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Abstract

Background: Silkmoth, Bombyx mori, is an ideal model insect for investigating the neural mechanisms underlying sex
pheromone-induced innate behavior. Although transgenic techniques and the GAL4/UAS system are well established in the
silkmoth, genetic tools useful for investigating brain function at the neural circuit level have been lacking.

Results: In the present study, we established silkmoth strains in which we could visualize neural projections (UAS-
mCD8GFP) and cell nucleus positions (UAS-GFP.nls), and manipulate neural excitability by thermal stimulation (UAS-
dTrpAT1). In these strains, neural projections and nucleus position were reliably labeled with green fluorescent protein in a
GAL4-dependent manner. Further, the behavior of silkworm larvae and adults could be controlled by GAL4-dependent
misexpression of dTrpA1. Ubiquitous dTrpA1 misexpression led both silkmoth larvae and adults to exhibit seizure-like
phenotypes in a heat stimulation-dependent manner. Furthermore, dTrpA1 misexpression in the sex pheromone receptor
neurons of male silkmoths allowed us to control male sexual behavior by changing the temperature. Thermally stimulated
male silkmoths exhibited full sexual behavior, including wing-flapping, orientation, and attempted copulation, and precisely
approached a thermal source in a manner similar to male silkmoths stimulated with the sex pheromone.

Conclusion: These findings indicate that a thermogenetic approach using dTrpA1 is feasible in Lepidopteran insects and
thermogenetic analysis of innate behavior is applicable in the silkmoth. These tools are essential for elucidating the
relationships between neural circuits and function using neurogenetic methods.
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Introduction

Sex pheromones have an essential role in proper mate
recognition and efficient partner identification [1,2]. In general,
sex pheromones comprise a mixture of chemicals and/or peptides,
and function effectively when the ratios of their components are
appropriate [1,2]. The silkmoth, Bombyx mori, is an excellent
model organism for sex pheromone identification and neural
mechanisms of pheromone-induced innate behavior, because full
sexual behavior can be induced in males by a single sex
pheromone component, bombykol [2-8]. The female silkmoth
emits a blend of two pheromone components, bombykol and
bombykal, which have excitatory and inhibitory effects on male
behavior, respectively [9-11]. Bombykol receptors
(BmORI) are expressed only in the male antennae, and activation
of BmORI-expressing neurons is sufficient to induce sexual
behavior [12,13]. Taking advantage of the simple but robust
silkmoth pheromone system and the relatively large size of the
silkmoth brain, neural mechanisms of sex pheromone-induced

sexual

sexual behavior have been extensively analyzed with electrophys-
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iologic, optophysiologic, morphologic, and genetic methods [4—
8,14-25]. Recently, a novel molecular biologic technique using an
immediate early gene, Hr38, as a neural activity marker revealed
the distribution of cells activated by bombykol or bombykal
exposure in the male silkmoth brain [26]. These studies led us to
establish a neurogenetic method to visualize and manipulate a
defined subset of neurons involved in sexual behavior in a
reproducible manner and to elucidate the neural mechanisms with
cellular resolution.

The silkmoth, B. mori, is Lepidopteran insect for which a
transgenic technique is established [27]. In addition, establishment
of the powerful GAL4/UAS system enabled us to conduct
functional analyses of neural circuits at the molecular and cellular
levels, like studies of the vinegar fly, Drosophila melanogaster [28].
Furthermore, the piggyBac-based enhancer trap system provides
the opportunity to conduct non-biased genetic screening and
reveal novel neural mechanisms that govern sexual behavior [29].
Despite the long history of studies and effective molecular genetic
methods, tools useful for a neurogenetic approach in B. mori have
been lacking.
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A thermogenetic approach with a thermosensor protein
dTrpAl and temperature-sensitive mutant of dynamin, Shibire®!,
has been used successfully in D. melanogaster [30-35]. Recent
progress in optogenetics allows us to control neural activity with
high time-resolution [36]. Compared to the optogenetic approach,
which is also applicable to silkmoth [25], the thermogenetic
approach is less invasive and easier to apply. Neural activity or
neural transmission can be activated or repressed simply by
changing the culture temperature of the insects [30,32-35]. In
addition, thermogenetics can be used to control activity of neurons
that reside deep inside the insect body. Because the silkmoth
cuticle is thick and opaque, and the head is too small to be
connected to optic stimulation fibers, establishing thermogenetic
tools is essential for investigating neural circuit function on
behavior under free-moving conditions.

In the present study, to establish methods for visualizing and
manipulating a subset of neurons, we generated and analyzed
silkmoth strains that expressed mCD8-fused green fluorescent
protein (GFP), GFP.nls, dTRPAI, or Shibire®!, under the control
of GAL4. We demonstrated that mCD8GIP and GIFP.nls
localized to the plasma membrane and cell nucleus, respectively,
indicating that these strains are useful for visualizing neural
projection patterns and nucleus position. In addition, misexpres-
sion of dTrpAl, a thermosensor protein of D. melanogaster [30],
enabled us to control silkmoth behavior in a thermal stimulation-
dependent manner, providing evidence that thermogenetic neural
activation is effective in silkmoth. In contrast, misexpression of
Shibire®!, a temperature-sensitive dynamin of D. melanogaster
[31], was not effective in disturbing silkmoth behavior by changing
the temperature. The present study paves the way for analysis of
the neural mechanisms underlying the sexual behavior of
silkmoths using a neurogenetic approach.

Results

Visualization of the projection pattern of neurons is essential for
revealing functional neural connections. For this purpose, we
generated a silkmoth strain that can express membrane-tethering
GIP [mCD8GFP: mouse T cell receptor (CD8)-fused GFP] under
the control of GAL4 (UAS-mCD8GTFP strain) [37]. Using a GAL4
driver strain that has ubiquitous GAL4 expression (Actin A3-
GAL4) [38], we expressed mCD8GFP throughout the body and
analyzed its expression pattern. Fluorescent signals were detected
from embryos to adult moths and were visible on the brain and
body surfaces under epifluorescent microscopy (Figure 1A-D).
Antibody staining of brains confirmed that GFP localized to the
cellular membrane (Figure 1E-F). We also examined mCD8GIP
expression in the sex pheromone (bombykol) receptor neurons
using the BmORI-GAL4 strain [13]. BmORI is the bombykol
receptor gene expressed only in the male antennae, and the
BmORI-GAL4 strain expresses transgenes in almost all (96.8%)
BmORI-expressing cells [12,13,25]. Anti-GFP staining revealed
that BmORI-expressing neurons specifically project to the toroid
of the macroglomerular complex of the antennal lobe, which is the
bombykol-responsive glomerulus (Figure 1G) [6]. Each projecting
axon was visible in this strain (arrowheads in Figure 1G). In the
antenna, each BmOR I-expressing neuron and its neurite were also
visible by anti-GFP staining (Figure 1H). These findings indicate
that this strain is useful for visualizing the neural projection pattern
and performing detailed analyses of neural connections.

In addition to visualizing the neural projections, it is essential to
establish methods for identifying the cellular position and
quantifying cell number. For this purpose, we generated a strain
that expressed GFP fused with nuclear localization signal (GFP.nls)
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under the control of GAL4 (UAS-GFP.nls strain). Ubiquitous
expression of GFP.nls with Actin A3-GAL4 resulted in dot-like
fluorescent signals throughout the body from embryo to adult
(Figure 2A-E). Antibody staining also confirmed that the GFP
localized exclusively to the nuclei (Figure 2 F-H), and thus allowed
for identification of GFP-positive cell positions due to the
segregated GFP signals among cells. The ability to quantify
GFP-positive cells could be useful in future studies.

To investigate the functional roles of a defined set of neurons in
behavior, tools that can selectively activate or repress neural
activity or transmission in a temporary-regulated manner are
needed. Therefore, we generated the UAS-dTrpAl strain
expressing d1rpAl under the control of GAL4 and evaluated
the usefulness of dTrpAl as a thermogenetic tool in silkmoth. We
selected dTrpAl as a thermogenetic tool because the channel pore
of dTrpAl begins to open at approximately 25°C, which is
compatible with silkmoth rearing. First, using second instar larvae
with ubiquitous misexpression of dTrpAl, we investigated the
behavioral response of these larvae to thermal stimulation
(Figure 3A—C and Video Sl). In this assay, we used a thermal
cycler as a simple thermal stimulator and changed the larval
ambient temperature from 23°C (permissive temperature) to 40°C
(test temperature). The larvae exhibited systemic contraction and
became C-shaped upon the shift in temperature, probably due to
strong contraction of the body muscles. This phenotype was
reversible and all larvae behaved normally after the temperature
was returned to 23°C. In addition, this phenotype was observed
only in the larvae that possessed both Actin A3-GAL4 and UAS-
dTrpAl genes (Video S1). These findings indicate that dTrpAl
effectively functions as a thermosensor channel, even under
heterologous conditions in silkmoth cells. To accurately measure
the behavioral threshold temperature of dTrpAl-expressing
larvae, we precisely controlled the ambient temperature using a
heat block to increase the temperature from 30°C to 37°C in 1°C
steps every 10 min, and observed the larval responses (Figure 3D).
Because preliminary experiments revealed that transgenic larvae
begin to show the temperature-sensitive phenotype between 30°C
to 35°C,, we began this analysis at 30°C. Approximately half the
larvae showed a contractile response at 32°C and almost all larvae
(89%; 8 out of 9 larvae) showed a response at 33°C during a 10-
min observation time at each temperature, indicating a behavioral
threshold temperature of 32°C.

We also addressed whether the thermogenetic approach works
in adult moths. In adults, the seizure-like phenotype was observed
only when moths were incubated at higher temperatures than
larvae (Figure 3E-G and Video S2). Effective stimulation of adult
male moths required incubation at 40°C (65%; 15 out of 23 moths
responded). The difference in threshold temperatures between
larvae and adult moths might be due to varying levels of dTrpAl
expression in the body muscles at different developmental stages.
These thermal stimulation-induced behavioral phenotypes were
not observed in control strains possessing only Actin A3-GAL4 or
UAS-dTrpAl (0 out of 8 moths responded, each). To further
evaluate the usefulness of the UAS-dTrpAl strain, we examined
the effects of dTrpAl misexpression in BmORI-expressing cells
and tested whether we could control the sexual behavior by
thermal stimulation. In the silkmoth, BmORI is expressed only in
the male antennae, and activation of BmOR-expressing neurons
is sufficient to induce full sexual behavior [12,13,25]. Within
1 min of incubation at 35°C, all responsive male moths exhibited
sexual behavior with vigorous wing-flapping and attempted
copulation (Figure 3H-J and Video S3) (61%; 22 out of 36 moths
responded). Incubation at higher temperature (40°C) did not
increase responsive rate. These results indicated that 35°C is
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Figure 1. Visualization of cellular surface by mCD8GFP expression in silkmoths. (A-F) GFP fused with the membrane-tethering signal
polypeptide (MCD8GFP) was ubiquitously expressed by crossing UAS-mCD8GFP and Actin A3-GAL4 strains. GFP fluorescent images of the brains of
second instar larva (A) and male adult moth (B), and pupal body (C, D). Brightfield images (B’-D’). Red color in the eyes is due to DeRed expression by
the 3xP3 promoter used as a selection marker (B’, C'). L: Left brain hemisphere, R: Right brain hemisphere. (E, F) GFP expression was visualized with
antibody staining (green). Nuclear DNA was visualized with DAPI (blue). Pictures of maximum intensity projection (E and F) or a single optical plane
(E" and F’) of confocal images of the whole brain (E and E’) and the antennal lobe (F and F’). Note that the GFP signal is detected at the cellular
surface. (G, H) Visualization of sex pheromone receptor neurons by crossing UAS-mCD8GFP and BmOR1-GAL4 strains. (G) GFP and glomerular structure
of the antennal lobe was visualized with anti-GFP and anti-synapsin antibody, respectively. Each neural projection was visible (arrowhead) and axon
terminals were correctly targeted to the bombykol-responsive glomeruli (toroid of the macroglomerular complex [MGC]). Gs: Ordinary glomeruli. (H)

Each receptor cell (arrowhead) and neurite (arrow) was visible. Scale bars: 100 um (A, E-H), 1 mm (B-D).

doi:10.1371/journal.pone.0113156.g001

sufficient to stimulate the antennal cells, suggesting that there are
cell-type and/or tissue-type differences in the threshold temper-
ature. Surgical removal of bilateral antennae from the base with a
fine scissor (N =5) completely abolished the thermal stimulation-
dependent sexual behavior (0 out of 5 moths responded),
confirming the specificity of dTrpAl function in the antennae.
In addition, no thermal stimulation-induced sexual behavior was
observed in control strains possessing only BmORI-GAL4 or
UAS-dTrpAl (0 out of 3 moths or 0 out of 18 moths responded,
respectively).

Finally, we examined whether a thermally-guided silkmoth
would precisely approach a thermal source similar to the innate
pheromone orientation behavior to female moths (Figure 3K, L,
and Video S4). Male silkmoths with misexpressed dTrpAl in
BmORI-expressing cells started female searching behavior upon
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thermal stimulation (90%; 9 out of 10 moths showed behavior) and
reached the heat source (100%; 9 out of 9 moths reached the
heater). In contrast, control moths (wild-type) did not show
apparent sexual behavior in response to thermal stimulation (0 out
of 3 moths). These findings indicate that the thermogenetic
approach using dTrpAl is effective for controlling innate sexual
behavior in silkmoths.

We also generated UAS-Shibire"' expressing temperature-
sensitive mutant dynamin under the control of GAL4. Despite
thorough analyses, we observed no detectable phenotypes by
ubiquitous or bombykol receptor cell-selective Shibire®™' expres-
sion (0 out of 13 moths or 0 out of 16 moths, respectively). Because
the protein sequence of dynamin is largely different between the
fly, D. melanogaster, and the silkmoth, B. mori, Shibire"!
misexpression may have only a weak dominant-negative effect.
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Figure 2. Visualization of cellular position by nuclear-localizing GFP expression. GFP fused with the nuclear localization signal (GFP.nls)
was ubiquitously expressed by crossing Actin A3-GAL4 and UAS-GFP.nls strains. (A-E) GFP fluorescent images of embryo (A), the brains of second
instar larva (B) and male adult moth (C), and pupal body (D, E). Brightfield images (C'-E’). (F-H) GFP expression was visualized with antibody staining
(green). Nuclear DNA was visualized with DAPI (magenta). Pictures of maximum intensity projection (F, G) or a single plane (F’, G’, H) of confocal
images of the whole brain (F, F') and the antennal lobe (G, G'). (H) Because GFP localizes exclusively to the nuclei, the cellular position is identifiable.

Scale bars: 1 mm (A, D, E), 100 um (B, F, G), 500 um (C), 5 um (H).
doi:10.1371/journal.pone.0113156.g002

Discussion

In the present study, we established useful silkmoth strains for
visualizing neural projection patterns and cell nucleus positions,
and regulating neural activity by thermal stimulation. The
silkmoth, B. mori, has long been used for sex pheromone studies:
identification of sex pheromone compounds [9-11], regulatory
mechanisms of pheromone biosynthesizing pathways [39], and
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neural mechanisms of sex pheromone recognition and phero-
mone-induced sexual behavior [3-8,13,23,25]. Neurogenetic
methods for investigating functional relationships between neural
circuits and behavior, which can only be studied in living animals,
however, have been lacking. Therefore, the strains for neuroge-
netics established in the present study will be powerful tools for
revealing brain function at the circuit and/or cellular levels in
future studies, as discussed below.
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