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Shin, 2014; Urbina & Gupton, 2020). During exocytosis, 
vesicle-associated v-SNAREs (VAMP/synaptobrevin) and 
target cell-associated t-SNAREs (syntaxin and SNAP) as-
semble into a core trans-SNARE complex. This complex 
plays a versatile role at various stages of exocytosis, rang-
ing from priming to fusion pore formation and expansion, 
resulting in the release or exchange of vesicle contents. The 
exocytic fusion of synaptic vesicles to the plasma mem-
brane is mediated by the formation of SNARE complexes, 
consisting of v-SNARE synaptobrevin (Syb)/VAMP2 and 
two t-SNAREs, Syntaxin 1A and SNAP-25 (Takamori et 
al., 2006). 

SNAP-29 is a member of the SNAP-25 family of proteins 
and is ubiquitously expressed in many tissues (Tian et al., 
2021). SNAP-29 localizes to many diff erent internal mem-
branes, including the Golgi apparatus, endosomes, and 
lysosomes, and binds to a broad range of syntaxins (Steeg-
maier et al., 1998). In Drosophila, the SNARE complex, 
consisting of Syx17 (Syntaxin 17), ubisnap (SNAP-29), 
and VAMP 7, is required for the fusion of autophagosomes 
with late endosomes and lysosomes (Takáts & Juhász, 
2013; Xu et al., 2014). In Drosophila, when the SNAP-29 
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Abstract. Soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) are a family of small conserved 
eukaryotic proteins that mediate fusion between organelles and the plasma membrane. Prior t o fusion, complementary SNAREs, 
such as syntaxin, synaptosome-associated protein (SNAP), and synaptobrevin, assemble between membranes with the aid of 
accessory proteins that provide a scaff old to initiate SNARE zippering, pulling the membranes together, and mediating fusion. 
SNAP-29  and Syntaxin 6 from Bombyx mori were expressed in Escherichia coli and purifi ed using affi  nity chromatography. We 
then produced antibodies against SNAP-29, and Syntaxin 6 of Bombyx mori in rabbits, which were used for immunohistochemis-
try. Immunohistochemistry results revealed that the expression of SNAP-29 was restricted to neurons in the pars intercerebralis 
(PI) and dorsolateral protocerebrum (DL) of the brain. The amount of SNAP-29 in the brain increases with hunger. Syntaxin 6 
was restricted to neurons in the PI, the central complex (CX) and ventro-median protocerebrum (VP). SNAP-29 co-localized with 
SNAP-25 and Syntaxin 1A in the PI, and with Syntaxin 1A in the DL. Syntaxin 6 co-localized with SNAP-25 and Syntaxin 1A in 
the PI and with SNAP-25 in the CX. Bombyxi n-immunopositive neurons of the brain occurred in SNAP-29 and Syntaxin 6-IRs. 
PTTH- and period-immunopositive neurons of the brain occurred in SNAP-29-IRs. Syntaxin 6 is present in EH secretory neurons 
of the brain.
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INTRODUCTION

Vesicular transport is a mechanism that causes the trans-
port and secretion of proteins and low molecular weight 
compounds between organelles or between organelles and 
the cell membrane via intracellular vesicles. It is also in-
volved in the transport and secretion of neuropeptides and 
neurotransmitters (Chernomordik & Kozlov, 2005; Houy 
et al., 2013; Han et al., 2017). In vesicular transport, a 
section of the membrane of the supplying organelle fi rst 
‘buds’ to form a transport vesicle. The transport vesicle is 
then ‘transported’ to a specifi c organelle or cell membrane, 
where it ‘adheres’ to the membrane of the receptor. Finally, 
‘membrane fusion’ occurs and vesicular transport is com-
plete (Cui et al., 2022).

The effi  cient and controllable fusion of biological mem-
branes is known to be driven by the cooperative action 
of soluble N-ethylmaleimide-sensitive factor attachment 
protein receptor (SNARE) proteins, which consists of 
100–300 amino acids, with an SNARE motif consisting 
of approximately 60 amino acids within the molecule and 
constituting the central components of the eukaryotic fu-
sion machine (Pelham, 2001; Südhof & Rothman, 2009; 
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of neurosecretory cells in the Bombyx brain (Kamito et al., 
1992).

Previous research has shown that SNAP-25 is localized 
to a wide range of cells in the PI and CX (Sasao et al., 
2023). VAMP 2 is localized in cells in the PI, DL and CX, 
and Syntaxin 1A is localized in cells in the PI and DL. It 
has been shown that SNAP-25 is localized in Bombyxin-
synthesizing cells, VAMP 2 is localized in Bombyxin-
synthesizing cells and PTTH-synthesizing cells, and Syn-
taxin 1A is localized in bombyxin-synthesizing cells and 
PTTH-synthesizing cells. In this study, we focused on two 
SNARE proteins (SNAP-29 and Syntaxin 6).

Therefore, the present study aimed to clarify the locali-
zation of S NARE proteins (SNAP-29 and Syntaxin 6) and 
investigate the relationship between  SNARE proteins and 
bombyxin, PTTH, or EH secretion in the brain and the CA 
of B. mori. Antibodies against B. mori-derived SNARE 
proteins (SNAP-29, and Syntaxin 6) were used to identify 
SNARE protein-expressing cells, locate their regional dis-
tribution, and determine their co-localization status with 
bombyxin, PTTH, period and EH. 

MATERIAL AND METHODS
Material

Donkey anti-mouse IgG (H+L)-CF555 ( cat. ab150110), and 
donkey anti-rabbit IgG (H+L)-CF488A (cat. ab150073) was pur-
chased from Biotium Inc. (Hayward, CA, USA). The mRNA puri-
fi cation kit, pGEX6P2 (cat. 2  8954650), and PreScission protease 
(cat. 27084301), and glutathione S-Sepharose (cat. 17527901) were 
purchased from GE Healthcare (UK). Software (Little Chalfont, 
Buckinghamshire, UK). A pCR2.2 and the oligonucleotides for 
S yntaxin 6 (5´-GGATCCATGACTTTAGAAGATCCTTTC-
TACG-3´) and 5´-TTAGCGATTGGGACTGTC-3´) and 
SNAP-29  (5´-CCATGTCTGGGCATAAATATTTCACA-3´ 
and 5´-TTAATTCTTCAGACCATA-3´) was purchased from 
Invitrogen (Carlsbad, CA, USA). Peroxidase-conjugated goat 
anti-rabbit IgG antibody (cat. no. 10004301) was purchased from 
FUJIFILM Wako Pure Chemical Corporation (Tokyo, Japan). 
Blocking One Solution (cat. 03953-66), and DAB kits (cat. 
25985-50) was purchased from Nacalai Tesque (Kyoto, Japan). 
Ta q DNA Polymerase (cat. R001A) and reverse transcriptase (cat. 
639522), and a DNA ligation kit (cat. 6023) were purchased from 
Takara (Kyoto, Japan). Aqua-Poly/Mount medium (cat. 18606) 
was purchased from Polysciences, Inc. software (Warrington, 
PA, USA). The DX50 microscope was purchased from Olympus 
(Tokyo, Japan). All the chemicals used were of commercially 
available purest grade.

Insect cultures
We raised the hybrids (Kinshu × Showa or Daizo, p50 strains, 

National BioResource Program, Fukuoka, Japan) of B. mori. 
Twenty larvae in one container were reared on an artifi cial 
diet (Silkmate 2M, Nosan Co., Yokohama, Japan) at 25°C and 
subjected to a 16L : 8D cycle with a relative humidity of 70%. 
Fourth-instar larvae (5-day old) were used in all experiments.

Purifi cation of B. mori SNAP-29, and Syntaxin 6 
and the production of antiserum

The cDNA fragments containing the coding sequences of B. 
mori SN AP-29, and Syntaxin 6 were generated using reverse 
transcriptase-PCR (RT-PCR), and then separately subcloned into 
pTA2 (cat. No. TAK-101, Osaka, Japan). DNA sequences encod-

gene is deleted, starvation-induced autolysosome degrada-
tion is inhibited, suggesting that SNAP-29 is involved in 
starvation-induced autophagy (Takáts et al., 2013)

Syntaxin 6-mediated intracellular cargo transport oc-
curs in various cell types (Jung et al., 2012). Syntaxin 6 
is present on the Trans Golgi Network (TGN), the Early 
Endosome (EE), cargo-specialized vesicles and granules, 
and the plasma membrane and regulates the intracellular 
traffi  cking of cargo molecules. Syntaxin 6 contributes to 
the post-TGN transport and delivery of membrane micro-
domain components to the plasma membrane. The SNARE 
complex (Syntaxin 6, Syntaxin 16, Vti1a, and VAMP 4) 
participates in membrane traffi  cking between the EE and 
TGN. Similarly, Syntaxin 6 interacts with Syntaxin 7, 
Vti1b, VAMP 7, and VAMP 8 to regulate cargo transport to 
the Late Endosome in some cell types. 

N europeptides directly induce various physiological phe-
nomena such as metamorphosis, eclosion, dormancy, ap-
petite, metabolic regulation, and biological clocks (Nassel 
& Winther, 2010; Hoyer & Bartfai, 2012; Xu et al., 2020; 
Zeng et al., 2020). And neurotransmitters are secreted from 
axon terminals in the brain, bind to specifi c receptors, and 
transmit various information to control various phenome-
na. These neuropeptides and neurotransmitters are synthe-
sized, secreted, and degraded in response to stimuli such 
as light, hunger, and temperature. The aim of this study is 
to clarify how SNARE, which is involved in vesicle mem-
brane fusion, contributes to the synthesis, secretion, and 
degradation of neuropeptides and neurotransmitters.

Insect neuropeptides regulate insect-specifi c phenomena 
such as metamorphosis, molting, feeding, development, 
and ecdysis. These neuropeptides are mainly synthesized 
in the brain and secreted into the hemolymph by neuroen-
docrine organs, such as the corpus allatum (CA) (Tobe & 
Pratt, 1974; Roller et al., 2008).

The neurosecretory hormone bombyxin is an insulin-like 
peptide found in Lepidoptera (butterfl ies and moths). Bom-
byxin was fi rst identifi ed in the silkworm Bombyx mori 
(Nagasawa et al., 1986) and later in the tobacco hornworm 
Manduca sexta (Nijhout & Grunert, 2002; Van de Velde 
et al., 2007). Bombyxin stimulates cell division and is a 
growth factor in the wing imaginal disks of Precis coe-
nia and M. sexta (Nijhout & Grunert, 2002; Nijhout et al., 
2007). 

In all insects, PTTH (Prothoracicotropic hormone) acts 
on prothoracic glands (PGs), initiating ecdysone synthesis 
(Nagata et al., 2005). Ecdysone is converted into 20-hy-
droxyecdysone, which acts on numerous target tissues and 
induces the expression of genes related to the molting pro-
cess (Thummel, 2002). PTTH secretion is regulated by the 
circadian clock. In Lepidoptera, PTTH-IR resides in close 
proximity to period-IRs in the brain (Sauman & Reppert, 
1996). 

The neuropeptide eclosion hormone (EH) was fi rst iden-
tifi ed as a blood-borne factor released from the nervous 
system that triggers the emergence of silk moths from their 
pupal cuticle, a behavioral sequence known as eclosion 
(Truman & Riddiford, 1970). EH is expressed in two pairs 
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ing the His-tag were added to the amino-terminal using PCR. 
The plasmid pCR2.2 was digested using BamHI and EcoRI. The 
digested fragments containing SNARES of B. mori were then 
independently inserted between the BamHI and EcoRI sites of 
pGEX6P-2. The plasmid pGEX6P2 expresses the target protein 
as a GST-fusion protein. The identity of the clones containing B. 
mori SNAREs was confi rmed using sequence analyses with an 
ABI Prism 377 DNA Sequencer (Artisan Technology Group, IL 
61822, US).

The expression and purifi cation of B. mori SNARE proteins 
in E. coli (BL21 strain) were performed as previously described 
(Uno et al., 2014). GST-proteins, which were independently ex-
pressed using pGEX6P2, were purifi ed using a glutathione S-
Sepharose column. After digestion with the PreScission protease, 
the His-tagged protein was purifi ed using a His-accept column.

Antisera were generated in a rabbit by injection of a 1 : 1 (v/v) 
mixture of purifi ed B. mori protein (1 mg) and Freund’s complete 
adjuvant. The rabbits and rats received three booster injections 
at 2-week intervals. Sera were isolated and tested for the pres-
ence of anti-B. mori SNAREs antibodies using western blotting. 
Antisera against PTTH, EH, period, and bombyxin were obtained 
as described previously (Uno et al., 2007, 2010, 2014). Antisera 
against Syntaxin 1A and SNAP-25 were obtained as described 
previously (Sasao et al., 2023). Antibody against bombyxin was 
kindly provided by Prof Akira Mizoguchi (Aichi Gakuin Univer-
sity).

Western immunoblotting
One microgram of the purifi ed proteins (His-SNAP-29, His-

Syntaxin 6) was transferred to a polyvinylidene difl uoride mem-
brane after SDS-PAGE, which was performed according to the 
method of Laem  mli (Laemmli, 1970), using a 4.5% stacking 
gel/15% separating gel (16 mA for 60 min). The membrane was 
blocked in Blocking One solution (60 min at room temperature 
(RT)), and then incubated for 60 min at RT with the appropri-
ate primary antibody, as follows: anti-SNARE serum (1 : 2,000) 
in Tris-buff ered saline (TBS; 50 mM Tris·HCl and 50 mM NaCl, 
pH 8.0) containing Blocking One solution. The membrane was 
then washed three times with TBS (including 0.05% Tween-20 
(v/v)), followed by incubation for 60 min at RT with the second-
ary antibody, as follows; peroxidase-conjugated goat anti-rabbit 
IgG (1 : 2,000). The membrane was washed three times with TBS 
plus Tween-20, and proteins were detected using a peroxidase-
staining DAB kit.

Immunohistochemistry
Inse ct heads of 12–15 brains were fi xed (24 h at 4°C) in 

Bouin’s fl uid [saturated picric acid, formalin, and acetic acid at 
15 : 5 : 1 (v : v : v)]. Standard histochemical methods were used for 
tissue dehydration, paraplast embedding, sectioning (8-μm-thick 
sections), deparaffi  nization, and rehydration. 

The insect head sections were washed (at RT) in distilled water 
and phosphate-buff ered saline (PBS; 137 mM NaCl, 2.7 mM 
KCl, 10 mM Na2HPO4, and 2 mM KH2PO4, pH 7.4) containing 
0.3% Triton-X100 (PBS-Tr), blocked (30 min at RT) with an an-
tibody dilution buff er (PBS-Tr containing 1.5% goat serum), and 
incubated overnight at 4°C in dilution buff er with the primary an-
tibodies, anti-SNARE rabbit serum (1 : 500), and anti-bombyxin, 
anti-SNAP-25, anti-Syntaxin 1A anti-PTTH, or anti-EH mouse 
IgG (1 : 500). After rinsing three times for 10 min each with 
PBS-Tr at RT, the sections were incubated for 1.5 h at RT with 
secondary antibody (7.5 μg/mL), donkey anti-mouse IgG (H + L)-
CF555, or goat anti-rabbit IgG (H + L)-CF488. After washing in 
PBS-Tr, the sections were mounted in Aqua-Poly/Mount medium 
and examined using a BX50 microscope equipped with BX-FLA 

refl ected light fl uorescence, WIG, and NIBA mirror/fi lter units. 
NIBA is excited in blue and detected in green, and WIG is excited 
in green and detected in red. Three to fi ve individuals were used 
in each immunocytochemical experiment. The excitation and 
emission wavelength ranges used in the WIG mirror/fi lter units 
were 520–550 nm and > 580 nm, respectively. The excitation and 
emission wavelength ranges used in the NIBA mirror/fi lter unit 
were 470–490 and 515–550 nm, respectively.

In control experiments, the primary antibodies were replaced 
with pre-immune rabbit serum. No signifi cant staining intensity 
was observed above the background level.

RESULTS

Production of antibo dies against the SNARE 
proteins of B. mori

To ensure that the antibodies recognized the purifi ed pro-
teins, immunoblotting was performed using purifi ed pro-
teins (Fig. 1, lane 1–6). The antibodies produced against 
SNAP-29, and Syntaxin 6 of B. mori specifi cally recog-
nized the protein band corresponding to the position of the 
purifi ed partial protein of B. mori (Fig. 1, lanes 1 and 4). In 
the two control experiments (i.e., addition of pre-immune 
serum instead of the primary antibody and addition of the 
antigen and primary antibody together), no bands were de-
tected (Fig. 1, lane 2–3, lane 5–6). 

SNARE proteins are present in specifi c neurons 
in the B. mori brain

First,   anti-SNAP-29 detected restricted areas in a set of 
neurons in the  pars intercerebralis (PI) (Fig. 2b and h) and 

Fig. 1. Immunoblot analysis of the anti-SNARE protein antibodies 
(SNAP-29, and Syntaxin 6). Lanes 2, and 5 contain preimmune 
serum instead of the primary antibody (control); Lanes 3, and 6 
contain an antibody-positive antigen, which was used as the pri-
mary antibody (control); Lanes 1 anti-SNAP-29,  antiserum stain-
ing; Lanes 4, anti-Syntaxin 6 antiserum staining. Lanes 1–3, His-
SNAP-29. Lanes 4–6, His-Syntaxin 6.



192

Toryu et al., Eur. J. Entomol. 122: 189–197, 2025 doi: 10.14411/eje.2025.024

dorsolateral protocerebrum (DL) (Fig. 2e). One to  three 
neurons were detected in the PI and the DL of a single 
hemisphere. Double-labeling experiments showed that 
SNAP-29-IRs (Immunohistochemical Reactivities) in the 

PI occurred in SNAP-25 immunopositive neurons (Fig. 
2c). SNAP-29-IRs in the PI and DL occurred in Syntaxin 
1A-immu nopositive neurons (Fig. 2f and i). SNAP-29 has 
been functionally linked to starvation-induced autophagy 

Fig. 2. Co-localiza tion of SNAP-29 and SNAREs in the brain of Bombyx mori. Syntaxin 1A (d and g) and SNAP-25 (a) was visualized using 
CF™555 (red fl uorophore). SNAP-29 (b, e and  h) were visualized using CF™488A (green fl uorophore). Anti-SNAP-29 detected restricted 
areas in a set of neurons in the pars intercerebralis (PI), and dorsolateral protocerebrum (DL) (b, e and h). SNAP-29-IRs in the PI occurred 
in SNAP-25-immunopositive neurons (c). SNAP-29-IRs occurred in Syntaxin 1A-immunopositive neurons (f and i). Scale bar: 100 μm.

Fig. 3. Localization of SNAP-29 under starvation in the brain of Bombyx mori. Scale SNAP-29 (a and b) were visualized using CF™488A 
(green fl uorophore). The amount of SNAP-29 expressed in the brains of silkworms that were starved for two days without being fed in-
creased (b). SNAP-29-positive  cells are indicated by arrowheads. Scale bar: 100 μm.
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in both humans and fruit fl ies (Hamasaki et al., 2013; 
Takáts et al., 2013). An increase in SNAP-29-positive 
cells was observed in the central part of the brain that were 
starved for two days without being fed increased (Fig. 3b).

Anti-Syntaxin 6 detected restricted areas in a set of neu-
rons in the PI, central complex (CX) and the ventro-median 
protocerebrum (VP) (Fig. 4b, e and h). Two broad a reas in 
the CX and 1–3 neurons in the PI and VP of a single  hemi-
sphere were detected (Fig. 4b, e, and h). Double-labeling 
experiments showed that SNAP-25-IRs (Immunohisto-
chemical Reactivities) in the CX and PI occurred in Syn-
taxin 6-immunopositive neurons (Fig. 4c and f). Syntaxin 
1A-IRs in the PI were observed in Syntaxin 6-immunopo-
sitive neurons (Fig. 4i).

SNARE prote ins are present in the bombyxin-
secretory neurons of the brain and corpus allatumn 
(CA)

Anti-bombyx  in was detected in 1–2 neurons in the pars 
interc erebralis area of a single hemisphere (Fig. 5a and d). 
Bombyxin is produced by four pairs of PI neurosecretory 

cells in the brain, which are axonally transported to and re-
leased from the CA (Mizoguchi  et al., 1987). Double-labe-
 ling experiments showed that bombyxin-immunopositive 
neurons occurred in SNAP-29, and Syntaxin 6-IRs (Fig. 
5c and f, arrowhead). Anti-SNAP -29 and anti-Syntaxin 6 
detected a restricted set of neurons in the CA  section (Fig. 
5g and j). Further double-labeling experiments showed that 
SNAP-29-IRs  and Syntaxin 6- IRs were present in bom-
byxin-immunopositive neurons (Fig. 5i a nd l). 

SNARE proteins are present in the PTTH-, Period-, 
and EH-secretory neurons of the brain

PTTH is released from CA into the hemolymph (O’Brien 
et al., 1988). Anti-PTTH was detected in 1–2 neurons in 
the dorsolateral protocerebrum area of a single  hemisphere 
(Fig. 6a). PTTH is produced by two pairs of DL neuro-
secretory cells in the brain (Sauman & Reppert, 1996). 
Double-labeling experiments showed that one PTTH-im-
munopositive neuron was present in four SNAP-29-IRs in 
the brain (Fig. 6c a nd d, arrowhead). Period (Per)-IR cells 
are located close to contralateral PTTH neurosecretory 

Fig. 4. Co-localization of Syntaxin 6 and SNAREs in the brain of Bombyx mori. Syntaxin 1A (g) and SNAP-25 (a and d) was visualized 
using CF™555 (red fl uorophore). SNAP-29 (b, e and h) were visualized using CF™488A (green fl uorophore). Anti-Syntaxin 6 detected 
restricted areas in a set of neurons in the PI, central complex (CX) and the ventro-median protocerebrum (VP) (b, e and h). Two broad 
areas in CX and 1–2 neurons in PI (arrowhead) and VP (arrow) were detected (b, e and h). The double-labeling  experiments showed that 
SNAP-25-IRs (Immunohistochemical Reactivities) in the CX and PI occurred in Syntaxin 6-immunopositive neurons (c and f). Syntaxin 
1A-IRs in the PI occurred in Syntaxin 6-immunopositive neurons (i). Scale bar: 100 μm.
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cells (Sauman & Reppert, 1996). Double-labelling showed 
that SNAP-29-IR s overlapped with Period-IR in the brain 
(Fig. 6g and h). EH-IR cell detected one neuron in the 
ventro-medi an protocerebrum of a single  hemisphere (Fig. 
6i). This result is consistent with previous fi ndings in silk 
moths (Kono et al., 1990). Furthermore, double-labeling 
experiments showed that one Syntax in 6-IR cell was pre-
sent in one EH-IR neuron (Fig. 6k and l, arrowhead). 

DISCUSSION 

Neuropepti des and neurotransmitters are synthesized, 
secreted, and degraded in response to stimuli such as light, 
hunger, and temperature. Vesicles containing neuropep-
tides and neurotransmitters eventually fuse with the plasma 

membrane and are secreted. Membrane fusion of vesicles 
to the plasma membrane is mediated by the formation of 
SNARE complexes, consisting of vesicular SNARE and 
two target SNAREs. The aim of this study is to clarify how 
SNARE, which is involved in vesicle membrane fusion, 
contributes to the synthesis, secretion, and degradation of 
neuropeptides and neurotransmitters.

SNAP-29 is a member of the SNAP-25 family of pro-
teins and is expressed in neurons (Pan et al., 2005). SNAP-
29 localizes to many diff erent internal membranes, includ-
ing the golgi apparatus, endosomes, and lysosomes, and 
binds to a broad range of Syntaxins (Steegmaier et al., 
1998; Xu et al., 2014). Overexpression and RNAi studies 
have indicated that dSNAP-29 mediates an essential pro-
cess in Drosophila development (Xu et al., 2014).

Fig. 5. Co-localization of SNARES (SNAP-29, and Syntaxin 6) and bombyxin in the brain and the corpus allatum of Bombyx mori. 
Bombyxin (a, d, h an d k) was visualized using CF™555 (red fl uorophore). SNAP-29 (b and g), and Syntaxin 6 (e and j) were visualized 
using CF™488A (green fl uorophore). Anti-bombyxin detected a restricted set of neurons in the pars intercerebralis area (a and d) and a 
restricted set of neurons in the CA section (h and k). Bombyxin-immunopositive neurons in the brain and CA occurred in SNAP-29, and 
Syntaxin 6-IRs (c and f, arrowhead; i and l). Scale bar: 100 μm.
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Anti-SNAP-29 detected restricted areas in a set of neu-
rons in the PI and DL of the brain of B. mori (Fig. 2). 
Double-labeling experiments showed that SNAP-29-IRs 
(Immunohistochemical Reactivities) in the PI occurred in 
SNAP-25 immunopositive neurons (Fig. 2c). SNAP-29-
IRs in the PI and DL occurred in Syntaxin1A-immunop-
ositive neurons (Fig. 2f and i). VAMP 2 combined with 
Syntaxin 1A and SNAP-25 produces a force that induces 
the formation of fusion pores, thereby mediating the fu-
sion of synaptic vesicles and release of neurotransmitters 
(Yan et al., 2022). SNAP-29 has  been reported to modulate 
synaptic transmission by interacting with Syntaxin 1A and 
competing with α-SNAP for binding to the SNARE com-
plex (Su et al., 2001). This interaction results in modula-
tion of synaptic transmission by inhibiting dissociation of 
the SNARE complex. SNAP29, Syntaxin 1A and VAMP 2 
are involve d in membrane fusion in the DL, and SNAP-29 
modulates membrane fusion by interacting with Syntaxin 
1A in place of SNAP-25 in the PI.

SNAP-29 is functionally linked to starvation-induced 
autophagy in both humans and fruit fl ies. SNAP-29, Syn-
taxin 17, and VAMP 7/8 cooperate to mediate the fusion 
of autophagosomes with late endosomes and lysosomes 
(Hamasaki et al., 2013; Takáts et al., 2013). The amount of 
SNAP-29 expressed in the brains of silkworms that were 
starved for four days without being fed increased (Fig. 3b). 
It has been suggested that starvation also promotes the fu-
sion of autophagosomes and lysosomes in silkworm brains.

Anti-Syntaxin 6 detected restricted areas in a set of neu-
rons in the PI, central complex (CX) and the ventro-median 
protocerebrum (VP) (Fig. 4b, e and h). Double-labeling ex-
periments showed that SNAP-25-IRs (Immunohistochem-
ical Reactivities) in the CX and PI occurred in Syntaxin 
6-immunopositive neurons (Fig. 4c and f). Syntaxin 1A-
IRs in the PI were observed in Syntaxin 6-immunopositive 
neurons (Fig. 4i). In the PI, Syntaxin 6 may be involved in 
membrane fusion by interacting with SNAP-25 in the same 
manner as Syntaxin 1A.

Syntaxin 6 was localized to a wide area of the central 
part of the brain (Fig.4). The central complex (CX), which 
is located in the center of the insect brain, is a neural circuit 
that is involved in directed behavior (such as long-distance 
migration, homing, searching for food sources, and fl ight 
behavior) rather than refl exive behavior (Heinze & Rep-
pert, 2012). The CX forms a complex neural circuit that 
processes visual information and transmits it to the brain. 
For this reason, CX is a site of intense release and uptake of 
neurotransmitters and neuropeptides, and is concentrated 
in interneurons (Nassel & Homberg, 2006). Since SNAP-
25 and VAMP 2 were also localized to the CX in the cen-
tral part of the silkworm brain (Sasao et al., 2023), it was 
suggested that SNAP-25, Syntaxin 6, and VAMP 2 form a 
SNARE complex that is involved in the transport of neuro-
peptides in the CX.

Bombyxin is an insulin-like peptide that regulates tre-
halase activity in the silkworm body, and is thought to be 
involved in growth (Mizoguchi & Okamoto, 2013). It is se-

Fig. 6. Co-localization of SNARES (SNAP-29, and Syntaxin 6), PTTH, Period and EH in the brain of Bombyx mori. PTTH (a), Period (e) 
and EH (i) were visualized using CF™555 (red fl uorophore) SNAP-29 (b and f), and Syntaxin 6 (j) were visualized using CF™488A (green 
fl uorophore). The double-labeling experiments showed that SNAP-29-IRs (Immunohistochemical Reactivities) occurred in PTTH- and 
Period-immunopositive neurons (c, d, g and h). Syntaxin 6-IRs occurred in EH-immunopositive neurons (k and l). Scale bar: 100 μm.
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creted from the brain into body fl uids throughout the growth 
process, from hatching of the larva to molting. Bombyxin 
is pro duced by neurosecretory cells and is transported to 
and released from the CA. Therefore, various SNAREs are 
thought to be involved in the membrane transport of bom-
byxin in the brain. Bombyxin-immunopositive neurons 
occurred in SNAP-29-, and Syntaxin 6-IRs (Fig. 5c and 
f, arrowhead). In the CA section, SNAP-29-IRs and Syn-
taxin 6-IRs were observed in bombyxin-immunopositive 
neurons (Fig. 5i and l). SNAP-25, VAMP 2  , and Syntaxin 
1A were with bombyxin-IR in the CA and brain (Sasao et 
al., 2023). When secreted, VAMP2, Syntaxin 1A, and Syn-
taxin 6 may be involved, and when degraded, SNAP-29, 
VAMP 7, and Synatxin17 may be involved. 

PTTH is a critical neurohormone that regulates postem-
bryonic development in insects by stimulating ecdysteroid 
secretion from the prothoracic glands (Agui et al., 1979). 
PTTH is produced by a pair of lateral neurosecretory cells 
in the protocerebrum of some insects and secreted multiple 
times at certain times of the day under the control of light 
and temperature (Mizoguchi et al., 2002; Zavodska et al., 
2003). PTTH-IR occurred in VAMP2-IR and Syntaxin-IR 
neurons in the brain (Sasao et al., 2023). SNAP-29-IRs 
overlapped with PTTH-IR in the brain (Fig. 6c, arrow-
head). Since the secretion of PTTH occurs multiple times 
at specifi c times in the fi fth instar larvae of the silkworm, 
it is thought that the secretion and degradation of PTTH 
occur frequently in the brain. For this reason, it is thought 
that SNAP29, which is involved in autophagy; and Syn-
taxin 1A and VAMP 2, which are involved in the fusion of 
vesicle membranes, are co-localized with PTTH. 

In Lepidoptera, PTTH-IR resides in close proxim-
ity to Period IRs in the brain (Sauman & Reppert, 1996). 
SNAP-29-IRs overlapped with Per-IR in the brain (Fig. 
6f). Pigment dispersing factor (PDF), the only peptidergic 
hormone involved in circadian rhythms and a candidate 
transmitter of behavioral rhythm oscillation, and the clock 
proteins Timeless and Casein kinase, are localized in these 
clock cells in the DL area (Iwai et al., 2008). These pep-
tides and proteins are frequently synthesized, secreted, and 
degraded. SNAP-29 may be involved in these processes.

EH is controlled by the circadian clock and a decrease 
in ecdysteroids in the brain, and controls ecdysis behavior 
(Truman & Sokolove, 1972). EH is located in two pairs of 
neurons in the brain, the VP cells, which project along the 
entire ventral nerve cord and secreted into the body fl uids 
via the rectal nerves (Zavodska et al., 2003). In this study, 
Syntaxin 6 was localized in the EH-synthesizing cells in 
the silkworm brain (Fig. 6g), and its localization was high-
est in 5th instar larvae before they began to wander (data 
not shown). Since the blood concentration of EH is high-
est before molting (Riddiford et al., 1994), we think that 
the expression level of Syntaxin 6 in the EH-synthesizing 
cells increased in order to secrete EH before molting. In 
this study, we did not identify the other SNAREs that bind 
to Syntaxin 6 and are involved in the secretion of EH, so it 
is necessary to fi nd these SNAREs.
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