








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 t-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 inC. 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 I–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 μmol l−1 and 1 mmol l−1; A) and GABA (1 and 50 mmol l−1; 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 µmol l−1 HA (E) and 2.5 mmol l−1 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.

5

RESEARCH ARTICLE Journal of Experimental Biology (2018) 221, jeb183129. doi:10.1242/jeb.183129

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



histamine and GABA-induced currents that were stable over a
300 ms interval (Fig. 3E,F).
Fig. 4 shows the results obtained from analysis of PxhclB

transfected cells under histamine and GABA application, in the
same format as Fig. 3 for PxhclA transfected cells. While we
observed dose-dependent responses in PxhclB transfected cells, as
for PxhclA transfected cells, the maximal current responses
were generally smaller in the former than the latter (see scales of
Figs 3 and 4). PxhclB transfected cells showed a linear I–V
relationship at high agonist concentrations but weak outward
rectification at low concentrations (Fig. 4C,D). Histamine- and
GABA-induced currents were stable over 300 ms (Fig. 4E,F).
Fig. 5 shows histamine and GABA dose dependency fitted

with the simple Hill function for cells transfected by PxhclA, PxhclB
or both. The fitted parameters of EC50 and the slope, nH, are
summarized in Table 1. PxhclB transfected cells showed the highest
sensitivity to both histamine and GABA. For both histamine and
GABA, the slope of the dose–response curves was shallowest for
PxhclA/PxhclB co-transfected cells, while the slopes were similar
between PxhclA and PxhclB transfected cells. We used 1 mmol l−1

histamine and 50 mmol l−1 GABA across all three transfections to
obtain their maximal current responses for each agonist. However,
the currents recorded from those cells reached their maxima at lower
agonist concentrations. According to the dose–response curves, the
saturating concentrations of histamine were, in fact, approximately
300 µmol l−1 and 30 µmol l−1 for PxhclA and PxhclB transfected
cells, respectively, and that of GABA was 10 mmol l−1 for PxhclB
transfected cells (Fig. 5).
Simultaneous application of histamine and GABA elicited

synergistic effects. Fig. 6A–C shows representative response

traces of PxhclA transfected, PxhclB transfected and PxhclA/
PxhclB co-transfected cells, respectively. The sum of the current
responses elicited from individual application of histamine and
GABAwas significantly smaller than the current responses elicited
from histamine and GABA mixtures in all transfection cases
(Fig. 6D–F).

Note that we used HEK293 cells to express the molecules.
Physiological responses of ectopically expressed HCLs of
D. melanogaster and M. domestica were analyzed using insect S2
cells (Pantazis et al., 2008) and Xenopus oocytes (Kita et al., 2017),
respectively. These studies including our present one have revealed
similar characteristics, indicating that the effect of using different
expression systems would be minimal.

DISCUSSION
Molecular characteristics
Phylogenetic analysis suggests PxhclA and PxhclB genes are
homologs of other insects’ hcl genes as they cluster according to
their specific ligands (Fig. 1). The amino acid sequences in putative
agonist binding sites provide some candidate residues in loop B, C,
D and F for determining agonist specificity among Cys-loop
chloride channels (Fig. 2). In D. melanogaster and M. domestica,
histamine activates all HCL conformations, but GABA only
activates HCLB homomers (Gisselmann et al., 2004; Kita et al.,
2017). Interestingly, both histamine and GABA activate all HCL
conformations in Papilio. Although the GABA-mediated activation
mechanism in HCLs remains unknown, we found one amino acid
residue that distinguishes the subunits capable of binding GABA,
such as PxHCLA, PxHCLB, fly HCLB and RDls (resistant-to-
dieldrin or GABA-activated chloride-selective receptors), from the
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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 l−1 (I/Imax) for histamine (HA) and 50 mmol l−1 for GABA. Each point is based on the measurement from at least three separate cells taken from six
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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 RDls 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 EC50 values of native channels

on the LMCs for histamine (24 and 34 µmol l−1, respectively)
are similar to those of in vitro-expressed HCLA homomers for
histamine (25 and 33 µmol l−1, respectively) (Kita et al., 2017;
Pantazis et al., 2008; Skingsley et al., 1995). As PxHCLA
homomers have an EC50 for histamine (21.87 µmol l−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 EC50 for histamine than
PxHCLA homomers. Histamine at the concentration of the
PxHCLB homomer EC50 barely activates PxHCLA, reaching only
around 5% of its maximum current (Fig. 5). Although the lower
EC50 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 inD. melanogaster that two
lvfs (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

Table 1. Histamine and GABA dose–response parameters of PxHCLs

Receptor type

Histamine GABA

EC50

(µmol l−1) nH

EC50

(mmol l−1) nH

PxHCLA
homomer

21.9±1.6 2.4±0.3 9.4±0.8 2.5±0.7

PxHCLB
homomer

5.5±0.2 2.2±0.1 2.7±0.1 2.3±0.2

PxHCLA/B 24.8±2.9 1.1±0.1 9.3±0.9 1.9±0.3

All fitted parameters are means±s.e.m.
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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/
hclB co-transfectants show the lowest EC50 for histamine among the
three cell types (Gisselmann et al., 2004; Pantazis et al., 2008).
In contrast, PxhclA/PxhclB co-transfectants have an EC50 for
histamine similar to that of PxhclA transfected cells (Table 1). The
EC50 of GABA in PxhclA/PxhclB co-transfectants is also similar
to that of PxhclA transfectants. However, nH, the slope of the
histamine dose–response curve, was smaller in PxhclA/PxhclB
co-transfectants than those of PxhclA and PxhclB 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 PxhclA 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 hclA/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 lvfs 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 lvfs 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 EC50 value)
and a narrower dynamic range (larger nH) than those in slow-flying
crepuscular species. Under the histamine concentration that elicits
10% of Imax 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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