly and conjugated to b -alanine to
form inactive carcinine in epithelial glia (Borycz et al., 2002;
Richardt et al., 2003; Edwards and Meinertzhagen, 2010).
Next, we examined the distribution of histamine by labeling
the cryosections of the fly head with antihistamine antibod-
ies. The Lai-GAL4/UAS-TeTxLC flies show normal distribu-
tion of histamine in the retina and the lamina. The relative
signaling for histamine in the lamina over the retina in Lai-

/

each genotype. D, ERG recording traces of L2-GAL4/UAS-RDLRNAi and UAS-RDLRNAi/1 flies.
Bottom, Quantification of the time (t1/4) required for a 1/4 recovery and the number of
recorded flies for each genotype. E, GRASP between ACs and L2 neurons. Lai-Gal4::UAS-nSyb-
spGFP1-10 and L2-LexA::LexAop-CD4:spGFP11 flies were used to express split GFP1-10 in ACs
and split GFP11 in L2 neurons, respectively. When these fly lines were crossed, a reconsti-
tuted GFP signal (green) was detected only at the lamina. Re, Retina; La, lamina; Me, me-
dulla. Scale bar, 20mm. ppp, 0.01. n.s., Not significant (p. 0.05).
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Figure 4. Blocking synaptic ACh release from L4 neurons leads to slow repolarization in LMCs. A, ERG recording traces of L4-GAL4/UAS-vAChTRNAi and UAS-vAChTRNAi/1 flies.
Right, Quantification of the time (t1/4) required for a 1/4 recovery and the number of recorded flies. B, ERG recording traces of the flies with expression of TeTxLC using L4-GAL4
driver. Event markers represent 5 s orange light pulses. Calibration: ERG traces throughout all figures, 5 mV. C, The decay of ERG recordings in WT and L4-Gal4/UAS-TeTxLC flies is
fit with double or single exponential decay fit, respectively. Solid lines indicate the averaged experimental ERG recording decay traces. Dashed lines indicate the exponential
decay fit. w1118: R2 = 99.45%; L4-Gal4/UAS-TeTxLC: R2 = 99.72%. Arrows indicate decay constants for the fast and slow component of the exponential. D, Quantification of the
time (t1/4) required for a 1/4 recovery from the responses on stimulation cessation and the number of recorded flies for each genotype. E, ERG recording traces of the flies with
expression of hid, or Kir2.1 using L4-GAL4 driver. Event markers represent 5 s orange light pulses. Calibration: ERG traces throughout all figures, 5 mV. Right, Quantification of
the time (t1/4) required for a 1/4 recovery from the responses on stimulation cessation and the number of recorded flies for each genotype. F, Intracellular recording represents
slow repolarization in L4-GAL4/UAS-TeTxLC LMCs. Event markers represent 200 ms light pulses. Calibration: intracellular recording traces, 2.5 mV. Top, Measurements of the am-
plitude (Am) and rise time (Rt) of light-induced hyperpolarization. G, The decay of intracellular recordings in LMCs are fit with single exponential decay fit. Solid lines indicate
the averaged decay trace of experimental intracellular recording. Dashed lines indicate the single exponential decay fit. w1118: R2 = 98.72%; L4-Gal4/UAS-TeTxLC: R2 = 98.52%.
Arrows indicate decay constants for the exponential fit. H, Intracellular recording reveals normal light response in w1118 and L4-GAL4/UAS-TeTxLC photoreceptors. Event markers
represent 5 s orange light pulses. Calibration: intracellular recording traces, 5 mV. I, The decay of intracellular recordings in photoreceptor cells are fit with double exponential
decay fit. Solid lines indicate the averaged decay trace of experimental intracellular recording. Dashed lines indicate the exponential decay fit. w1118: R2 = 91.43%; L4-Gal4/UAS-
TeTxLC: R2 = 73.21%. Arrows indicate decay constants for the fast component of the exponential fit. ppp, 0.01. pppp, 0.001.
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GAL4/UAS-TeTxLC flies is comparable to
that of the control flies (2.896 0.38 vs
2.46 0.23, t(9) = 1.19, p = 0.26, two-tailed
Student’s t test; Fig. 3A). These results indi-
cate that blocking synaptic output from ACs
does not affect histamine recycling.

Previous studies have shown that applying
the neurotransmitter GABA or ACh induces
depolarization of LMCs (Hardie, 1987).
Thus, we examined whether GABA or
ACh signaling facilitates light off-induced
LMC neuron repolarization. We find that
knockdown of either AChR a5 or a7 subu-
nit in L2 neurons results in slow ERG termi-
nation (UAS-nAChRa5RNAi/1: t1/4 = 0.15 6
0.027 s, vs L2-Gal4/UAS-nAChRa5RNAi: t1/4 =
0.396 0.067 s, t(32) = 3.47, p=0.0015; UAS-
nAChRa7RNAi/1: t1/4 = 0.176 0.036 s, vs L2-
Gal4/UAS-nAChRa7RNAi t1/4 = 0.316 0.029 s,
t(26) = 3.04, p=0.0045, two-tailed Student’s t test;
Fig. 3B,C). In contrast, knockdown of other
AChR subunits or GABA receptors in L2 neurons exhibits normal
ERG termination (Fig. 3C,D). These results demonstrate that L2
neurons receive ACh signaling to facilitate light off-induced L1
and L2 neuron rapid repolarization.

ACs are lamina intrinsic multicolumnar neurons, and the
arbors of each AC cell span multiple columns (Tuthill et al.,
2013). The reconstruction data from serial electron microscopy
indicate that ACs form a synaptic interaction with L1 and L2
neurons (Rivera-Alba et al., 2011). We use the GRASP technique
to further verify the synaptic interaction between ACs and L1/L2
neurons (Feinberg et al., 2008; Guo et al., 2019). GFP1-10 is
expressed in ACs, and GFP11 is expressed in L2 neurons; and
then columnar signals of reconstituted GFP are observed in the
lamina region (Fig. 3E). In contrast, no reconstituted GFP signals
are observed in the control flies (Fig. 3E). These results provide
further evidence supporting earlier findings.

Synaptic ACh signaling from L4 neurons facilitates light
off-induced repolarization in L2 neurons
Given that L2 neurons also directly receive synaptic ACh signaling
from L4 neurons (Takemura et al., 2011), we investigated whether
synaptic ACh signaling from L4 neurons also facilitates light off-
induced L2 repolarization and ERG termination. Interestingly,
knockdown of vAChT in L4 neurons leads to the slow ERG ter-
mination phenotype (UAS-vAChTRNAi/1: t1/4 = 0.236 0.026 s,
vs L4-Gal4/UAS-vAChTRNAi, t1/4 = 0.456 0.085 s, t(32) = 3.14,
p= 0.0037, two-tailed Student’s t test; Fig. 4A). Convincingly,
blocking the neurotransmitter release from L4 neurons via ec-
topic expression of TeTxLC results in slow ERG termination,
and a satisfied single exponential decay fit with t = 3094ms is
obtained for the decay of ERG recording in these flies (Fig. 4B,
C), indicating that the regulation for the fast decay of ERG re-
cording is also disrupted in L4-Gal4/UAS-TeTxLC flies.
Consistently, blocking the neurotransmitter release from L4
neurons through different genetic approaches also results in slow
ERG termination (w1118: t1/4 = 0.0356 0.011 s, vs L4-Gal4/UAS-
TeTxLC: t1/4 = 0.946 0.096 s, t(33) =8.17, p, 0.001; L4-Gal4/1:
t1/4 = 0.196 0.037 s, vs L4-Gal4/UAS-TeTxLC: t1/4= 0.946 0.096 s,
t(34) =6.71, p, 0.001; UAS-TeTxLC/1: t1/4 = 0.216 0.016 s, vs L4-
Gal4/UAS-TeTxLC: t1/4 = 0.94 6 0.096 s, t(31) = 6.14, p, 0.001;
UAS- hid/1: t1/4 = 0.246 0.019 s, vs L4-Gal4/UAS-hid: t1/4 =
0.616 0.091 s, t(23)=3.8, p, 0.001; UAS-Kir2.1/1: t1/4 = 0.186

0.03 s, vs L4-Gal4/UAS-Kir2.1: t1/4 = 0.656 0.06 s, t(34) = 6.04,
p, 0.001, two-tailed Student’s t test; Fig. 4D,E). These data
show that blocking synaptic ACh release from L4 neurons ei-
ther by disruption of synaptic release molecular components
or genetically induced hyperpolarization that indirectly
blocks synaptic release leads to slow ERG termination.

To confirm synaptic ACh signaling from L4 neurons is also
required for rapid repolarization of L2 neurons, we conducted
intracellular recordings in L1 and L2 neurons. Compared with
control flies, turning the light off induces slow repolarization of
L1 and L2 neurons in L4-Gal4/UAS-TeTxLC flies (w1118: single
exponential decay fit, t = 44.146 13.63ms, vs L4-Gal4/UAS-
TeTxLC: single exponential decay fit, t = 112.06 6.61ms,
t(4) = 4.48, p=0.011, two-tailed Student’s t test; Fig. 4F,G). In
contrast, intracellular recordings in the photoreceptors revealed
normal fast decay in the photoreceptors of L4-Gal4/UAS-
TeTxLC flies (w1118: double exponential decay fit, t fast =
32.186 10.45ms, vs L4-Gal4/UAS-TeTxLC: double exponential
decay fit, t fast = 29.646 5.98ms, t(4) = 0.21, p=0.84, two-tailed
Student’s t test; Fig. 4H,I). These data demonstrate that synaptic
ACh signaling from L4 neurons also facilitates light off-induced
rapid repolarization of L1 and L2 neurons.

Synaptic ACh signaling from both ACs and L4 neurons
facilitate ERG termination simultaneously
Given that blocking synaptic ACh signaling from either ACs or
L4 neurons results in slow repolarization of L2 neurons, we
investigated whether L2 neurons receive synaptic ACh signaling
from ACs and L4 neurons simultaneously or successively. We
blocked neurotransmitter release from both ACs and L4 neurons
via ectopic expression of TeTxLC. We found that Lai-GAL4;L4-
Gal4/UAS-TeTxLC flies exhibit slower ERG termination than ei-
ther Lai-GAL4/UAS-TeTxLC or L4-Gal4/UAS-TeTxLC flies
(UAS-TeTxLC/1: t1/4 = 0.166 0.037 s, vs Lai-Gal4;L4-Gal4/
UAS-TeTxLC: t1/4 = 1.46 0.12 s, t(29) = 7.89, p , 0.0001; Lai-
Gal4/UAS-TeTxLC: t1/4 = 1.066 0.053 s, vs Lai-Gal4;L4-Gal4/
UAS-TeTxLC: t1/4 = 1.46 0.12 s, t(38) = 2.6, p= 0.013; L4-Gal4/
UAS-TeTxLC: t1/4 = 1.046 0.075 s, vs Lai-Gal4;L4-Gal4/UAS-
TeTxLC: t1/4 = 1.46 0.12 s, t(40) = 2.59, p=0.013, two-tailed
Student’s t test; Fig. 5A,B). These results indicate that ACh sig-
naling from both ACs and L4 neurons is essential for the rapid
ERG termination, and suggests that this ACh signaling might
simultaneously facilitate ERG termination.

Figure 5. L2 neurons receive synaptic ACh signaling from both ACs and L4 neurons simultaneously. A, ERG re-
cording traces of UAS-TeTxLC/1, Lai-GAL4/UAS-TeTxLC, L4-GAL4/UAS-TeTxLC, and Lai-GAL4/L4-GAL4/UAS-TeTxLC flies.
B, Right, Quantification of the time (t1/4) required for a 1/4 recovery and the number of recorded flies for each geno-
type. pp, 0.05. pppp, 0.001.
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Synaptic ACh signaling from either ACs or L4 neurons is
essential for visual behavior
Rapid repolarization of LMCs has particular importance in visual
signaling, which must be reset rapidly to respond to subsequent
stimuli. To investigate the physiological roles of synaptic ACh
signaling from either ACs or L4 neurons in L1 and L2 neurons,
we performed intracellular recordings to examine the responses
of L1 and L2 neurons to a series of 2 s light pulses with a 1 s dark
interval. The L1 and L2 neurons of WT flies show rapid

repolarization when the light is off, and subsequent light stimula-
tion evokes a comparable hyperpolarization (w1118: 0.66 0.031,
vs Lai-Gal4/UAS-TeTxLC: 0.366 0.014, t(19) = 7.3, p, 0.001;
w1118: 0.66 0.031, vs L4-Gal4/UAS-TeTxLC: 0.46 0.043,
t(15) = 3.89, p= 0.0014, two-tailed Student’s t test; Fig. 6A,B). In
contrast, L1 and L2 neurons of either Lai-GAL4/UAS-TeTxLC or
L4-Gal4/UAS-TeTxLC flies show slow repolarization when the
light is off, and subsequent light stimulation induces reduced hy-
perpolarization (Fig. 6A,B). These observations indicate that

Figure 6. Parallel ACh signaling facilitates LMCs repolarization and the optomotor response of the flies in high-frequency light stimulation. A, Intracellular recordings represent the light
response in LMCs for each genotype. Fly eyes were stimulated with a series of 2 s light pulses with a 1 s dark interval. Event markers represent 1 s light pulses. Calibration: intracellular record-
ing traces, 2 mV. B, Boxplots with whiskers represent the amplitudes of light response 2# over the amplitude of light response 1# for each genotype and condition (with maximum 1.5 inter-
quartile ranges). The number of recorded flies for each genotype are presented. C, Schematic representation of the experimental apparatus. Only half of the LED is displayed. D, Full-field
stimuli used in all behavioral experiments. The space-time diagrams represent the luminance patterns displayed to the fly in the arena. E, Boxplots with whiskers represent the performance
index of tracking time for each genotype and condition (with maximum 1.5 interquartile ranges). The number of flies for each genotype and condition are presented. pp, 0.05. ppp, 0.01.
pppp, 0.001; n.s., Not significant (p. 0.05).
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synaptic ACh signaling from either ACs
or L4 neurons to L2 neurons facilitates L1
and L2 neurons rapid repolarization to
respond to subsequent stimuli.

To investigate the potential functional
role of synaptic ACh signaling from ei-
ther ACs or L4 neurons to L2 neurons in
visual behavior, we assessed the optomo-
tor responses of flies under various fre-
quency light stimulations. We placed a
single fly on a circular platform and
examined its ability to track moving light
patterns (Fig. 6C,D). With low-frequency
moving light patterns (4 or 10Hz), Lai-
GAL4/UAS-TeTxLC and L4-Gal4/UAS-
TeTxLC flies exhibit an ability to track
moving patterns that is comparable to that
of control flies (Fig. 6E). However, with
high-frequency moving light patterns
(25Hz), both Lai-GAL4/UAS-TeTxLC and
L4-Gal4/UAS-TeTxLC flies are less able to
track moving patterns (UAS-TeTxLC/1: PITT=0.856 0.024 vs
Lai-Gal4/UAS-TeTxLC: PITT=0.766 0.027, t(32) = 2.24, p=0.032;
Lai-Gal4/1: PITT= 0.916 0.016, vs Lai-Gal4/UAS-TeTxLC:
PITT=0.766 0.027, t(36) = 4.77, p, 0.001; UAS-TeTxLC/1,
PITT = 0.856 0.024, vs L4-Gal4/UAS-TeTxLC, PITT=0.66 0.027,
t(33) =6.68, p, 0.001; L4-Gal4/1: PITT=0.856 0.029, vs L4-Gal4/
UAS-TeTxLC, PITT= 0.66 0.027, t(37) =6.19, p, 0.001, unpaired t
tests; Fig. 6E). These findings demonstrate that synaptic ACh signal-
ing from either ACs or L4 neurons to L2 neurons is essential for the
optomotor response of flies in high-frequency light stimulation.

Based on the aforementioned data, two parallel neural circuits
that facilitate L1 and L2 neurons repolarization are outlined.
Light stimulation induces histamine release from photoreceptor
axons to the extracellular space, which hyperpolarizes L1-L3 neu-
rons and ACs via opening HisCl2 channels (Gengs et al., 2002;
Y. Zheng et al., 2002; Pantazis et al., 2008). Light off triggers ACh
release from both ACs and L4 neurons, which repolarizes L1 and
L2 neurons via AChRs (Fig. 7).

Discussion
Our study identifies two parallel neural circuits that facilitate L1
and L2 neuron repolarization after light stimulation is turned
off. Moreover, our work demonstrates that synaptic ACh sig-
naling from either ACs or L4 neurons to L2 neurons is essential
for the optomotor response of the flies in high-frequency light
stimulation.

ACh signaling facilitates LMCs repolarization and rapid
ERG termination
Abnormal ERGs frequently reflect deficits in photoreceptors as well
as in retrograde signaling to photoreceptors. However, our previous
study show that blocking synaptic output of ACs results in slow
ERG termination (Hu et al., 2015). In this study, our intracellular
recordings reveal normal termination in the photoreceptors, but
slow repolarization in the L1 and L2 neurons in Lai-GAL4/UAS-
TeTxLC flies. Moreover, we show that expression of Kir2.1 channel
in either L1 or L2 neurons is able to induce slow ERG termination.
These data demonstrate that slow repolarization of L1 and L2 neu-
rons leads to slow ERG termination.

Although the molecular and cellular mechanisms of photores-
ponse termination in photoreceptors have been extensively

investigated, the underlying circuit-based mechanism that regu-
lates rapid termination of light response in LMCs is less studied.
Light stimulation induces the inhibitory neurotransmitter hista-
mine released from photoreceptors to hyperpolarize postsynaptic
L1-L3 and ACs by opening their HisCl2 channels (Huguenard,
1996; Gisselmann et al., 2002; Pantazis et al., 2008; Hu et al.,
2015). Intracellular recording and voltage imaging in L2 neurons
have shown that light flashes evoke transient hyperpolarization
in L2 neurons that rapidly returns to the dark resting level
(Pantazis et al., 2008; Yang et al., 2016). In our previous study,
both L1 and L2 neurons express Ih channels, which are normally
activated at negative potentials ,�50 mV (Biel et al., 2009; Hu
et al., 2015). Thus, it is reasonable that histamine-induced hyper-
polarization activates Ih channels in L1 and L2 neurons to return
their membrane potential to the resting level. However, previous
intracellular recordings in L1 and L2 neurons have shown that
the membrane potential cannot reach the resting level on long-
lasting light stimulation (L. Zheng et al., 2006). Furthermore,
voltage imaging in L2 neurons reveals that a dark flash induces a
transient depolarization in L2 neurons (Yang et al., 2016). These
results indicate that L2 neurons may receive some excitatory sig-
naling to promote rapid repolarization during dark flash or light
off conditions. Another earlier study find that applying either
GABA or ACh onto LMCs induces depolarization of LMCs
(Hardie, 1987). In this study, we show that either blocking synap-
tic ACh signaling or depletion of AChRs in L2 neurons results in
slow repolarization of L1 and L2 neurons. However, depletion of
GABA receptors from L2 neurons fails to induce slow repolariza-
tion of L1 and L2 neurons. Moreover, we show that knockdown
of either Drosophila nAChR-a5 (Da5) or nAChR-a7 (Da7) sub-
unit in L2 neurons results in slow ERG termination. nAChRs
mediate fast excitatory synaptic transmission on binding by
ACh. Ten nAChR subunits have been identified in fly genome,
and three of them (Da5, Da6, and Da7) are more homologous
to vertebrate a7 receptors than to other insect nicotinic receptors
(Littleton and Ganetzky, 2000; Grauso et al., 2002). These recep-
tors have unique properties that can form homomeric channels
consisting of only the a subunit, and have high permeability to
calcium and rapid desensitization (Couturier et al., 1990;
Seguela et al., 1993). These results provide the first evidence
that ACh signaling facilitates rapid repolarization of L1 and L2
neurons.

Figure 7. Model of neural circuit regulation from both ACs and L4 neurons to L2 neurons. Schematics showing the posi-
tion and connection of each component in Drosophila lamina cartridge in longitudinal view (left) and cross view (right). R,
Photoreceptor cell; L1, L1 neuron; L2, L2 neuron; L4, L4 neuron; Surf, surface glia; Sat, satellite glia; Epith, epithelial glia;
Marg, marginal glia.
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Parallel synaptic ACh signaling from both ACs and L4
neurons regulates fly visual behavior
Vertebrates and insects share many structural, functional, and
developmental features in their visual systems. The synaptic sig-
naling from horizontal cells to bipolar cells contributes to many
visual functions, such as shaping receptive field and light adapta-
tion (Dowling, 1991; Thoreson and Mangel, 2012). The ACs in
the fly visual system, which are structurally equal to horizontal
cells in vertebrates, receive synaptic input from photoreceptors
and project onto T1 neurons, photoreceptor cells, LMCs, and
epithelial glia (Rivera-Alba et al., 2011). Previous immunocyto-
chemistry studies have revealed that ACs are both glutamatergic
and cholinergic neurons (Yasuyama et al., 1996; Kolodziejczyk et
al., 2008). ACs are hyperpolarized on light stimulation, whereas
they are activated to release both glutamate and ACh when lights
are turned off (Huguenard, 1996; Gisselmann et al., 2002;
Pantazis et al., 2008; Hu et al., 2015). Our previous study demon-
strates that feedback glutamate signaling from ACs to photore-
ceptors helps the fly maintain light sensitivity in the presence of
ambient light. In this study, we show that synaptic ACh signaling
from ACs to L2 neurons is essential for rapid repolarization of
L1 and L2 neurons and the optomotor response of the fly during
high-frequency light stimulation. These studies illustrate that
ACs use different signaling to achieve their abilities for high light
sensitivity and high temporal resolution (Montell, 1999; Tuthill
et al., 2013; Hu et al., 2015). In addition, ACs also play critical
roles in maintaining the response of the fly to regressive rotation
stimulations as well as high-contrast and low-contrast stimula-
tions (Tuthill et al., 2013).

Previous observations on Drosophila and the housefly Musca
have shown that L2 and L4 neurons form reciprocal connec-
tions (Strausfeld and Campos-Ortega, 1973; Takemura et al.,
2011). Immunocytochemistry studies have determined that L4
neurons are also cholinergic neurons (Yasuyama et al., 1996;
Kolodziejczyk et al., 2008). These morphologic and immunocy-
tochemistry evidence support the idea that L2 neurons might
receive synaptic ACh signaling from L4 neurons to facilitate L1
and L2 repolarization. In this study, we show that blocking syn-
aptic ACh signaling from L4 neurons also results in slow repo-
larization of L1 and L2 neurons and reduces the optomotor
response of the flies in high-frequency light stimulation condi-
tions. Light off-triggered activation signaling in L4 neurons
needs to be further investigated because L4 neurons do not
receive direct input from photoreceptors.

In this study, we show that L2 neurons receive synaptic ACh
signaling simultaneously from both ACs and L4 neurons. The
inputs from ACs and L4 neurons may encode additionally infor-
mation for image-forming visual processing. The fly optic lobes
are assembled into retinotopic columns and each corresponding
to a small region of visual space. L2 and L4 neurons form recip-
rocal connection in the same cartridge so that they can commu-
nicate local vision signal from each other (Meinertzhagen and
O’Neil, 1991; Takemura et al., 2011). Consistent with the struc-
ture properties, electrically silenced either L2 or ACs leads to
reduced ability in low contrast rotation, stripe oscillation, pro-
gressive rotation, as well as OFF motion (Tuthill et al., 2013). In
contrast, the multicolumnar AC cells are lamina intrinsic neu-
rons with a rich connectivity structure that both receive and send
synapses along the length of a cartridge (Rivera-Alba et al.,
2011). The anatomy properties of AC cells suggest that they
function as feedback neurons and integrate the image-forming
visual information from multicolumn. Electrically silenced either
L2 neurons or AC cells results in increased ability in contrast

nulling (Tuthill et al., 2013). Given that L1 and L2 neurons
receive multiple inputs, including L4, ACs, C2, C3, and Lawf
neurons (Joesch et al., 2010; Rivera-Alba et al., 2011), the poten-
tial role of other neurons in L1 and L2 neuron repolarization also
needs to be investigated further.
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