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Muscarinic acetylcholine receptor (mAChR) regulates many neurophysiological functions
in insects. In this report, a full-length cDNA encoding an A-type mAChR was cloned
from the oriental armyworm, Mythimna separata. Pharmacological properties studies
revealed that nanomolar to micromolar concentrations of carbachol or muscarine
induced an increase of intracellular Ca2+ concentration ([Ca2+]i), with the EC50 values
of 124.6 and 388.1 nM, respectively. The increases of [Ca2+]i can be greatly blocked by
the antagonist atropine, with an IC50 value of 0.09 nM. The receptor mRNA is expressed
in all developmental stages, with great differential expression between male and female
adults. The tissue expression analysis identified novel target tissues for this receptor,
including ovaries and Malpighian tubules. The distribution of Ms A-type mAChR protein
in the male brain may suggest the neurophysiological roles that are mediated by this
receptor. However, the receptor protein was found to be distributed on the membranes
of oocytes that are not innervated by neurons at all. These results indicate that Ms
A-type mAChR selectively mediates intracellular Ca2+ mobilization. And the high level of
receptor protein in the membrane of oocytes may indicate a possible non-neuronal role
of A-type mAChR in the reproductive system of M. separata.

Keywords: Mythimna separata, A-type mAChR, G protein-coupled receptor, pharmacology, Ca2+

INTRODUCTION

Acetylcholine (ACh) is the predominant excitatory neurotransmitter of the sensory neurons
and interneurons within the central nervous system (CNS) of insects (Martin and Krantz,
2014). Mutations in both choline acetyltransferase and acetylcholinesterase have behavioral and
physiological effects and can cause lethality (Greenspan, 1980; Greenspan et al., 1980). ACh has
been known to exert its physiological function through the ionotropic nicotinic ACh receptors
(nAChRs), or the metabotropic muscarinic ACh receptors (mAChRs). These roles, subtypes, and
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molecular mechanism of nAChRs in insects have been
widely documented but, in contrast, the characterization
and identification of mAChRs in invertebrates have proceeded
slowly (Blake et al., 1993). The insect mAChRs have been less
well studied (Honda et al., 2007; Collin et al., 2013). mAChR
is a member of the G protein-linked receptor superfamily
which contains seven putative transmembrane domains, and
can activate several distinct signal transduction pathways
by interacting with guanine nucleotide binding proteins
(G proteins) (Caulfield, 1993). In mammals, five mAChR
subtypes (m1–m5) have been identified pharmacologically,
the m1, m3, and m5 coupled to members of the Gq/11 family,
activating phospholipase C and increasing the intracellular
calcium level, and the m2 and m4 receptors preferentially
coupled to members of the Gi/0 family, leading to a decrease
of intracellular cAMP (Eglen, 2005; Giglio and Tobin, 2009;
Bubser et al., 2012). Insect mAChRs do not entirely fit the
vertebrate mAChR classification scheme. They are divided into
three subfamilies (A-, B-, and C-type) (Collin et al., 2013; Ren
et al., 2015; Xia et al., 2016). These results verify the previous
research that three candidate mAChRs were found in Drosophila
by informatics analysis from the complete gene set (Brody and
Cravchik, 2000; Yoshihara et al., 2001). The first insect mAChR
(CG4356, later identified as an A-type mAChR) has been
identified from the fruit fly Drosophila melanogaster; activation
of this Drosophila receptor causes the accumulation of inositol
phosphates (Onai et al., 1989; Shapiro et al., 1989; Blake et al.,
1993). And the ant Polyrhachis vicina mAChR was identified and
proposed to be involved in obtaining and integrating the visual
and olfaction information in the nervous system (Lü et al., 2011).
Then, two types of mAChRs (A-type and B-type) have been
cloned from D. melanogaster and Tribolium castaneum, and the
respective A- and B-type orthologs have been identified using
bioinformatics from the insects with a sequenced genome. A-type
mAChR could be activated by agonists ACh and muscarine,
and inhibited by the antagonist atropine and 3-quinuclidinyl-
benzilate (QNB); it is coupled to Gq/11, and is pharmacologically
very similar to the mammalian m1–m5 mAChRs. The B-type is
also activated by ACh, but has a 1000-fold lower sensitivity to
muscarine, and was insensitive for atropine and other classical
mAChR antagonists, it is coupled to Gi/0 resulting in a decrease
of the intracellular cAMP concentration (Collin et al., 2013; Ren
et al., 2015). A recent study (Xia et al., 2016) extracted a novel
mAChR member from D. melanogaster, the C-type mAChR,
which could be activated by ACh and the mAChR agonist
oxotremorine M to increase intracellular Ca2+ levels.

The physiological roles of mAChRs in the insect CNS
were studied mainly by pharmacological assays. Stimulation of
mAChRs by a muscarinic agonist would result in experience-
dependent structural brain plasticity (Ismail et al., 2006). The
competitive muscarinic antagonists, scopolamine, and atropine
would impair olfactory memory retrieval in honey bee (Gauthier
et al., 1994; Lozano and Gauthier, 1998; Lozano et al., 2001).
And interference expression of mAChR mRNA in MB would
fully inhibit the formation of new aversive olfactory memory
in larvae (Silva et al., 2015). These results demonstrate that
mAChRs are important contributors in the generation of

memories, particularly olfactory memory in insects. Moreover,
the application of muscarinic agonists activates central pattern
generating circuits for various insect behaviors such as singing
behavior in grasshopper (Hoffmann et al., 2007; Heck et al.,
2009), rhythmic locomotion in locust (Ryckebusch and Laurent,
1993), as well as chewing and “crawling” movements in Manduca
larvae (Gorczyca et al., 1991; Trimmer, 1995). Localization of
mAChR protein in insect nervous system has been studied in
Drosophila (Blake et al., 1993; Harrison et al., 1995), Bombyx
mori (Aizono et al., 1997), and Manduca sexta (Clark et al.,
2005). These results revealed that mAChRs may play multiple
roles in insect nervous system. The presynaptic mAChR mediates
inhibition of ACh release coupled to reduction of cAMP levels
(mammalian M2-like) (Hue et al., 1989), while the postsynaptic
receptors similar to the vertebrate m1or m3 subtypes regulate
the spike threshold and excitability of motoneurons and
interneurons (Trimmer, 1995). Then the mRNA expression of
mAChRs was analyzed by dissecting the head, thorax, and
abdomen of D. melanogaster and P. vicina (Lü et al., 2011).
But there was no information about mAChRs expression in
the concrete tissues of insects. Previous studies about biological
roles of ACh were predominantly focused on its action as a
neurotransmitter operating within the nervous system, while
little is known about its physiological role in other systems,
especially the non-neuronal systems. It is important to determine
the tissue expression patterns and the localization of the receptors
in vivo, thus improving our understanding of physiological
function of this receptor.

Components of the ACh signaling cascade, such as
cholinesterase and the nAChRs, have been extensively studied
as targets for insecticides (Jones and Sattelle, 2010; Dupuis
et al., 2012). The major family of insecticides targeting nAChRs
are the neonicotinoids which have been deployed for 25 years
and are still among the most important insecticides worldwide.
However, there are concerns regarding the enhanced resistance to
neonicotinoids in pests and possible threats to insect pollinators
(notably on bees) as well as to the health of the soil (Ihara
et al., 2017; Casida, 2018; Matsuda et al., 2020). Because of
the adverse ecological effects, the European Union (EU) and
along with some non-EU countries restricted the use of certain
neonicotinoid insecticides. Casida (2018) pointed out that the
neonicotinoids have had a major impact on pest insect control,
but they are increasingly being replaced by newer compounds
acting at other biochemical targets. The insect mAChR is
evaluated as a potential target for insecticide action, which
provides a continuing fascination and challenge to discover new
chemicals with no target site cross-resistance against known
insecticides (Dick et al., 1997; Honda et al., 2007). Additionally,
pharmacological difference between mammalian and insect
mAChR could be pivotal in the identification of novel chemistry
acting specifically at insect mAChRs (Gross and Bloomquist,
2018). However, no insecticide classes are currently available
that target mAChRs. The armyworm Mythimna separata is
a polyphagous pest of nearly 100 families of more than 300
kinds of food and industrial crops. It is becoming a devastating
threat for the production of corn especially in northern
China (Feng et al., 2008). Better functional understanding
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of the mAChR may help us for practical applications in the
development of environmentally sustainable pesticides for this
pest. However, little information is available as to the expression
and pharmacological profiles of mAChR in M. separata.

The identification of potential mAChR is decisive for an
understanding of the cellular pathways or physiological functions
involved in mediating the effects of ACh. The aim of this
study is to clone and pharmacological characterize the A-type
mAChR from M. separata and to investigate its tissue expression
by quantitative RT-PCR (qRT-PCR) and immunohistochemistry
methods. The findings of this study provide further insight into
the role and significance of A-type mAChR in this insect, and
strongly suggested the non-neuronal function of A-type mAChR
in the female reproductive system of insects.

MATERIALS AND METHODS

Insect and Reagent
Mythimna separata larvae were initially obtained from the
Biorational Pesticides Research and Development Center,
Northwest A&F University, Shaanxi, China, and reared on corn
leaves at 25± 2◦C, 50± 5% relative humidity, and a photoperiod
of 16 h light: 8 h darkness. The moths were supplied with a 5%
honey solution as nutrient. Different developmental stages of
M. separata were selected and immediately placed into RNAlater
(Ambion, Austin, TX, United States) and stored at −70◦C until
use. For tissue collection, male and female adults at 3 days after
eclosion were selected and chilled at 4◦C for 30 min to sedate
the moths. Then the moths were dissected in the 1 × phosphate
buffered saline (PBS), the head, midgut, fat body, Malpighian
tubules, ovary, and testis were harvested by micro scalpel and
tweezers. Tissues were immersed immediately into RNAlater
and stored at −70◦C until used for RNA extraction. Carbachol,
muscarine, and atropine were purchased from Sigma (St. Louis,
MO, United States). All other chemicals of research grade were
obtained from commercial sources.

RNA Isolation and cDNA Synthesis
Total RNA was extracted from different developmental stages and
various tissues by using Trizol reagent (Takara, Tokyo, Japan),
according to the manufacturer’s directions. Contaminating
genomic DNA was removed from the purified RNA by
treatment with RQ1 RNase-free DNase1 (Promega, Madison,
WI, United States). RNA quantity and purity were assessed
by using a NanoDrop spectrophotometer (Thermo Scientific,
NanoDrop Products, Wilmington, DE, United States). Single-
stranded cDNAs were synthesized from 1 µg of total RNA
using a First-Strand cDNA Synthesis Kit with oligo (dT) primer
(Takara, Tokyo, Japan).

Cloning of M. separata A-Type mAChR
A pair of degenerate primers F1 and R1 (Table 1) were designed
from conserved regions of known A-type mAChRs to amplify
a fragment of 1566 bp cDNA encoding M. separata A-type
mAChR from the head cDNA. PCR amplification was performed
in 50 µl reaction volume with the following protocol: 94◦C for

3 min, followed by 35 cycles of 94◦C for 45 s, 53◦C for 45 s,
72◦C for 75 s, and a final extension at 72◦C for 10 min. The
amplified fragment of expected size was purified from agarose
gel using the Gel Extraction Kit (Biospin, China), and then
subcloned into pGEM-T easy vector (Promega, Madison, WI,
United States) for sequencing.

The remaining 5′ and 3′ cDNA sequences were obtained
by nested rapid amplification of cDNA ends (RACE) method
by using 5′-Full RACE Kit (Code No. D315, Takara) and 3′-
Full RACE Core Set (Code No. D823A, TaKaRa), respectively.
For 5′ end of A-type mAChR, the first round of PCR was
performed using the gene-specific primer 5′ GSP1 (Table 1) and
the universal adaptor primer 5′ outer, the second round was
performed using the gene-specific primer 5′ GSP2 (Table 1) and
the adaptor primer 5′ inner. PCR amplification was performed in
50 µl reaction volume using Tks Gflex DNA Polymerase (Code
No. R060A, Takara), with the following protocol: 94◦C for 1 min,
followed by 30 cycles of 98◦C for 10 s, 60◦C for 15 s, 68◦C for
1 min. Similarly, for the remaining 3′ sequence, two pairs of
primers (3′ GSP1 and 3′ outer, 3′ GSP2 and 3′ inner; Table 1) were
used for the first and second round of 3′ RACE PCR, respectively.
PCR amplification was performed in 50 µl reaction volume with
the following protocol: 94◦C for 3 min, followed by 35 cycles of
94◦C for 45 s, 56◦C for 45 s, 72◦C for 1 min, and a final extension
at 72◦C for 10 min. Gene specific primers (S2, A2; Table 1) were
designed to synthesize a cDNA containing the complete ORF.
PCR amplification was performed in 50 µl reaction volume with
the following protocol: 94◦C for 3 min, followed by 35 cycles
of 94◦C for 45 s, 53◦C for 45 s, 72◦C for 2 min, and a final
extension at 72◦C for 10 min. The PCR products were purified
and sequenced as described above.

Sequence and Bioinformatic Analysis
The sequenced fragments were assembled using the Lasergene
Sequence Analysis software v. 7.0 (DNASTAR Inc., Madison, WI,
United States), then blasted against the non-redundant GenBank
nucleotide database using BLASTN1 searches to determine gene
identity. Open reading frame (ORF) was predicted using the
NCBI ORF finder, then the putative protein sequence compared
against the non-redundant GenBank protein database using
Blastp searches (Altschul et al., 1997) to confirm putative
protein identity. The NCBI Conserved Domain Database
(CDD) (Marchlerbauer et al., 2011) was used to identify
conserved domains. Tools available at the ExPASy2 were used
to determine putative molecular weights and isoelectric points,
the structure and functional motifs of the encoded protein, and
the transmembrane segments were predicted with TMHMM
servers3. The PredictProtein server4 was also used to predict the
structure and functional motifs of the encoded protein. Sequence
alignments were performed by ClustalW5 based on the amino
acid sequences of the selected mAChRs, and the phylogenetic tree

1www.ncbi.nlm.nih.gov
2http://www.expasy.org/
3http://www.cbs.dtu.dk/services/TMHMM/
4http://www.predictprotein.org/
5http://www.ebi.ac.uk/Tools/msa/clustalw
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TABLE 1 | Oligonucleotide primers used for Ms A-type mAChR.

Name Primer sequence 5′-3′ Expected size Tm

F1 GAT(A/C/T)TC(C/G)TT(C/T)AAGATCGACAA 1566 bp 53◦

R1 GC(A/G)TTGCACA(A/G)GGCGTA(A/G)CA

3′GSP1 GGGATTGACGAAACAGCCGA 532 bp 56◦

3′GSP2 CGTTGTCGGCCATCCTTCTA

5′GSP1 CTTCTGCCGTTTCTTAGTTTCC 715 bp 60◦

5′GSP2 CTATCATCATGGTCGCTCTTCG

F2 ATGCTCATCGCGCTCAATGA 1806 bp 53◦

R2 TCAGTTGTATACTCCTCTGG

QS1 GCATCCCTGACGAACTGT 154 bp 60◦

QA1 ATCGCTTCCCTATTCCTAT

QS2 CCTGCGTCTGGACTTGGC 107 bp 60◦

QA2 CGCGCACGATCTCACGCT

NheI-F CTAGCTAGCATGCTCATCGCGCTCAATGA 1824 bp 55◦

HindIII-R GGCAAGCTTTCAGTTGTATACTCCTCTGG

Oligonucleotides underlined mean the restriction sites for NheI and HindIII.

was compiled using MEGA (6.0) software6 using the neighbor-
joining method. Bootstrap confidence values were calculated with
1000 replicates.

Construction of Expression Vector
The fragment containing ORF was amplified from the cDNA
template using the primers with the restriction site (Table 1).
The PCR product was subcloned to pMD-19T simple vector
(Takara). A-type mAChR in pMD-19T simple vector and the
mammalian expression vector pcDNA3.1 (Invitrogen, San Diego,
CA, United States) were digested with NheI and HindIII.
Restriction fragments were gel purified and ligated into NheI
and HindIII cut pcDNA3.1. The resultant pcDNA3.1-Ms A-type
mAChR Plasmid DNA was prepared with Qiagen Plasmid Maxi
Kit (Qiagen) and verified by sequencing.

Cell Culture and Transfection
HEK 293 cells were grown at 5% CO2 in Dulbecco’s modified
eagle’s media (D-MEM) (Gibco-Invitrogen, Carlsbad, CA,
United States) supplemented with 10% newborn calf serum
(Gibco-Invitrogen) at 37◦C. For transient expression, cells were
plated on six-well plates with a density of 105 cells per well. After
being cultured for 18 h, cells were transfected with pcDNA3.1-
mAChR using Lipofectamine 2000 reagent (Invitrogen) by a
modified calcium phosphate method (Chen and Okayama, 1987).
24 h after transient transfection, the cells were collected and
seeded to the 384-well plate with 2 × 104 cells/well density.
Functional coupling of expressed receptors to intracellular
signaling pathways was then tested 24 h later.

Calcium Mobilization Assay
[Ca2+]i was monitored with FLIPR R© Calcium 4 Assay Kit
(Molecular Devices Corp., Sunnyvale, CA, United States)
according to the manufacturer’s instructions. After the cells were
transient transfected for 48 h, we added 25 µl loading buffer

6http://www.megasoftware.net

(prepared according to the manufacturer’s direction) per well for
the 384-well plate, and incubated at 37◦C with 5% CO2 for 1 h
and then kept the plates at room temperature for at least 15 min
in the dark. After incubation, we transferred the plates directly to
FLIPR and begin the calcium assay according to the FLIPR system
manual. Excitation wavelength was 485 nm, emission wavelength
was 525 nm and measured for 120 s. For agonist analysis, a
dilution series of agonist (muscarine and carbachol) dissolved
in the HBSS buffer (20 mM HEPES) were added automatically
to the cells after detection for 20 s. For antagonist analysis, a
dilution series of antagonist were added to the cells and incubated
at 37◦C with 5% CO2 for 15 min, and then kept the plates at room
temperature for at least 15 min. 10 µM agonist carbachol was
added automatically to the cells. Each experiment was repeated
three times. 0.1% DMSO buffer was added to determine non-
specific binding. pcDNA3.1-GFP transfected and untransfected
HEK 293 cells were used as negative controls.

Cyclic AMP Determination
The cAMP concentration was determined using the cAMP
assay kit (Cisbio Bioassays, Codolet, France) according to
the manual. After being transient transfected for 48 h, cells
were suspended in 10% FBS/D-MEM and plated on the
384-well plate with a density of 2500 cells/well. Then they
were pre-incubated in 1 × Dulbecco’s PBS (D-PBS, Gibco
BRL) containing 100 µmol/l of the phosphodiesterase inhibitor
isobutylmethylxanthine (IBMX) for 20 min at 37◦C. After
the pre-incubation, various concentrations of agonists were
added and incubated at room temperature for 30 min. For
antagonist studies, the stimulations were carried out as above
except that the dilution series of antagonists were mixed
with 10 µM agonist carbachol. We then added 5 µl cAMP-
d2 and 5 µl anti cAMP-Cryptate and incubated it at room
temperature for 1 h in the dark. 0.1% DMSO buffer was added
to determine non-specific binding. pcDNA3.1-GFP transfected
and untransfected HEK 293 cells were used as negative controls.
Results are calculated from the 665/620 nm ratio by PHERAstar
PLUS (BMG Labtech, Offenburg, Germany) and expressed in
Delta F. Each experiment was performed in duplicate and
repeated three times.

Gene Expression Profile Analysis
Expression profiles of A-type mAChR mRNA for different
developmental stages of M. separata and in various tissues of
adults were analyzed by relative quantification employing real-
time RT-PCR. For each experimental series, 10 individuals of
developmental stages and tissues from 15 adults of M. separata
were pooled, and we performed three repeats. The β-actin gene
was used as a “housekeeping gene” (Li et al., 2010) to normalize
the A-type mAChR transcript levels. Gene specific primers for
A-type mAChR (QS1, QA1; Table 1 and Figure 1) and β-actin
(QS2, QA2; Table 1) yielded PCR products of 154 and 107 bp,
respectively. PCR amplification and fluorescence detection were
performed using a Cycler iQ Real-Time PCR detection system
(Bio-Rad iQTM5, Hercules, CA, United States) with a SYBR
Premix Ex Taq Kit (TaKaRa). Amplification reactions were
carried out in a 96-well plate with 25 µl reaction volume, which
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FIGURE 1 | The nucleotide and deduced amino acid sequences of Mythimna separata A-type mAChR. The initiating codon ATG and the stop codon TAA are
underlined and boldfaced. Seven N-glycosylation consensus sequences were underlined. Seven transmembrane-spanning domains are marked in gray. One cell
attachment sequence RGD is double lined. Four cAMP- and cGMP-dependent protein kinase phosphorylation sites were marked with a wavy line. One G-protein
coupled receptors signature is boldfaced. A DRY motif and the NPXXY motif are marked with a dotted line. The conserved amino acid residues that are responsible
for coupling the mAChRs to Gq/11 are marked with a triangle. 14 amino acid residues involved in the antagonist QNB binding are marked with a circle. The proposed
(“modeled”) binding residues for acetylcholine are marked with a circle and underlined.
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consisted of 1 µl of cDNA templates, 12.5 µl 2 × SYBRGreen
master mix, 1 µl of each specific primer (10 µM), and 9.5 µl
double-distilled H2O. The following protocol was applied: 95◦C
for 1 min, 40 cycles of 95◦C for 10 s, and 60◦C for 30 s,
followed by a dissociation curve program from 60 to 95◦C
with a heating rate of 0.5◦C and a continuous fluorescence
acquisition. Gel and melting curve analysis were carried out to
ensure that there was a single product of the correct size. Runs
without a DNA sample (ddH2O substitute) were used as the
negative control and the reaction was run in triplicate. PCR
efficiencies of these two genes were calculated from a standard
curve made from a dilution series of a mix of the cDNAs
from all samples, and were similar and near to 100%. Relative
expression levels were determined using the formula 2−1 1 Ct

(Livak and Schmittgen, 2001).

Generation of Ms A-mAChR Antibody
The protein sequence was antigenic analyzed by the
OptimumAntigenTM design tool7. We selected the antigenic
peptide “CKWHNRNREAMTRGV” located at the C terminal of
the predicted Ms A-mAChR protein sequence (585–599). It was
also specific in A-mAChRs when compared with B-and C-type.
The peptide was run blastp in a protein database8 to determine
that other proteins (not A-mAChRs) did not contain a similar
peptide sequence. The peptide was synthesized as an antigen in
the production of affinity-purified New Zealand rabbit polyclonal
antibodies. The carrier KLH was conjugated to the beginning
of the sequence by a cysteine. Peptide synthesis, conjugation
to KLH, antibody production, and affinity purification were
performed by GenScript (Piscataway, NJ, United States).

Immunohistochemistry
The ovaries and heads were dissected from adults at 3 days
after eclosion, and immediately fixed in freshly prepared 4%
paraformaldehyde in 0.1 M PBS at room temperature for
6 h and then stored in 0.1 M PBS containing 0.2% Triton
X-100 overnight; 8 µm cryosections were mounted onto
polylysine-coated slides (Boster Company, Wuhan, China) and
air dried for 3 h, followed by re-hydration in ddH2O for
5 min. Slides were then put in citrate buffer solution for
antigen retrieval by high-temperature heat method (98◦C for
30 min). SP staining method (Boster Company, Wuhan, China)
was performed according to the manufacturer’s directions.
Sections were incubated with the anti-Ms A-mAChR antibody
(GenScript, Piscataway, NJ, United States), at a concentration
of 3 µg/ml in PBS overnight in a humidified chamber at
4◦C. After washing three times with 0.1 M PBS, 5 min
each time, sections were incubated in the secondary antibody
goat anti-rabbit IgG conjugated with biotin (Boster Company,
Wuhan, China) at 37◦C 30 min. Sections were washed
in PBS five times, 5 min each time, then stained with
diaminobenzidine (DAB) detection kit (Boster Company,
Wuhan, China). Substitution of the pre-immune serum for
the anti-MsA-mAChR antibody was conducted as the control.

7http://www.genscript.com/antigen-design.html
8http://www.ncbi.nlm.nih.gov/blast/Blast.cgi

Sections were photographed with a LEICA QwinV3 image
analysis system (LEICA, Germany).

RESULTS

Cloning and Characterization of A-Type
mAChR in M. separata
A 1566-bp cDNA fragment was obtained by homologous cloning
based on the conserved sequences of mAChRs from other
insects. The NCBI Blastn running result showed that it was
homologous to insect mAChRs. Then a 532-bp fragment of
3′ RACE and a 715-bp fragment of 5′ RACE were obtained
from the nested PCR based on the known sequence. The
three overlapping fragments were assembled and achieved a
2369 bp full-length cDNA for M. separata mAChR (GenBank
accession no. KY296116). It contains an ORF of 1806 bp,
with a 5′-untranslated region (UTR) of 274 bp and 3′-UTR
of 289 bp (Figure 1). Gene specific primers (S2, A2) across
ORF were used to confirm the sequence obtained. Sequenced
results reveal that it entirely overlapped with the assembled
mAChR cDNA. The ORF encodes a protein of 602 amino acid
residues with a predicted molecular mass of 67.4 kDa and an
isoelectric point of 9.42. Comparison of this protein sequence in
GenBank employing Blastp revealed a high degree of similarity
(>65%) with D. melanogaster and T. castaneum A-type mAChR.
We designated it as Ms A-mAChR. Transmembrane-spanning
domains prediction analysis revealed the presence of seven
hydrophobic domains as membrane-spanning segments (TM1–
TM7, Figure 1). Seven N-glycosylation consensus sequence
NX[ST]X: 6–9 NDSS, 10–13 NLTD, 115–118 NASV, 244–247
NSSD, 397–400 NATT, 560–563 NSTI, 572–575 NATF, four
cAMP- and cGMP-dependent protein kinase phosphorylation
sites [RK]X[ST]: 141–144 KRTT, 145–148 RRAT, 466–469 RRTS,
499–502 KKKT, and one cell attachment sequence 449–451 RGD
were found in the protein sequence (Figure 1). One G-protein
coupled receptor signature (position 116-132) was found in TM3
and IL2 (Figure 1); 14 amino acid residues forming a binding
pocket for the antagonist QNB (Haga et al., 2011; Collin et al.,
2013) are distributed in the TM3–TM7 transmembrane helices
of the receptor (marked with a circle in Figure 1). The proposed
(“modeled”) 6 binding amino acid residues for ACh (Haga et al.,
2011) are also found in this receptor (Figure 1). The conserved
DRY (Asp 127-Arg 128-Tyr 129) residues at the IL2 and a NPXXY
motif in TM 7, both of which are highly conserved in rhodopsin-
like G protein-coupled receptors (Moro et al., 1993; Eilers et al.,
2005). The conserved amino acid residues that are responsible
for coupling the mAChRs to Gq/11 (Ren et al., 2015) are found
in the IL2 and IL3 of M. separata A-type mAChR (marked
with a triangle in Figure 1). The motif WXFG in extracellular
loop one (EL1) is highly conserved across Class A GPCRs,
which plays a critical role in GPCR targeting to the plasma
membrane (Rizzo et al., 2018). The Ms A-type mAChR shares
identity to the orthologs in T. castaneum (EFA01319), Drosophila
(AFJ23965), and Apis mellifera (XP_395760) is 65, 64, and 61%,
respectively, and shares 37% identity to B-type and 26% to
C-type receptors of Drosophila. Phylogenetic analysis of all insect
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FIGURE 2 | Phylogenetic tree constructed on the basis of overall protein
sequences of mAChRs from insects and human m1–m5 mAChRs (released in
GenBank). Numbers at branch nodes are percentages of bootstrap
confidence values. The phylogenetic tree was constructed by MEGA 7.0,
using the neighbor-joining method with bootstrap test with 1000 replicates
and a Poisson correction model. Mythimna separata, Ms: Ms-mAChR-A
KY296116; Apis mellifera, Am:Am-mAChR-A XP_395760.4, Am-mAChR-B
XP_006558421.1; Bombyx mori, Bm: Bm-mAChR-C XP_004924179.1;
Tribolium castaneum, Tc: Tc-mAChR-C EFA01319.1, Tc-mAChR-A
AFJ23966.1, Tc-mAChR-B AFJ23968.1; Anopheles gambiae, Ag:
Ag-mAChR-C XP_310742.3; Drosophila melanogaster, Dm: Dm-mAChR-A
AFJ23965.1, Dm-mAChR-B AGE13748.1, Dm-mAChR-C AAF46208.1;
Homo sapiens, Hs:Hs-mAChR-M1 NP_000729.2, Hs-mAChR-M2
NP_001006633.1, Hs-mAChR-M3 NP_000731.1, Hs-mAChR-M4
NP_000732.2, Hs-mAChR-M5 NP_001307846.1.

mAChRs and human m1–m5 mAChRs revealed that the insect
A-type mAChRs grouped together and clustered with human
m1–m5 mAChRs, and then clustered with insect B-type mAChRs
(Figure 2). Interestingly, the C-type receptors divided from the
mAChRs and formed a different cluster. The Ms A-type mAChR
was most closely related to Drosophila A-mAChR (Figure 2).

Functional and Pharmacological
Characterization of Ms A-Type mAChR
Human embryonic kidney (HEK) 293 cells transiently expressing
the putative Ms A-type mAChR was used to functionally
characterize the pharmacological properties of this gene.
Ligand–receptor interaction was monitored using a calcium
mobilization assay and a cAMP assay. The result showed that
a low concentration (10 nM) of carbachol and muscarine can
apparently induce the increase of the intracellular Ca2+ level,
and the Ms A-mAChR was robustly activated by carbachol
(Figure 3A) and muscarine (Figure 3B) in a dose-dependent
manner, with the EC50 (half maximal effective concentration)
value of 124.6 and 388.1 nM. These agonists did not show
any Ca2+ response in untransfected HEK-293 cells or GFP
transfected HEK293 cells. For assays with an antagonist, the
elevation of the Ca2+ level caused by 10 µM carbachol was

significantly reduced by the classical antagonist atropine (80%
inhibition at 1 nM), with an IC50 (half maximal inhibition
concentration) value of 0.09 nM (Figure 3C). For cAMP assay,
it was strange that 10 µM carbachol (Figure 3D) and muscarine
(Figure 3E) can increase the concentration of intracellular cAMP,
but no response was found with a concentration of agonist of less
than 1 µM (Figures 3D,E). The control cells (GFP transfected
HEK293 cells or untransfected cells) did not show a cAMP
response to carbachol or muscarine (data not shown). And for
assays with a dilution series of antagonist, no apparent increase
of cAMP was detected in the cells treated with 10 µM carbachol
(Figure 3F). The substitution of 0.1% DMSO for the agonist was
used as another control, and no response was observed in the Ms
A-mAChR transfected cells (data not shown).

Expression Profiles of A-Type mAChR
mRNA in M. separata
The expression levels of Ms A-type mAChR transcripts in
different developmental stages of M. separata were detected by
qRT-PCR. Results show that it is extensively expressed in all
developmental stages. The lowest expression level is found in
larvae stages and the highest in adults (Figure 4). During larval
development, the transcripts are highest in the egg (3 days
after laying) and decline greatly in the first instar (only one-
third of amount in eggs), then gradually decreasing with further
development and is lowest in the sixth instar before pupation
(Figure 4). In the pupal stage, it becomes possible to distinguish
between males and females. Expression levels increase slightly but
have not reached the level of the first instar, maintaining at a low
level in both male and female pupae of different developmental
stages, and with no apparent difference in expression between
male and female pupae (Figure 4). But the expression levels
increase greatly in adult stage, at the first day of eclosion, just
reaching to that of the first instar, and with no apparent difference
between male and female adults 1 day after eclosion. However,
the expression level increases greatly at the third day of eclosion,
with nearly 24 times more in females than that in the first
instar. Furthermore, there is a great difference between male and
females, with 12 times more in females than that in males. This
apparent differential expression level between male and female
adults was maintained through the following days, reached to
26 times more in females than that in males at 7 days after
eclosion (Figure 4).

Similarly, qRT-PCR was performed to determine the
differential expression of A-type mAChR mRNA in different
tissues of the male and female adults at 3 days after eclosion.
The results show that there is also a widespread distribution
of A-type mAChR in the various tissues of M. separata.
Unexpectedly, the highest expression was not in the head
but in the Malpighian tubules in both the males and females,
followed by ovary, fat body, and head. The lowest expression
was found in the midgut and testis (Figure 5). Using the
heads of females for calibration, the gene transcription level
was found to be 484-fold higher in the Malpighian tubules of
females and 423-fold higher in that of males compared with
the head calibration designated as 1. Surprisingly, a greatly
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FIGURE 3 | Functional assay of Mythimna separata A-type mAChR transiently expressed in HEK293 cell lines. (A) Dose–response curves of the effects of carbachol
on representative [Ca2+] i responses. (B) Dose–response curves of the effects of muscarine on representative [Ca2+] i responses. (C) Dose–response curves of the
effects of antagonist atropine on the [Ca2+] i responses induced by 10 µM carbachol. (D) Dose–response curves of the effects of carbachol on modulation of
intracellular cAMP of A-type mAChR transiently expressed in HEK293 cell lines. (E) Dose–response curves of the effects of muscarine on modulation of intracellular
cAMP of A-type mAChR transiently expressed in HEK293 cell lines. (F) Dose–response curves of the effects of antagonist atropine on intracellular cAMP responses
induced by 10 µM carbachol.

FIGURE 4 | Relative expression profiles (±standard error of the mean; n = 3) of Ms A-type mAChR mRNA in different developmental stages of Mythimna separata.
All expression levels are shown relative to the expression level in the first instar. Developmental stages from egg to the last instar; **highly significant difference
[P 5 0.01, analysis of variance (ANOVA)] compared with other larval stages. Developmental stages from pupae to adults of male and female M. separata. **highly
significant difference [P 5 0.01, analysis of variance (ANOVA)] compared with males of the same developmental stage.

significant differential expression between males and females
was found in the reproductive system, the expression level in
the ovary being more than 204 times higher than in the testis

(28.66 in ovary and 0.14 in testis). There were also measurable
differences in receptor levels of the head between males and
females (Figure 5).
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FIGURE 5 | Relative expression profiles (±standard error of the mean; n = 3)
of Ms A-type mAChR mRNA in different tissues of Mythimna separata adults.
All expression levels are shown relative to the expression level in the head of
female adults. **highly significant difference [P50.01, analysis of variance
(ANOVA)], *significant difference (P 5 0.05, ANOVA).

To verify whether there exists different Ms A-type mAChR
isoforms between the brains and other tissues (ovaries and
Malpighian tubules), the receptor sequence was cloned by using
gene specific primers (S2, A2) across ORF from the brain, ovary
and Malpighian tubules cDNAs, respectively. The result showed
that there was no difference between the receptor sequences from
different tissues.

Ms A-mAChR Protein Distribution
From the results of tissues mRNA distribution of Ms A-mAChR,
we are interested in its distribution in the ovary of female as
well as the brain of males. A polyclonal antiserum raised against
a synthetic peptide corresponding to the C terminus of Ms
A-mAChR was used to determine the distribution of the protein.
The results show that during oogenesis, Ms A-mAChR protein
was detected on the membrane of different developmental stages
of oocyte. No positive signal was found in the nutrient cells
or the follicular cells (Figure 6). During the early stages of
oogenesis, there was a moderate positive signal at the membrane
of the oocyte (Figure 6A). As the oocyte grows, this positive
reaction became stronger and was also mainly distributed at
the membrane of the oocyte (Figure 6C) and fully grown
oocytes (Figure 6D). There was no positive signal in the controls
(Figure 6B). In the brain of the male adults, Ms A-mAChR
protein was mainly distributed in the antennal lobes (ALs),
the optic lobes (OLs), and moderate expression was found in
mushroom bodies (MBs) and the central complex of the brain
(Figure 7). In the ALs, Ms A-mAChR protein was located along
the fibers of ordinary glomeruli and in the lateral cell cluster
(Figures 7C,E). The protein was also found in the proximal layer
of the lamina (Figure 7D), fibers in the optic chiasm and the

FIGURE 6 | Immunostaining in the ovary of female Mythimna separata adults
with polyclonal antiserum against Ms A-type mAChR protein.
Streptavidin-peroxidase (SP) staining technique, cryosections. (A) Arrows
showing the moderate positive signal at the membrane of the oocyte in the
early stage of oogenesis. (B) The negative control, showing no positive
signals. (C,D) Arrows the strong positive signal at the membrane of the
oocytes and the old development oocytes. Scale bar = 200 µm.

medulla of OLs near the optic chiasm (Figure 7D) as well as the
fibers in OLs (Figure 7A). There was no positive signal in the
control (Figure 7F).

DISCUSSION

Molecular Properties of the Ms A-Type
mAChR
The full-length cDNA sequence of an A-type mAChR from
M. separata was identified by degenerative PCR and Race
methods. The presence of seven potential membrane-spanning
segments and the G-protein coupled receptors signature
(Figure 1) revealed that it was a GPCR. When blasted in the
protein database, it shares a high degree of sequence similarity
(>50%) with the A-type mAChRs of insects. We therefore
designated it as Ms A-type mAChR. The phylogenetic analysis
including insect A-/B-/C-type mAChRs and human m1–m5
receptors show that Ms A-type mAChR is mostly related to
Drosophila A-type mAChR. The insect A-type mAChRs group
together and cluster closely with human m1–m5 receptors, but
not insect B- or C-type receptors (Figure 2). This indicates that
the insect A-type receptors may be structurally similar to human
mAChRs or have similar pharmacological properties to human
mAChRs. Further functional motifs analysis revealed that the
amino acid residues responsible for coupling the mAChRs to
Gq/11 (Ren et al., 2015) and the amino acid residues involved in
the antagonist QNB binding (Fryer et al., 2012) are also found
in Ms A-type mAChR. It appears that all mAChRs known to
be coupled to Gq/11 have these identical amino acid residues in
common, which are absent in the mAChRs known to be coupled
to Gi/0 (Ren et al., 2015). Thus, we speculate that Ms A-type
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FIGURE 7 | Immunostaining in the brain of male Mythimna separata adults with polyclonal antiserum against Ms A-type mAChR protein. streptavidin-peroxidase
(SP) staining technique, cryosections. (A) Frontal section of the brain of males showing the distribution pattern of Ms A-type mAChR protein. Large arrows showing
Ms A-type mAChR immunostaining in cell clusters and fibers of the optic lobe (OL), arrowheads showing Ms A-type mAChR immunostaining in antennal lobes (ALs),
small arrow showing Ms A-type mAChR immunostaining in the central body (CB) and mushroom body (MB). (B) Arrows showing Ms A-type mAChR immunostaining
in CB; small arrow showing Ms A-type mAChR immunostaining in MB. (C) Arrows showing Ms A-type mAChR immunostaining in the ordinary glomeruli (OG) and
fibrous core of ALs. Arrowheads showing Ms A-type mAChR immunostaining in the lateral cell cluster (LC) of AL. (D) Frontal section through the OL showing Ms
A-type mAChR immunostaining in the proximal layer of the lamina (La), fibers in the optic chiasm (OC) and the medulla (Me). (E) Arrowheads showing Ms A-type
mAChR immunostaining in the LC of AL and in the CB, arrows showing Ms A-type mAChR immunostaining in OG of AL. (F) The negative control, showing no
positive signals. Scale bar = 200 µm.
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mAChR may couple to Gq/11 to activate phospholipase C. The
six amino acid residues (Figure 1) that are responsible for ligand
binding (Haga et al., 2011) are also found in the Ms A-mAChR,
they are the same as in other insect and human mAChRs (Ren
et al., 2015), which is consistent with the fact that ACh is the
natural agonist, having comparable efficacy for these receptors
(Collin et al., 2013).

Functional Coupling to Intracellular
Second Messenger Pathways
HEK293 cells are widely used as a cell-based model for the
transfection of various mAChRs including the vertebrate and
invertebrate mAChRs (Lee et al., 1998; von der Kammer et al.,
1998; Thomas and Smart, 2005; Alfa Cissé et al., 2007; Luo
et al., 2008) to investigate cell signaling pathway. In order to
characterize the signal properties of Ms A-type mAChR, cDNA
encoding the receptor was transiently transfected into HEK
293 cells, which have also been used successfully in previous
studies to examine the pharmacological properties of cloned
insect GPCRs (Blenau et al., 1998; Grohmann et al., 2003;
Huang et al., 2009). Activation of heterologously expressed
Ms A-type mAChR by agonists carbachol and muscarine
led to a great increase of intracellular Ca2+concentration
(Figure 3). It is more sensitive to carbachol than muscarine.
And nanomolar concentrations of the ligand are sufficient to
evoke the Ca2+ signal. The classical antagonist atropine, a
competitive muscarinic antagonist (Smith et al., 1994), can
significantly reduce the elevation of Ca2+ level caused by 10 µM
carbachol. Previous research revealed that the insect A-type
mAChRs can be activated by low concentrations (10−8 M)
of ACh and muscarine, and blocked by the classical mAChR
antagonists atropine, scopolamine, and QNB (Collin et al.,
2013). The pharmacological profile of Ms A-type mAChR
receptor resembles that of the Drosophila and other insect
A-type mAChRs (Shapiro et al., 1989; Collin et al., 2013).
The vertebrate m2 and m4 receptors preferentially coupled
to members of the Gi/0 family, leading to a decrease of
intracellular cAMP (Shapiro et al., 1988; Eglen, 2005; Giglio
and Tobin, 2009; Bubser et al., 2012). In insect, a presynaptic
m2 subtype, which inhibits cAMP synthesis, was detected in
locust ganglia (Knipper and Breer, 1988). In order to determine
if the cloned receptor is able to inhibit adenylate cyclase
activity when expressed in HEK293 cells, the concentration of
intracellular cAMP was detected with various concentrations
of agonists and antagonist. Interestingly, no decrease of
intracellular cAMP concentration was observed in response
to the agonists. But transfected cells displayed an increase of
cAMP concentration when high concentrations of carbachol
or muscarine (10 µM) are applied (Figures 3D,E). This
phenomenon was also found in Shapiro’s research about
Drosophila mAChR (Shapiro et al., 1989). When Drosophila
mAChR was expressed in mouse Y1 adrenal cells, the agonist
carbachol stimulated the production of inositol phosphates.
The carbachol also increased the production of cAMP. They
speculated that one of the limitations of this approach (shared
with the expression studies on vertebrate mAChRs) is that

the coupling of foreign receptors can depend both on the
host cells and on the receptor densities (Trimmer, 1995).
Moreover, Grohmann’s research about an octopamine receptor
(Grohmann et al., 2003) found that nanomolar to micromolar
concentrations of octopamine induced the increase of the
intracellular Ca2+concentration, but incubation of Amoa1-
transfected HEK 293 cells with high concentration of octopamine
(10 µM) would also cause a significantly higher level of cAMP
production. They supposed that the increase in intracellular
cAMP concentration observed at high octopamine concentration
was most probably a secondary effect, induced by massive Ca2+

release. Previous research also indicated that heterologously
expressed GPCRs can activate different intracellular signaling
systems, depending on the cell line used for expression and
the agonist used for receptor stimulation (Robb et al., 1994;
Reale et al., 1997; Sidhu and Niznik, 2000). In the case of
Ms A-type mAChR, activation of heterologously expressed Ms
A-type mAChR with agonists at physiological concentrations
specifically causes the increase of Ca2+ concentration. These
findings are consistent with the bioinformatics analysis that Ms
A-type mAChR owned the amino acid residues responsible for
coupling to Gq/11, and clustered with insect A-type mAChR.
The cAMP response, however, is only observed when high
concentrations of agonists (10 µM) are applied. The control
cells (GFP transfected HEK293 cells or untransfected cells) did
not show any cAMP response to carbachol or muscarine even
with high concentration (10 µM). Antagonist atropine even
with low concentration would suppress this effect. Therefore,
we speculated that the Ms A-type mAChRs couple to Gq/11
to activate phospholipase C, leading to a signaling cascade
that produces an increase in cellular Ca2+ concentration. The
massive increase in [Ca2+]i caused by stimulation with high
concentrations of agonists may activate the adenylyl cyclase in a
secondary reaction. However, further research would perform to
reveal this speculation.

Functional Implications of the Ms A-Type
mAChR
Previous research revealed that AChRs in insects appear to
be expressed exclusively in the nervous system (Sattelle, 1980;
Breer and Sattelle, 1987). More attention was focused on
its physiological function within the nervous system through
the application of muscarine agonists (Hoffmann et al., 2007;
Heck et al., 2009). In this study, we found that a basal Ms
A-type mAChR transcription was detected in all developmental
stages (Figure 4), indicating the consistent expression of Ms
A-type mAChR throughout M. separata development. However,
expression level was higher in egg and adult stages, and especially
in female adults. The transcript level was approximately 73-fold
higher in female adults at 7 days after eclosion, relative to the
first instar. Lower levels were always found in the larval and
pupal stages. These results may suggest an important biological
role for Ms A-type mAChR in female adults. A-type mAChR
expression analysis in D. melanogaster revealed that a high
expression level is found in 3-day-old male and female pupae
and in male adults, while female adults contain about 4–12
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times lower concentrations of the mRNAs for the receptor
compared to the males (Collin et al., 2013). In our result, Ms
A-type mAChR mRNAs maintain a constant lower level across
all pupal developmental stages, while female adults contain
about 10–26 times higher concentrations of A-type mAChR
transcripts than the male adults. This may indicate that the
physiological roles of A-type mAChR are different between
Diptera and Lepidoptera.

In order to determine where the high concentration of Ms
A-type mAChR mRNA is distributed in adults, we identified the
tissue expression profiles in male and female adults at 3 days
after eclosion. Surprisingly, the highest expression was not found
in the head, but in the Malpighian tubules of both males and
females. This result is different from D. melanogaster, where
both A- and B-type mAChRs were found mainly in the head
compared to the thorax and abdomen (Collin et al., 2013).
Furthermore, there was 2.54 times higher level of Ms A-type
mAChR transcripts in the male head compared to the female
head. Further immunohistochemistry study found that the Ms
A-type mAChR protein mainly located in the ALs, the OLs, the
MBs, and the central complex of the male brain. This general
result is similar to the mRNA distribution patterns previously
described for mAChR from the ant P. vicina (Lü et al., 2011)
and the mAChR protein distribution in Drosophila (Blake et al.,
1993). It further establishes the neuroactive roles of Ms A-type
mAChR in the brain of M. separata. As we known, ALs and
OLs are the primary integration center for olfactory and optical
information, respectively. And the MBs receive afferents from the
primary sensory regions of the brain (Gronenberg, 2001; Farris
and Sinakevitch, 2003). In addition, the connection between
the AL projection neurons and the MB calyces is cholinergic
(Hansson and Anton, 2000; Lozano et al., 2001), the cholinergic
signaling via muscarinic receptors plays a role in olfaction-based
social behavior in honey bees (Ismail et al., 2008). Moreover,
in Drosophila and honeybee, pharmacological studies revealed
that mAChRs take great roles in the formation and recall of
memory, and couple experience to structural brain plasticity
(Lozano et al., 2001; Ismail et al., 2006; Silva et al., 2015). In
this study, the high expression of Ms A-type mAChR in the
ALs and the OLs may suggest the function of this receptor in
integrating the primary olfactory and visual information. The
MBs are responsible for higher order integration of sensory
information and involved in multimodal sensory integration and
certain forms of learning and memory. The moderate expression
of Ms A-type mAChR in the MBs may indicate this receptor is
also involved in high-order integration of olfactory and optical
information. It is consistent with the pharmacological studies of
mAchRs in the honeybee (Lozano and Gauthier, 1998; Lozano
et al., 2001; Ismail et al., 2008). Taken together, we can propose
that Ms A-type mAChR in the brain may be related to its neural
physiological function in males for modulating the olfactory and
visual information.

In vertebrates, epithelial ACh (non-neuronal) has been shown
to be released into the lining fluid and is involved in the
regulation of ion- and water transport (Hollenhorst et al.,
2012). From our results on signaling properties of this receptor,
the Ms A-type mAChR coupled to Gq/11 and induced the

increase of intracellular Ca2+ concentration. It seems that
the highest expression of Ms A-type mAChR in Malpighian
tubules may be related to its excretory function, for example,
the transport of ions and water. This speculation needs to be
further identified.

We are more interested in the greatly differential expression
in the reproductive system of males and females (204 times
more in ovary than in testis). Previous research revealed that
circular and longitudinal muscles were detected in the ovaries
of a number of Lepidoptera, including the flour moth Ephestia
kühniella (Cruickshank, 1973), the sugar cane borer Diatraea
saccharalis (dos Santos and Gregório, 2002), and the butterfly
Calpodes ethlius (Griffith and Lai-Fook, 1986). We therefore
speculate that the high expression of Ms A-type mAChR in ovary
may be related to the movement of the eggs down the tract
from ovarioles. Surprisingly, Ms A-mAChR protein is localized
on the membrane of different developmental stages of oocytes
that are not innervated by neurons at all. And no Ms A-mAChR
protein was found in the nutrient cells or the follicular cells. This
membrane-bound pattern corresponds with the fact that mAChR
is a membrane receptor.

In vertebrates, ACh and the pivotal components of the
cholinergic system are expressed by the majority of cells not
innervated by neurons at all, which are vital for various
types of cells such as epithelial, endothelial and immune cells
(Wessler and Kirkpatrick, 2008; Kummer and Krastevachrist,
2014). m3 and m4 receptors were also found in mouse
oocytes to be linked to Ca2+ oscillations (Kang et al., 2003).
And oocytes of some vertebrate species have been found to
synthesize ACh and express muscarinic receptors (Eusebi et al.,
1984; Fritz et al., 2001; Angelini et al., 2004). Honeybees
can produce millimolar concentrations of non-neuronal ACh
for breeding and the fertilized oocytes also contain ACh
(Wessler et al., 2016). In the sphinx moth M. sexta, the
muscarinic cholinergic system was not restricted to the sensory
neurons but was also present in glial and epidermal cells
(Clark et al., 2005), and muscarinic cholinergic interactions
between the neural and non-neural cells during the development
of Manduca antenna (Torkkeli et al., 2005). However, our
knowledge about a possible role of ACh and the cholinergic
system in reproduction processes of non-mammalian animals
is very scanty (Wessler and Kirkpatrick, 2017). In our result,
the high level of Ms A-mAChR protein located on the
membrane of oocytes which are completely devoid of any
innervation may suggest a new non-neuronal function of
A-type mAChR in the female reproductive system that has
never been reported for insects. Non-neuronal cholinergic
systems have been introduced to describe the expression and
biological role of ACh released from non-neuronal cells to
communicate with neighboring non-neuronal cells and also to
trigger intracellular signaling independent of neuronal input
(Wessler et al., 1998, 1999). We are interested in where the
ACh in ovaries of the armyworm comes from. If it is released
from ovarian innervation, ACh would have to reach this
cellular compartment by diffusion. However, ACh is a labile
and short-lived molecule (Mayerhofer and Kunz, 2005). Further
experiments to determine where the ACh comes from and pivotal
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components of the cholinergic system in ovary of M. separata
are in progress.
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