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ABSTRACT

Histamine is the only known neurotransmitter released by arthropod
photoreceptors. Synaptic transmission from photoreceptors to
second-order neurons is mediated by the activation of histamine-
gated chloride channels (HCLs). These histaminergic synapses have
been assumed to be conserved among insect visual systems.
However, our understanding of the channels in question has thus far
been based on studies in flies. In the butterfly Papilio xuthus, we have
identified two candidate histamine-gated chloride channels, PxHCLA
and PxHCLB, and studied their physiological properties using a
whole-cell patch-clamp technique. We studied the responses of
channels expressed in cultured cells to histamine as well as to other
neurotransmitter candidates, namely GABA, tyramine, serotonin,
p-/L-glutamate and glycine. We found that histamine and GABA
activated both PxHCLA and PxHCLB, while the other molecules did
not. The sensitivity to histamine and GABA was consistently higher in
PxHCLB than in PxHCLA. Interestingly, simultaneous application of
histamine and GABA activated both PxHCLA and PxHCLB more
strongly than either neurotransmitter individually; histamine and
GABA may have synergistic effects on PxHCLs in the regions
where they co-localize. Our results suggest that the physiological
properties of the histamine receptors are basically conserved among
insects, but that the response to GABA differs between butterflies and
flies, implying variation in early visual processing among species.

KEY WORDS: Visual system, GABA, Chloride channel,
Visual processing, Photoreceptor

INTRODUCTION

Insects perceive the visual world via photoreceptors in their
compound eyes. Upon light stimulation, the photoreceptors
depolarize through activation of TRP channels (Hardie and Franze,
2012), which in turn leads to the hyperpolarization of postsynaptic
lamina (or large) monopolar cells (LMCs) in the first optic ganglion,
the lamina. In flies, it has been well established that this sign-inverted
synaptic transmission is mediated by histamine-gated chloride
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channels (HCLs) (Hardie, 1987, 1989; Sarthy, 1991). Histamine
has been found in the photoreceptors of a number of species
including horseshoe crabs, barnacles, cockroaches, locusts, moths
and butterflies (Battelle et al., 1991; Callaway and Stuart, 1989;
Hamanaka et al., 2012; Nissel et al., 1988; Simmons and Hardie,
1988; Skingsley et al., 1995), suggesting that it is evolutionarily
conserved as the major transmitter of arthropod photoreceptors.

Two genes, hclA and hclB, respectively encoding HCL subunits
HCLA and HCLB, have been identified in the fruit fly Drosophila
melanogaster (Gengs et al., 2002; Gisselmann et al., 2002; Zheng
et al., 2002). These channels belong to a superfamily of Cys-loop
receptors, which are pentameric ligand-gated channels (Thompson
et al., 2010). Each receptor is composed of five subunits, which
form homomeric or possibly heteromeric receptors. In flies, HCLA
and HCLB subunits appear to form a heteromer in co-transfected
cells, but it is unclear whether this occurs naturally in the visual
system (Gisselmann et al., 2004; Pantazis et al., 2008). In contrast,
the expression of HCLA and HCLB homomers has been confirmed.
HCLA exists in neurons postsynaptic to photoreceptors, while
HCLB exists in glial cells in the lamina (Pantazis et al., 2008), and in
the region of the medulla (the second optic ganglion) where long
axons of some photoreceptors terminate (Schnaitmann et al., 2018).
Electrophysiological analysis has demonstrated that HCLA
homomers expressed on cultured cells exhibit similar channel
properties to the histamine-gated chloride channels on isolated
LMCs (Pantazis et al., 2008; Skingsley et al., 1995). Furthermore,
electroretinography has revealed that /cl4 null mutants fail to
produce fast transient components derived from LMCs (Pantazis
et al., 2008). These studies suggest that the channels on the LMCs
are HCLA homomers in D. melanogaster.

Although considerable evidence has accumulated for the
functional role of HCLs in visual processing in flies, their visual
system is in fact peculiar in many aspects. For example, the
projection pattern of photoreceptor axons is unique. In the lamina,
eight photoreceptors originating from seven neighboring
ommatidia are bundled together with five LMCs to form a
lamina cartridge, in a connection scheme known as neural
superposition (Hardie, 1985). Six of the eight photoreceptors are
short visual fibers (svfs) which terminate in the lamina and
are presynaptic to LMCs. The other two photoreceptors make no
synaptic contacts in the lamina and instead send their long axons
directly to the medulla, where they terminate on their postsynaptic
targets; these photoreceptors are termed long visual fibers (Ivfs)
(Hardie, 1985). No photoreceptors have lateral processes extending
into neighboring lamina cartridges in flies (Rivera-Alba et al.,
2011), which also appears to be a characteristic unique to this insect
order. In moths and bees, for example, a single cartridge comprises
photoreceptor axons from a single ommatidium, and these have
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long lateral processes penetrating into neighboring cartridges,
where they form specific neuronal circuits (Ribi, 1976; Stockl et al.,
2016). Such variations in the lamina circuitry strongly suggest that
the visual processing in the lamina is variable between species,
probably reflecting differences in their visual ecology (Greiner
et al., 2005).

Accumulated evidence indicates that butterflies have spectrally
complex eyes and sophisticated color vision. We have initiated a
comprehensive investigation of the lamina of the Japanese yellow
swallowtail butterfly, Papilio xuthus, which has a tetrachromatic
visual system (Koshitaka et al., 2008), in order to understand how
visual information processing has diverged among insects. In the
present study, we focused on the physiological function of HCL
channels in P. xuthus. We first identified and cloned cDNAs encoding
PxHCLA and PxHCLB subunits, and analyzed their physiological
properties by performing whole-cell patch-clamp recordings. As
several neurotransmitter candidates have been detected in the lamina
of P. xuthus (Hamanaka et al., 2012) and other insects (Kolodziejczyk
et al., 2008; Raghu and Borst, 2011; Sinakevitch and Strausfeld,
2004) in addition to histamine, we also studied HCL responses to
these molecules, namely GABA (y-aminobutyric acid), tyramine,
serotonin, D-/L-glutamate and glycine.

MATERIALS AND METHODS

Animals

We used spring-form adult Japanese yellow swallowtail butterflies,
Papilio xuthus Linnaeus, of both sexes. The butterflies were taken
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from a laboratory culture derived from eggs laid by females caught
around the SOKENDAI campus in Hayama, Kanagawa, Japan.

Identification of PxhclA and PxhciB cDNA sequences

Whole-head tissues were dissected and preserved in RNAlater
solution (Thermo Fisher Scientific, Waltham, MA, USA). Total
RNA was extracted from head tissue using TRIzol reagent (Thermo
Fisher Scientific), and used for first-strand cDNA synthesis by
PrimeScript II Ist Strand Synthesis Kit (TaKaRa, Shiga, Japan). We
retrieved the P. xuthus PxhclA and PxhcIB predicted cDNA
sequences from GenBank (http:/www.ncbi.nlm.nih.gov/genbank/)
by BLASTN search (Altschul et al., 1990) using D. melanogaster
hclA and helB as query sequences: Pxhcl4: XM_013313248 and
PxhclB: XM_013319237, respectively. We then retrieved the 5'-
and 3’-untranslated region (UTR) of these homolog sequences from
PapilioBase (http:/papilio.bio.titech.ac.jp/papilio.html) (Nishikawa
etal., 2015). We designed primers for PCR on both UTR sequences
as follows: PxhclA_F1 (5’-taaggcaaaaaacttcccgegaac-3’') and
PxhclA_R1 (5’-tgctaaatcgagactggaagag-3"); and PxhcIB_F1 (5'-ct-
tgtgtgcgegattgtacagtgac-3')  and  PxhclB_R1  (5'-gttccacgag-
tattggttttcatc-3'). We used these primer pairs to amplify the
Pxhcl4 and PxhclB full-length cDNAs by PCR using Ex Taq HS
polymerase (TaKaRa). Reactions for the cDNA amplifications were
carried out in a Mastercycler (Eppendorf, Hamburg, Germany)
using the following protocol: an initial denaturing step at 93°C for
3 min, 30 cycles of denaturation at 93°C for 1 min, annealing at 60°
C for 1 min, extension at 72°C for 1 min 35 s, and a final extension

Fig. 1. Maximum likelihood tree
showing relationships between
Cys-loop chloride channel subunit
nucleotide sequences of Apis
mellifera, Nasonia vitripennis,
Drosophila melanogaster, Musca
domestica and Papilio xuthus. Gray
boxes highlight PxHCLA and PxHCLB,
which were determined in this study, and
the tree indicates that these sequences
are likely to be HCLA and HCLB
homologs. Bootstrap values with 1000
replicates are shown at each node, and
the scale bar indicates two changes per
nucleotide. Caenorhabditis elegans
glutamate-gated chloride channel is
included in the tree for reference, to
deduce the domains and structures
particular to Cys-loop chloride channels.
Drosophila melanogaster nicotinic
acetylcholine receptor is included as an
outgroup. Accession numbers for each
sequence are shown in parentheses.
HCLA, histamine-gated chloride
channel subunit A; HCLB, histamine-
gated chloride channel subunit B; RDI,
resistant-to-dieldrin or GABA (gamma-
aminobutyric acid)-activated chloride-
selective receptor; GluCla, glutamate-
gated chloride channel alpha; GIuCl,
glutamate-gated chloride channel; NtR,
nicotinic acetylcholine receptor; A.mel,
Apis mellifera; N.vit, Nasonia vitripennis;
D.mel, Drosophila melanogaster;
M.dom, Musca domestica; P.xut, Papilio
Xuthus; C.ele, Caenorhabditis elegans.
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step at 72°C for 1 min. DNA sequencing was performed for the
purified PCR products using BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA, USA)
with the PCR primers or inner primers: PxhclA_seqF1 (5'-gacattt-
tettcgeccaaacgtg-3") and PxhclA_seqR1 (5'-caggacatgatgacgatga-
gac-3"); and PxhclB_seqF1 (5'-actttccacgagatgagcatacc-3’) and
PxhclB_seqR1 (5’-ccaaagtaagcaacgatgtgac-3'). The sequences
were analyzed using an ABI3130x] DNA Sequencer (Applied
Biosystems). The PxhclA and PxhclB sequences determined in this
study were deposited in the international nucleotide sequence
database DDBJ (accession numbers LC373508 and LC373509,
respectively).

Sequence analysis of PxhclA and PxhciB

We obtained coding sequences of the following molecules from
GenBank: Cys-loop chloride channel subunits in Apis mellifera,
Nasonia vitripennis, D. melanogaster, Musca domestica and P.
xuthus; glutamate-gated chloride channel in Caenorhabditis
elegans; nicotinic acetylcholine receptor of D. melanogaster. The
accession numbers of these sequences are shown in Figs 1 and 2. We
translated these sequences and constructed the multiple protein
sequence alignments with ClustalW (Thompson et al., 1994), using
a gap-opening penalty and a gap-extension penalty of 3 and 1.8,
respectively, with the Gonnet 250 protein weight matrix. For
phylogenetic analysis, we converted the aligned amino acid
sequences back to nucleotide sequences. In MEGA7 (Kumar
et al., 2016), we inferred a phylogenetic tree from the alignment by
using the Maximum Likelihood method based on the General Time
Reversible model of sequence evolution with gamma distributed
rates and 1000 bootstrap replicates. All positions containing gaps
were eliminated, resulting in a total of 990 positions in the final
dataset for the analysis. The tree is scaled with branch lengths
measured in the number of substitutions per site. Nicotinic
acetylcholine receptor of D. melanogaster was used as the outgroup.

Vector construction

We designed primers PxhclA_F1_IF (5'-taccgagctcggatctaagg-
caaaaaacttcccgegaac-3') and PxhclA_R1_IF (5'-cacactggactagtgtgc-
taaatcgagactggaagag-3'); and PxhclB_F1_IF (5'-taccgagctcggatcettgt
gtgegegattgtacagtgac-3') and Pxhc/B_R1_IF (5'-cacactggactagtggtt
ccacgagtattggttttcatc-3"); the 15 bases at 5’ end of these primers
overlapped with the ends of the cloning site of the linearized vector
for cloning. We used these primers to amplify the cDNA containing
the entire coding region of PxhclA or PxhclB by PCR using
PrimeSTAR Max DNA polymerase (TaKaRa). Reactions for the
c¢DNA amplifications were carried out in Mastercycler (Eppendorf)
using the following protocol: an initial denaturing step at 98°C for
3 min, 30 cycles of denaturation at 98°C for 10 s, annealing at 55°C
for 15 s, extension at 72°C for 2 min and a final extension step at 72°C
for 1 min. After purification of the PCR products, we independently
subcloned each cDNA (Pxhcl4 and PxhclB) into the pcDNA3.1(+)
vector (Invitrogen, Carlsbad, CA, USA) using the In-Fusion HD
Cloning Kit (TaKaRa). The plasmids were transformed into ECOS
competent E. coli DH5a. cells (Nippon Gene, Tokyo, Japan). Each E.
coli cell with plasmid clone was grown in 2 ml of LB medium
supplemented with ampicillin overnight. The plasmid DNAs were
purified from the culture using QIAprep Spin Miniprep Kit (Qiagen,
Germantown, MD, USA). We confirmed the target insert sequences
by PCR and sequencing.

Cell transfection

We transfected HEK293 cells with pGL1 vector (0.1 pg) and the
pcDNA3.1(+)-PxhclA vector (1 pg), the pcDNA3.1(+)-PxhclB
vector (1 pg), both vectors (0.5 pg each) or neither (as the control)
in OPTI-MEM medium (Life Technologies) using Lipofectamine
Plus reagents (Life Technologies). After 3 h of incubation at 37°C,
we replaced the OPTI-MEM medium with D-MEM medium
(Life Technologies), and the cells were settled and cultured on
12 mm-diameter coverslips at 37°C. We thus obtained four types

Fig. 2. Alignment of amino acid sequences of loop structures containing putative agonist binding sites. The residues are deduced from the alignments to
C. elegans GluCla, the 3D structure of which has been determined (Hibbs and Gouaux, 2011). Asterisks indicate conserved sites across all molecules. Gray
boxes indicate the sites that differ among the channels in a manner reflecting their specific agonists. Accession numbers for each sequence are shown in
parentheses. Sequences between loops are omitted from the figure and represented by hyphens. The number of hyphens does not indicate the length of the
sequences omitted. GluCla, glutamate-gated chloride channel alpha; GluCl, glutamate-gated chloride channel; HCLA, histamine-gated chloride channel subunit
A; HCLB, histamine-gated chloride channel subunit B; RDI, resistant-to-dieldrin and GABA-activated chloride-selective receptor; C.ele, Caenorhabditis elegans;
A.mel, Apis mellifera; D.mel, Drosophila melanogaster, M.dom, Musca domestica; N.vit, Nasonia vitripennis; P.xut, Papilio xuthus.
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Fig. 3. Representative current traces of PxHCLA expressed in HEK293 cells under histamine and GABA application. (A,B) Representative current
traces showing activation of PxHCLA by histamine (HA: 10 umol I-" and 1 mmol I-"; A) and GABA (10 and 50 mmol I-'; B) in a dose-dependent manner.
Bars indicate the duration of chemical application. (C,D) Current-voltage (/~V) relationship for PxHCLA at two HA (C) and GABA (D) concentrations. A linear
relationship exists at high histamine and GABA concentrations but weak rectification is observed at low concentrations. (E,F) Representative traces of
current through PxHCLA recorded under 20 pymol I=" HA (E) and 10 mmol I-' GABA (F) during 300 ms voltage steps between —100 mV and +100 mV with

an increment of 20 mV. Currents were stable over 300 ms at all voltages.

of cells expressing PXHCLA homomer, PxXHCLB homomer, a
combination of the two, i.e. PXHCLA/B, or neither of them. We
carried out more than 30 independent transfections throughout
the study.

Electrophysiological recordings

We performed whole-cell patch-clamp recordings as described
previously (Takayama et al., 2017). A coverslip with cultured cells
on the top was placed in the chamber mounted on a Nikon Eclipse
TE2000-S inverted microscope. Standard bath solution for the
whole-cell patch-clamp recording contained (in mmol 171); 140
NaCl, 5 KCl, 2 CaCl,, 2 MgCl,, 10 glucose and 10 Hepes. This
solution was also used as a vehicle for chemicals (histamine,
GABA, tyramine, serotonin, L-/D-glutamate and glycine) tested in
the following experiments. The bath solutions were maintained at
about 26°C, and perfused through silicone tubes by gravity. The
solution in the pipette used for the whole-cell patch-clamp recording
contained (in mmol 17!): 140 KCIl, 5 EGTA and 10 Hepes. The pH
of all solutions was adjusted to 7.4 by NaOH. The whole-cell
recording data were collected at a sampling frequency of 10 kHz and
low-pass filtered with a cut-off of 5 kHz for analysis (Axopatch
200B Amplifier, Molecular Devices), which was performed using
pCLAMP 10.4 software (Molecular Devices). For the experiments

analyzing the responses of PxHCLs to agonists, voltage-ramp
pulses (300 ms duration) from —100 to +100 mV were applied
every 5 s to the patch-clamped cell, which was held at 0 mV. To test
current stability during the 300 ms of voltage-ramp pulses, voltage-
step pulses (300 ms) from —100 mV to +100 mV with an increment
of 20 mV were applied to the patch-clamped cell held at 0 mV every
60 s to obtain a stable base line. Whole-cell patch-clamp recordings
were performed 16-22 h after transfection of HEK293 cells. All of
the patch-clamp experiments were performed at room temperature.

Statistical analysis

We obtained the current responses at —60 mV in the voltage-ramp
pulses for analysis. To analyze the histamine and GABA dose
dependency of PxHCLs, the current responses were normalized to
the maximal current response (//1,,,). We used these normalized
currents to draw dose—response curves by fitting the data using the
simple Hill function:

I 1 ()
Inax 1+ ((ECso)/([agonist]))™’
where ECs, represents the concentration of histamine or GABA

required to elicit 50% of I,,,, ‘agonist’ is either histamine or
GABA, and ny represents the Hill coefficient. To analyze the effects
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of histamine and GABA on PxHCLs, the current responses elicited
by the initial histamine application were used to normalize the
subsequent current responses. We avoided using a saturating
concentration of histamine to reduce the risks of cell damage for
the later chemical applications. Statistical significance was
evaluated using Student’s paired #-test at a value of P<0.05. Data
in figures are presented as means=s.e.m.

RESULTS

Molecular phylogeny

We determined the full-length sequences of ¢cDNAs encoding
PxHCLA (378 amino acids) and PxHCLB (427 amino acids). The
phylogenetic analysis of Cys-loop chloride channels including
these sequences showed that they were clustered according to
their specific ligands (Fig. 1). Agonists are thought to bind at
the interfaces between adjacent receptor subunits (Hibbs and
Gouaux, 2011; Karlin, 2002; Sine, 2002). As the 3D structure of the
glutamate-gated chloride channel has been determined in C. elegans
(Hibbs and Gouaux, 2011), we used this sequence as a reference to
deduce the agonist binding sites, or loop A—G, of Cys-loop chloride
channels. The amino acid sequences at the putative agonist binding
sites are highly conserved, particularly for the loop A structure
(Fig. 2). Of the seven amino acids that comprise loop A, five are
identical across all analyzed channels. In addition, we detected five

sites (gray boxes in Fig. 2) that are more or less specific to the
receptors’ agonists. For example, the amino acid at position 115 in
loop D is threonine for glutamate receptors, phenylalanine for
histamine receptors and tyrosine for GABA receptors.

Physiology

During the 16-22 h period after transfection, whole-cell currents
could be recorded upon application of histamine and GABA to the
cells transfected with PxhclA, PxhclB or both. We could not detect
any currents from cells with other tested chemicals (tyramine,
serotonin, L-/D-glutamate and glycine). In control cells, no
responses were recorded to any chemicals, including histamine
and GABA.

Fig. 3A,B shows representative current traces recorded from
PxhclA transfected cells under histamine and GABA application,
respectively. Fig. 3C,D shows the current-voltage (I-V)
relationship of PxhclA transfected cells under the application of
histamine and GABA, respectively. The [~V relationship was
basically linear at higher concentrations, but weak outward
rectification was observed at lower concentrations. As the
intracellular and extracellular concentrations of chloride ions were
approximately equal in our experiments, this implies a reversal
potential for chloride ions of around 0 mV, which was consistent
with our results (Fig. 3C,D). The voltage-step pulses produced
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Fig. 4. Representative current traces of PxHCLB expressed in HEK293 cells under histamine and GABA application. (A,B) Representative current
traces showing activation of PxHCLB by histamine (HA: 3.3 umol I=" and 1 mmol I=*; A) and GABA (1 and 50 mmol I-'; B) in a dose-dependent manner.

Bars indicate the duration of chemical application. (C,D) I~V relationship of PxHCLB at two HA (C) and GABA (D) concentrations. A linear relationship exists at
high histamine and GABA concentrations but weak rectification is observed at low concentrations. (E,F) Representative traces of current through PxHCLB
recorded under 6.6 umol I=" HA (E) and 2.5 mmol I-" GABA (F) during 300 ms voltage steps between —100 mV and +100 mV with an increment of 20 mV.

Currents were stable over 300 ms at all voltages.
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histamine and GABA-induced currents that were stable over a traces of PxhclA transfected, PxhcIB transfected and PxhclA/
300 ms interval (Fig. 3E,F). PxhclB co-transfected cells, respectively. The sum of the current
Fig. 4 shows the results obtained from analysis of PxhclB responses elicited from individual application of histamine and
transfected cells under histamine and GABA application, in the ~GABA was significantly smaller than the current responses elicited
same format as Fig. 3 for PxhclA transfected cells. While we from histamine and GABA mixtures in all transfection cases
observed dose-dependent responses in PxhclB transfected cells, as  (Fig. 6D—F).
for Pxhcl4 transfected cells, the maximal current responses Note that we used HEK293 cells to express the molecules.
were generally smaller in the former than the latter (see scales of  Physiological responses of ectopically expressed HCLs of
Figs 3 and 4). PxhcIB transfected cells showed a linear I~V D. melanogaster and M. domestica were analyzed using insect S2
relationship at high agonist concentrations but weak outward cells (Pantazis et al., 2008) and Xenopus oocytes (Kita et al., 2017),
rectification at low concentrations (Fig. 4C,D). Histamine- and respectively. These studies including our present one have revealed
GABA-induced currents were stable over 300 ms (Fig. 4E,F). similar characteristics, indicating that the effect of using different
Fig. 5 shows histamine and GABA dose dependency fitted expression systems would be minimal.
with the simple Hill function for cells transfected by PxhclA, PxhclB
or both. The fitted parameters of ECsy and the slope, ny, are DISCUSSION
summarized in Table 1. PxhclB transfected cells showed the highest ~Molecular characteristics
sensitivity to both histamine and GABA. For both histamine and Phylogenetic analysis suggests PxhclA and PxhclB genes are
GABA, the slope of the dose—response curves was shallowest for homologs of other insects’ /¢l genes as they cluster according to
PxhclA/PxhclB co-transfected cells, while the slopes were similar  their specific ligands (Fig. 1). The amino acid sequences in putative
between PxhclA and PxhclB transfected cells. We used 1 mmol 17! agonist binding sites provide some candidate residues in loop B, C,
histamine and 50 mmol 17! GABA across all three transfectionsto D and F for determining agonist specificity among Cys-loop
obtain their maximal current responses for each agonist. However, chloride channels (Fig. 2). In D. melanogaster and M. domestica,
the currents recorded from those cells reached their maxima at lower  histamine activates all HCL conformations, but GABA only
agonist concentrations. According to the dose—response curves, the  activates HCLB homomers (Gisselmann et al., 2004; Kita et al.,
saturating concentrations of histamine were, in fact, approximately ~ 2017). Interestingly, both histamine and GABA activate all HCL
300 pmol 17! and 30 pmol 17! for Pxhcid and PxhclB transfected — conformations in Papilio. Although the GABA-mediated activation
cells, respectively, and that of GABA was 10 mmol 17! for Pxic/B  mechanism in HCLs remains unknown, we found one amino acid
transfected cells (Fig. 5). residue that distinguishes the subunits capable of binding GABA,
Simultaneous application of histamine and GABA elicited such as PxHCLA, PxHCLB, fly HCLB and RDIs (resistant-to-
synergistic effects. Fig. 6A—C shows representative response dieldrin or GABA-activated chloride-selective receptors), from the

== PxHCLA HA
=/\= PXHCLB HA
- B PxHCLAB HA Z_B

109 —@— PxHCLA GABA a-
=A= PxHCLB GABA /
- B~ PxHCLA/B GABA
0.8

0.6 1

Mnax

0.4 1

0.2 1

T [LLULLLLL
0.0001 0.001 0.01 0.1 1 10 100

[Agonist] (mmol I-1)
Fig. 5. Dose-response curves of PxHCLA, PxHCLB and PxHCLA/B for histamine and GABA. Current amplitudes were normalized by the current at

1 mmol I~ (I/l,ax) for histamine (HA) and 50 mmol I-" for GABA. Each point is based on the measurement from at least three separate cells taken from six
independent transfection sessions in total. The curves were drawn by simple Hill fittings (Eqn 1).
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Table 1. Histamine and GABA dose-response parameters of PxHCLs

Histamine GABA
ECso ECso
Receptor type (umol 171 Ny (mmol I=1) Ny
PxHCLA 21.9+1.6 2.4+0.3 9.410.8 2.5+0.7
homomer
PxHCLB 5.5+0.2 2.2+0.1 2.7+0.1 2.3+0.2
homomer
PxHCLA/B 24.8+2.9 1.1£0.1 9.3+0.9 1.910.3

All fitted parameters are meansts.e.m.

subunits capable of binding histamine only, such as fly HCLA. The
residue is at position 275, which is outside of the putative agonist
binding sites (Fig. 2; Fig. S1). The HCLs and RDIs in Fig. 2 have
glycine at this position except for the fly HCLA, which has valine
there. This suggests that the mutation from glycine to valine at
position 275 (G275V) caused the loss of function in the fly HCLA
lineage. Further electrophysiological analysis on HCLs from bee
lineages and HCLs with site-directed mutations would provide
clues to understand the significance of amino acid substitutions for
GABA binding.

Physiological properties and functional implications
Electrophysiological studies on HCLs in D. melanogaster and
M. domestica have shown that the ECs, values of native channels

on the LMCs for histamine (24 and 34 pmol 17!, respectively)
are similar to those of in vitro-expressed HCLA homomers for
histamine (25 and 33 umol 17!, respectively) (Kita et al., 2017;
Pantazis et al., 2008; Skingsley et al., 1995). As PxHCLA
homomers have an ECs, for histamine (21.87 umol 1~') similar
to that of D. melanogaster, PXHCLA homomers most likely
have a similar biological function, i.e. synaptic transmission from
photoreceptors to LMCs. In fact, PXHCLA is expressed in neurons
postsynaptic to photoreceptors in both the lamina and the medulla
of P. xuthus (Chen et al., 2016).

PxHCLB homomers have a much lower ECs for histamine than
PxHCLA homomers. Histamine at the concentration of the
PxHCLB homomer ECs, barely activates PXHCLA, reaching only
around 5% of its maximum current (Fig. 5). Although the lower
ECs for histamine of the HCLB homomer than of HCLA is
consistent with previous reports in flies (Gisselmann et al., 2004;
Kita et al.,, 2017), its significance remains unclear. Recently
Schnaitmann et al. (2018) demonstrated in D. melanogaster that two
Ivfs (R7 and R8), originating from the same ommatidia, directly
inhibit each other at their axon terminals in the medulla via HCLB,
resulting in spectral opponency in these photoreceptors. The higher
histamine sensitivity of HCLB would cause it to activate more
quickly than HCLA, which would allow photoreceptors to pre-
process each other’s signals in this way before the information
reached higher order neurons. We have detected PxHCLB at
interphotoreceptor connections in the lamina and the medulla of

B
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Fig. 6. Possible synergistic effects of histamine and GABA on PxHCLs. (A—C) Representative traces from HEK293 cell expressing PxHCLA (A), PxHCLB
(B) and PxHCLA/B (C), showing the synergistic effects observed under histamine (HA) and GABA application. Bars indicate the duration of chemical
applications. ‘Mix’ indicates the simultaneous application of histamine and GABA at concentrations equal to their concentrations on the second and third
applications in the trial, respectively. (D—F) Synergistic effects of histamine and GABA on PxHCLA (D), PxHCLB (E) and PxHCLA/B (F). Lines connect responses
recorded from the same cell. ‘Sum’ (HA+GABA) indicates the sum of the currents recorded from the second and third chemical applications. Pie charts
indicate the ratio of histamine (white)- and GABA (black)-induced currents. ‘Mix’ indicates the currents recorded from the application of histamine and GABA
mixtures (gray). Both sum and mix currents were normalized to the currents recorded from the first application of histamine.
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P. xuthus (Chen et al., 2016), suggesting that they serve similar
functions in butterflies.

For co-transfected cells, we observed partly discrepant results
between P. xuthus and D. melanogaster. In D. melanogaster, hclA/
helB co-transfectants show the lowest ECs, for histamine among the
three cell types (Gisselmann et al., 2004; Pantazis et al., 2008).
In contrast, PxhclA/PxhcIB co-transfectants have an ECs, for
histamine similar to that of PxAclA transfected cells (Table 1). The
ECsy of GABA in PxhclA/PxhclB co-transfectants is also similar
to that of PxhclA transfectants. However, ny, the slope of the
histamine dose-response curve, was smaller in PxhclA/PxhclB
co-transfectants than those of PxhclA and PxhcIB transfectants,
although the curve for GABA was pretty close to that of PxhclA
transfectants. We need to carefully consider any possibilities of
heteromeric channels and/or mixed expression of Pxhcl4 and
PxhclB homomers in the co-transfected cells in varying proportions.
In fact, a shallower slope of the histamine dose—response curve has
also been observed in the fly hcld/hclB co-transfectant (Pantazis
et al., 2008); however, the underlying mechanism remains unclear.
While HCLA has been localized in LMCs and medulla neurons,
HCLB has been localized in lamina glial cells and Ivfs R7 and R8 in
D. melanogaster (Pantazis et al., 2008; Schnaitmann et al., 2018).
Therefore, HCLA/B heteromers seem unlikely to exist in vivo, at
least in the visual system.

In several experiments, we applied histamine and GABA
simultaneously. We always found an increase in current upon
co-application in all three transfectants (Fig. 6). This indicates the
possibility that histamine and GABA might have synergistic effects
on PxHCLs (Fig. 6), while simultaneous application of histamine
and GABA affect HCLB of M. domestica only in an additive
manner (Kita et al., 2017). The high sequence similarity between
PxHCLs and fly HCLB, particularly in the putative agonist binding
sites, implies that a small number of amino acid substitutions are
responsible for the functional divergence, if any. The activation of
PxHCLA or PxHCLB homomers by histamine and GABA might
be functionally significant. In P. xuthus, for instance, a subset of
LMCs are GABAergic (Hamanaka et al., 2012). They terminate in
the distal region of the medulla along with the lvfs, which release
histamine upon light stimulation. Thus, the possible synergistic
effects of histamine and GABA could modulate synaptic
transmission in this region.

The variability in the response to GABA between HCLA and
PxHCLA may reflect differences in the underlying visual circuits
between flies and butterflies. In flies, LMCs are postsynaptic to svfs
R1-R6, which all have identical spectral sensitivity (Rivera-Alba
et al., 2011), and they are assumed to be responsible mainly for
motion vision. In contrast, the spectrally heterogeneous lvfs R7 and
R8, which are thought to be essential for color vision, have no
synaptic interactions with photoreceptors or LMCs in the lamina.
Unlike in flies, the Papilio 1vfs have a number of lateral processes in
the lamina, making local contacts with both svfs and LMCs
(Takemura and Arikawa, 2006). As a result, the medulla neurons
expressing PXHCLA in Papilio receive not only chromatic inputs
from histaminergic lvfs but also mixed chromatic and motion
signals from LMCs, including GABAergic ones (Hamanaka et al.,
2012). In contrast, the medulla neurons expressing HCLA in flies
only receive chromatic signals from histaminergic lvfs because their
HCLAs are insensitive to GABA. Therefore, we propose that flies
have evolved an optimal achromatic motion vision system primarily
dependent on R1-R6 broadband photoreceptors (Hardie, 1985),
while in butterflies pathways for color and motion vision are less
segregated at the early stages of visual processing (Stewart et al.,

2015). We note that the sensitivity of PxHCLs to GABA is about
500-fold less than that of histamine. Whether or not this is
physiologically relevant has to be confirmed, for example, by direct
measurement of transmitter concentrations at the synaptic sites.

Skingsley et al. (1995) conducted whole-cell patch-clamp
recordings on isolated LMCs in five dipteran species with diverse
visual ecologies, in order to study the physiological characteristics
of HCLA channels. The dose—response functions of LMCs in fast-
flying diurnal species exhibit lower sensitivity (higher ECs, value)
and a narrower dynamic range (larger ny) than those in slow-flying
crepuscular species. Under the histamine concentration that elicits
10% of I, in each species, single-channel analyses of HCLAs
have revealed similar properties between species. Therefore, the
observed species differences should be attributed mainly to synaptic
gain and perhaps also to the absolute sensitivity of single channels
(Skingsley et al., 1995). To better understand the evolution of early
visual processing in insects, it would be worthwhile to compare the
LMC membrane response properties as well as single-channel
properties, for example, between butterflies with flight speeds that
differ greatly (Dudley and Srygley, 1994).
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