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Abstract
FMRFamide-related peptides (FaRPs) are a class of neuropeptides that participate in a variety of physiological processes in 
invertebrates. They occur in nerves of stomatogastric ganglia and enteroendocrine cells of the insect digestive tract, where 
they may control muscle functions. However, their direct involvement in muscle function has never been shown in situ. We 
studied the relationship between FaRPs and midgut muscle during larval–pupal transition of the mosquito Aedes aegypti. In 
late L4, FaRP-positive neuronal extensions attach to the bundles of the external circular muscle layer, and muscle stem cells 
start to undergo mitosis in the internal circular layer. Thereafter, the external muscle layer degenerates, disappearing during 
early pupal development, and is completely absent in the adult mosquito. Our results indicate that FaRP-based neural signals 
are involved in the reorganization of the muscle fibers of the mosquito midgut during the larval–pupal transition. In addition 
to confirming FaRP involvement in muscle function, we show that the mosquito midgut muscles are largely innervated, and 
that circular and longitudinal muscle have specific neuron bodies associated with them.
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Introduction

FMRFamide is a tetrapeptide that gives the name to the 
extended family of FMRFamide-related peptides (FaRPs). 
It was first isolated from the mollusk Macrocallista nim-
bosa and described as a heartbeat-accelerating neuropeptide 
(Price and Greenberg, 1977a, b). Later, peptides sharing sim-
ilar sequences were found in other mollusks and members 
of other invertebrate groups, such as insects (Arthropoda) 

(Žitňan et al. 1993; Nassel et al. 1994; Price and Greenberg 
2007; Elphick and Mirabeau 2014). All peptides sharing the 
RFamide C-terminal sequences are currently described as 
FaRPs. This neuropeptide family includes products of dif-
ferent genes (Strand et al. 2016; Hao et al. 2020), with the 
term FaRPs implying the RFamide signature and analogies 
to FMRFamides rather than genetic family. Neuropeptides 
F (NPF), short neuropeptides F (sNPFs), FMRFamides, 
myosupressins, and sulfakinins are members of the FaRPs 
group (Nassel and Winther 2010; Nagata 2016; Strand et al. 
2016). They exert a wide range of basic physiological roles 
in invertebrates, such as regulating feeding, development, 
diapause, and reproduction (Orchard et al. 2001; López-Vera 
et al. 2008; Sedra and Lange 2016; Hao et al. 2020).

FaRPs are important neurotransmitter/neuromodulator 
peptides of invertebrates (Cottrell 1993; Predel et al. 2010; 
Taghert and Nitabach 2012; Tarr et al. 2019) and have been 
detected in the gastrointestinal tract of a variety of insects 
(Brown et al. 1986; Nichols et al. 1999; Onken et al. 2004; 
Haselton et al. 2008; Godoy et al. 2015; Souza et al. 2016; 
Oliveira et al. 2019), including the mosquitoes Aedes (Ste-
gomyia) aegypti (Linnaeus 1762) (Brown et al. 1986; Stanek 
et  al. 2002; Fernandes et  al. 2014) and Toxorhynchites 
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theobaldi (Godoy et al. 2015). In adults of these species, 
FaRPs are found in axons and in enteroendocrine cells of 
the anterior and posterior midgut, respectively (Brown et al. 
1986; Stanek et al. 2002; Fernandes et al. 2014; Godoy et al. 
2015). However, the distribution of these neuropeptides in 
the midgut of A. aegypti L4 larvae has not been reported.

FaRP-positive enteroendocrine cells have been reported 
to occur in the digestive tracts of insects, using immuno-
fluorescence with anti-FMRFamide antibodies (Brown et al. 
1986; Souza et al. 2016; Oliveira et al. 2019). However, the 
roles FaRPs play in these cells are unknown. It has been sug-
gested that enteroendocrine cells may monitor the nutrient 
content of the midgut lumen or tension of the muscle wall, or 
both, thereby acting locally by regulating the production of 
digestive enzymes and contraction of muscle cells (Nichols  
et al. 1999). According to functional assays, FaRPs may 
also change the rates of rhythmic longitudinal and peristaltic 
waves of contractions in insect digestive tract (Kingan et al. 
1996; Krajniak 2013).

Various types of neuropeptides, including FaRPs, regu-
late key biological processes involved in growth, reproduc-
tion, metabolism, and development of insects (Nassel and 
Winther 2010; Strand et al. 2016; Nassel and Zandawala 
2019). Thus, these molecules have been targeted for use as 
a new generation of potential vector and insect pest control 
agents (Fónagy 2007; Scherkenbeck and Zdobinsky 2009; 
Bureau 2015). A. aegypti is a major vector of arboviruses, 
such as dengue, Zika fever, and chikungunya, that affect 
populations of countries worldwide (Weetman et al. 2018). 
In this context, the discovery of essential functions played by 
FaRP neuropeptides during mosquito metamorphosis could 
translate into the use of these molecules as insecticides, con-
tributing to control strategies that focus on the mosquito 
immature stages.

As holometabolous insects, the mosquito life cycle 
includes the immature larval and pupal stages that lead to 
the adult (Peters et al. 2014). Mosquito larvae are aquatic 
and detritivorous, whereas adults are terrestrial and necta-
rivorous, while females feed on blood for egg production. 
At the end of the last larval stage, internal organs, such as 
the midgut, undergo deep structural changes and begin to 
be reshaped into adult organs, adapting the mosquito to its 
new ecological niche. These changes are regulated by several 
hormones, such as 20-hydroxyecdysone (20E) and juvenile 
hormone (JH), that coordinate cell-specific expression of 
nuclear receptors and transcription factors in larval tissues 
(Nishiura et al. 2003; Wu et al. 2006; Parthasarathy and Palli 
2007). During pupation, the regenerative cells of the mid-
gut epithelium (epithelial stem cells) start differentiation to 
replace the mature cells (enterocytes and enteroendocrine 
cells). The mature cells degenerate and detach towards the 
lumen, as the new digestive epithelium is formed (Nishiura  
et al. 2003; Wu et al. 2006; Fernandes et al. 2014). At the 

same time, the midgut muscles also undergo structural 
changes (Bernick et al. 2008), but the mechanisms involved 
in its remodeling are unknown.

The A. aegypti larval midgut is surrounded by circular 
and longitudinal muscles. Circular muscles form intercon-
nected rings that intersect with the longitudinal muscles, 
wrapping the midgut in a supportive mesh (Bernick et al. 
2007). During pupation, the larval midgut muscles show 
signs of degeneration and atrophy losing myofibril content 
but retaining intact cell membranes (Bernick et al. 2007). 
However, it is not clear whether muscle cells are generated 
de novo during pupal muscle remodeling, as is the case for 
midgut epithelial cells.

In situ labeling has not been used to investigate the role 
of FaRPs in insect muscle function. Previously, liquid chro-
matography and radioimmunoassay were used to investigate 
the action of FaRPs in muscles of migratory locust (Locusta 
migratoria), and in vitro assays were used to detect mus-
cle contractions in the fruit fly (Drosophila melanogaster)  
(Duttlinger et al. 2002; Hill and Orchard 2004; Krajniak 
2013) and in perfused midgut preparations of A. aegypti 
(Onken et al. 2004). In this study, we used in situ labeling to 
show that neuropeptides are directly involved in muscle func-
tion. We provide a new interpretation about the neuromuscu-
lar connections and enteric nervous system of mosquitoes.

Material and methods

Screening of the FaRP genes in A. aegypti

As previously described, FaRPs include five distinct sub-
groups of molecules, namely NPF, sNPF, FMRFamides, 
sulfakinins, and myosupressins. FMRFamide antibodies react 
with members of all five subgroups (detecting the RFamide 
epitope). For this reason, it was not possible to identify the 
subgroups using FaRP immunolabeling. Identification of A. 
aegypti FaRP genes was based on neuropeptide gene lists 
generated previously for A. aegypti and Drosophila spp. 
(Strand et al. 2016; Nassel and Zandawala 2019). The genes 
corresponding to NPF, sNPF, extended FMRFamides, myo-
supressin, and sulfakinin; and their predicted prepropeptide 
products were verified on NCBI (https:// www. ncbi. nlm. nih. 
gov/), UniProtKB / Swiss—Prot (https:// unipr ot. org), and 
VectorBase (https:// vecto rbase. org/ vecto rbase/ app) platforms 
to generate an updated list of A. aegypti FaRP genes. The 
mature neuropeptide sequences for each FaRP gene are listed 
according to Stanek et al. (2002) and Predel et al. (2010).

Mosquitoes

Larvae of A. aegypti (PPCampos strain, Campos dos Goytacazes,  
RJ) were reared in the insectarium at the Departamento de 
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Biologia Geral at the Universidade Federal de Viçosa and 
were collected at the following stages: L3 (randomly chosen), 
early (< 24 h) and late L4 (> 72 h), and early pupae (> 2 h). 
The insects were fed with turtle food (Nutral Ouro, Campi-
nas, São Paulo, Brazil) ad libitum and kept in an incubator at 
26 ± 3 °C and a 12-h photoperiod.

Immunofluorescence

Midguts of L3, early and late L4, and early pupae (15, 15, 
25, and 15 individuals, respectively) were dissected in  
phosphate-buffered saline or PBS (0.1 M NaCl, 20 mM 
 KH2PO4, and 20 mM  Na2HPO4; pH 7.6) and its food con-
tent (and the surrounding peritrophic matrix) were removed 
with the aid of tweezers. They were fixed with Zamboni fixa-
tive solution (4% paraformaldehyde and 0.4% picric acid in 
PBS), washed in PBST (0.1% Tween 20 in PBS) three times 
for 30 min each, and incubated for 24 h at 4 °C with primary 
antibody anti-FMRFamide (Rabbit polyclonal IgG, Genetex, 
USA) (1:400 v:v in PBS) in 1% PBST. After the incubation 
with the primary antibody, the samples were washed three 
times in PBS and incubated with FITC-conjugated second-
ary antibody (rabbit polyclonal IgG, Sigma-Aldrich, USA) 
(1:500 v:v in PBS) for 24 h at 4 °C, followed by three 10-min 
washes in PBS. After washing to remove excess secondary 
antibodies, the samples were stained with Phalloidin-Alexa 
546 (Thermo Fisher Scientific, Eugene, USA) (1:100 v:v in 
PBS) for 60 min to identify muscle tissue; and TO-PRO-3 
Iodide (Thermo Fisher Scientific, Eugene, USA) (1:1000 
v:v in PBS) for 30 min to stain cell nuclei (DNA). Then, 
all samples were washed in PBS and mounted with mowiol 
solution (Sigma-Aldrich, USA) and analyzed under a laser 
scanning confocal microscope (LSCM) 510 META at the 
Núcleo de Microscopia e Microanálise at the Universidade 
Federal de Viçosa (NMM, UFV). The nuclei of some sam-
ples with triple labeling were artificially colored in blue to 
facilitate the observation of the structures. The Z-stack tool 
of the LSCM was used to obtain 3D images and videos to 
allow a better visualization of the samples. It is important 
to note that all the samples were incubated with the nuclear 
marker TOPRO-3; however, the labeling was not detected 
in some of them due technical limitations of the reagent.

Another set of midgut samples from 15 pre-pupal L4 and 
10 early pupae were stained by means of a similar proce-
dure of fixation, incubation, and mounting, but the primary 
antibody used was anti-phospho-histone H3 (S10) (rabbit 
polyclonal IgG, Cell Signaling, USA) (1:100 v:v in PBS).

Negative controls were prepared using the midgut of 
the abovementioned stages (n = 5 of each) submitted to the 
same process as the other samples; however, they were not 
incubated with the primary antibodies. Positive controls for 
FMRF were obtained using adult T. theobaldi mosquitoes, 
whose labeling was detected in a previous study (Godoy 

et al. 2015). Positive controls for phosphohistone H3 were 
obtained using the midguts of A. aegypti L3 larvae, which 
show mitotic divisions of the regenerative cells of the diges-
tive epithelium.

Scanning electron microscopy

Complete midguts of L2, L3, early and late L4 larvae, and 
early pupae (early-1, 0–1 h post-pupation; and early-2, 3–4 h 
post-pupation) of A. aegypti (25 samples of each) were dis-
sected in PBS, pH 7.6 (0.1 M NaCl, 20 mM  KH2PO4, and 
20 mM  Na2HPO4), fixed in 2.5% glutaraldehyde solution 
(sucrose/cacodylate buffer 0.1 M, pH 7.2) for 24 h, post-
fixed with osmium tetroxide (1% v:v in distillated water) 
for 30 min and washed in PBS. After washing, the samples 
were dehydrated in an ascending ethanol series, critically 
point dried using  CO2, and sputter coated with gold. Sam-
ples were analyzed and photographed under the scanning 
electron microscope JEOL JSM 5600 at the Instituto René 
Rachou, Fiocruz, MG.

Results

A. aegypti FaRP genes

Table S1 lists the NPF, sNPF, extended FMRFamide, sul-
fakinin, and myossupressin genes detected in the A. aegypti 
genome, with each subgroup deriving from a single gene. 
The prepropeptide sequences and the predicted peptide prod-
ucts of the five genes are also listed. The mature NPF pep-
tide sequence was detected by radioimmunoassay (Stanek 
et al. 2002), whereas for the other FaRP subgroups, the pep-
tide products were sequenced by peptidomics (Predel et al. 
2010). As the FaRP peptides labeled by the FMRFamide 
antibody have an RFamide C-terminal end, only peptide 
sequences with this tag are listed.

Muscle organization of the larval midgut

The organization of the circular and longitudinal muscles 
of midgut of A. aegypti larva is shown in the Fig. 1a, b. 
Two circular muscles can be identified: internal circular 
muscles (ICMs) and external circular muscles (ECMs). The 
first is more internal and thinner in relation to the ECM 
layer and forms a spiral that extends throughout the mid-
gut, with each spiral ring sharing muscular fibers with the 
neighboring rings. This fiber sharing is seen at bifurcations 
that occur at specific points, which are close to the passage 
of two prominent and thicker longitudinal muscles (Fig. 1a, 
d, and Movie S1). The second type of circular layer is more 
external (ECMs) and has incomplete bundles, thick, and 
attached to the longitudinal muscles, forming cruciform 
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regions (Fig. 1a, b and Movie S1). The cruciform regions 
are present only in two lateral portions of the midgut, end-
ing exactly at the end points of the incomplete bands in the 
dorsoventral axis. The cruciform regions were not detected 
in the posterior midgut (Fig. 1e).

In all larval stages, excluding the late L4, FaRPs are 
seen as small, rounded points located close to the muscles 

throughout the midgut (Figs.  1c and S1a), or inside 
enteroendocrine cells dispersed in the posterior midgut 
(Fig. 1e, f).

Mitotic nuclei were detected in the digestive epithelium 
of all larval instars, excluding the late stage of L4 (Fig. S1b). 
No muscle mitotic nuclei were observed.

Fig. 1  The larval midgut of Aedes aegypti. a The muscle organization 
of early L4 midgut. Longitudinal muscle bundles (LM) and two types 
of circular muscles, the external muscles (ECMs) and internal circu-
lar muscles (ICMs), are present in the anterior midgut. The ECMs 
(thin arrows) are incomplete and fuse with the LMs, originating cru-
ciform cells (*) in two lateral portions (brackets) of the midgut. The 
ICM bifurcates (full arrow) at a common anteroposterior linear point 
of the midgut that is close to two prominent and thicker LMs (pLMs). 
Red: midgut muscles. b Cruciform (*) regions (bracket) formed by 
the fusion of the ECM (thin arrows) with LM bundles in a lateral 

portion of the midgut of early L4 larvae. c FaRP immunoreactivity 
(green) in numerous small points (thin arrow) throughout the car-
dia (Ca), gastric ceca (GC), and anterior midgut (AMG). Red: mid-
gut muscles. d, e Detail of the bifurcations (full arrow) of the ICM 
close to the pLM passage, in the AMG of L3 larva. e, f FaRP-positive 
enteroendocrine cells (En, green) in the posterior midgut (PMG) of 
early L4 (e) and L3 larva (f). DC: digestive cell; red: midgut muscles; 
blue: cell nuclei; a, c, e, and f: confocal microscopy; b and d: scan-
ning electron microscopy
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Late L4

Using scanning electron microscopy, the general muscle 
morphology and organization were similar to those of ear-
lier stages (Fig. 2a). However, FaRP-positive enteroen-
docrine cells were no longer found. Nevertheless, FaRP-
positive structures were observed in the cruciform regions 
associated with the ECM layer. Of 25 late L4 midguts, 
such immunoreactive structures were observed in 21 mid-
guts and were specifically located in the mid-position of 
the bundle fragment of the ECM, between their intersec-
tion points (cruciform points) with the longitudinal fib-
ers (Figs. 2b, c and S1c and Movie S1). Most of these 

FaRP-positive structures corresponded to individually 
well-defined ring-shaped structures (Figs. 1d and 2b–d). 
In some of them, the site where the FaRP-positive rings 
surrounded the ECM fibers had continuous and intact 
actin filaments (Fig. 3a, b). At other points, gaps (dark 
non-stained regions) were seen in actin filaments close to 
the sites surrounded by FaRP-positive rings (Fig. 3c, e). 
Although the absence of actin was clear in some surround-
ing sites, scanning electron microscopy of the correspond-
ing regions did not show physical breaks in the external 
structure of the ECM fibers, but sags were detected at 
some points (Fig. 3d, f).

Fig. 2  The midgut of A. aegypti late L4 larva. a The late L4 midgut 
muscles have incomplete bundles of external circular muscles (ECM) 
in two lateral portions (brackets) of the anterior midgut (AMG) and 
internal circular bundles undergoing bifurcations (full arrow) close 
to the passage of two prominent and thicker longitudinal muscles 
(pLM), similarly to the previous instars of larva, and early L4. LM: 
longitudinal muscles. b Presence of FaRP-immunoreactivity (green) 
only in the lateral portion (bracket) that corresponds with the locali-
zation of the external circular muscles fused with longitudinal ones 

(cruciform regions, corresponding rectangles of a and b). c Detail 
of the FaRP-immunoreactivity (green) in specific ring-shaped struc-
tures (thin arrows) associated with the ECM. ICM internal circular 
muscles. d Detail of the ECM in the region that corresponds with the 
FaRP-positive ring-shaped structures showed in c. The ring-shaped 
structures (thin arrows) are easily visualized by scanning electron 
microscopy. Inset: 3D view of the FaRP-positive ring-shaped struc-
tures detected in association with the ECM at the place exactly 
between two cruciform points (*). Red: midgut muscles
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Fig. 3  FaRP-positive structures in confocal images (a, c, e, g, and 
h) and their corresponding regions using scanning electron micros-
copy (SEM) (b, d, f, i, and j) in the midgut of late L4 larvae of Aedes 
aegypti. a Some FaRP-positive ring-shaped structures (green) sur-
round sites of the external circular muscle (ECM) fibers (thin arrow) 
that present intact actin filaments. They are seen surrounding the fib-
ers in the mid-position between two cruciform points (*). b Structure 
corresponding to the ring-shaped connection seen in a. The ring-
shaped structures are physically evident and have continuity with 
filamentous extensions (black arrow). c, d Other points surrounded 
by the ring-shaped structures have gaps in actin filaments (c), but the 
corresponding regions do not reveal physical breaks in the muscle fib-
ers. However, sags were detected in the ECM sites surrounded by the 
ring-shaped structures (thin white arrow), which presented filamen-
tous continuity (thin black arrow). e, f The gaps in actin filaments 

(thin white arrow) are clearly visualized in e, and the corresponding 
region also do not reveal physical breaks in the fiber structure in the 
surrounded sites, in f. g, h The end points of the incomplete bun-
dles of ECM have thin and branched FaRP-positive structures. g The 
FaRP-positive thin branches (thin white arrow) are disposed in a lin-
ear conformation along the anteroposterior axis of the anterior mid-
gut. Inset: Detail of the position of the thin branches. h Detail of the 
queued disposition of the FaRP-positive branches in the end points 
(thin white arrow) of the incomplete fibers of ECM. The internal cir-
cular muscles (ICMs) are seen below the grid of cruciform points (*). 
i, j The end points of the ECM seen using SEM in a wide field (i) and 
in detail (j). The numerous branches seen in h using confocal micros-
copy are not completely evident. However, some of these branches 
are detected (black arrow)
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In addition to the ring-shaped structures, thin and dense 
FaRP-positive ramifications occur repeatedly but are 
restricted to a single line along the anteroposterior exten-
sion of the midgut (except in the posterior region). These 
thin and dense ramifications are located exactly at the end 
points of the cruciform (incomplete) circular fibers (Fig. 3g, 
h), but only a few of the branches were detected using scan-
ning electron microscopy (Fig. 3i, j).

Mitotic nuclei were detected specifically in the ICM tis-
sues (Fig. 4a, b). Some of these nuclei were seen in anaphase 
(Fig. 4b). In contrast, no mitosis was observed in longitudinal 
muscle tissues (Fig. 4a, b).

Early pupa

In the early-1 pupa (0 to 1 h after pupation), the cruciform 
longitudinal and circular muscle bundles, similar to those 
of the larval stage, were also detected only in two lateral 
portions of the anterior midgut; they were larger than the 
corresponding structures of larval stage, with the cruciform 
intersection points close to each other (Fig. 5a–d). FaRP 
signal was no longer present in the cruciform circular mus-
cles, but gaps (dark non-stained regions) were detected in 
actin filaments in the regions where FaRP-positive neurites 
had been attached in the late L4 (Fig. 5b, inset). The ICM 

Fig. 4  Mitotic nuclei are detected in the muscle tissue of the internal 
muscle layers (ICMs) in the late L4 larva (a, b) and early pupa (c, 
d) of Aedes aegypti. No mitotic nucleus is detected in the longitudi-
nal muscle (LM) layers. a, b Muscle stem cells (MSCs) of the ICM 
of late L4 undergoing mitosis are showed in a wide field (a) and in 

detail (b). A mitotic nucleus (green) is detected in anaphase in b. 
Red: midgut muscles. c, d MSCs of the ICM of early pupa undergo-
ing mitosis are showed in a wide field (c) and in detail (d). Red: mid-
gut muscles; green: mitotic nuclei; blue: cell nuclei; pLM: prominent 
longitudinal muscles; ICM: internal circular muscles
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layers had the same organization, running above the grid 
of cruciform cells formed by the fusion of ECM and the 
longitudinal fibers (Fig. 5a, e). Additionally, the ICM lay-
ers were visualized in the posterior midgut, maintaining the 
same configuration as that of larval stages (Fig. 5f).

In some early-1 pupal midguts, FaRP-positive small 
rounded points were seen in rows (Fig. S1e), and FaRP-positive  
neuron bodies were detected in the anterior and anteroposterior 
transition region of the midgut (Fig. 6a–c). Among the neuron 
bodies, it was possible to discern three distinct types, depend-
ing on the orientation in the midgut and external/internal posi-
tion in relation to the muscles: (a) one or two external neurons 
(ENs) (with neuron bodies not attached to the midgut muscles) 
with longitudinal orientation; and (b) internal circular neurons 
(ICNs), with the neuron bodies arranged as longitudinal rows 
and closely attached to the ICM bundles. Each muscle bundle 
of the spiral muscle ring was associated with at least two of 
these neuron bodies. Their position was close to the passage 
of the two prominent and thick longitudinal muscles previ-
ously described, with one of each pair located either in the left 
or right of muscle bifurcations; c) internal longitudinal neu-
rons (ILNs), with neuron bodies attached to the longitudinal 
muscles. Their positions were not as well defined as the ICNs 
(Fig. 6a–c). All types of neurons presented extensions clearly 
visualized with FaRP labeling (Fig. 6a–c).

The location of the internal neuron bodies in the early 
pupa was difficult to visualize using scanning electron 
microscopy because they exhibited little difference in fiber 
dimensions. However, they were detected in some samples 
of early L4 (Fig. S1g, h) and were easily detected in L2 
(second instar) larvae (Fig. 6d–f). In L2, the internal neuron 
bodies gave a swollen appearance to the ICM and to the lon-
gitudinal muscle fibers. The specific locations of the swollen 
structures corresponded with FaRP immunolabeling of the 
neuron bodies in the early-1 pupae (Fig. 6a, d, e).

All FaRP-positive structures seen in late L4 and early 
pupae, including the ring-shaped and thin and dense 
branches (Fig. 6g), were combined to generate a model of 
their configuration in immature stages. The position of the 
neuron bodies attached to the ICM, close to their bifurcation 
point, and of the irregularly distributed neuron bodies of the 
LM, are shown (Fig. 6h).

In early-2 pupae (approximately 3–4 h after pupation), 
ECM bundles (cruciform), previously detected in the early 
(Fig. 7a, b and Movie S2) and late L4 (Fig. 7c, d) by labe-
ling of actin filaments, were absent in the anterior positions 
of the midgut or seen as residual structures (Fig. 7e, f and 
Movie S3). In addition, comparing the midgut muscle struc-
ture among early larva, late larva and early pupa, it was 
seen that all stages present actin gaps in ECM mid-positions 
between the cruciform points (Fig. 7b, d, f).

Finally, in both early-1 and early-2 pupae, muscle stem 
cells of the ICM bundles, which corresponded to the pre-
vious larval ICM, revealed continuous mitosis across the 
length of the midgut (Fig. 4c, d and Movie S4). The negative 
controls of the mitosis marker (PH3 immunolabeling) and 
FaRP detection (FaRP immunolabeling) were used to gener-
ate Fig. 7 b, d, and f, respectively.

Complementary findings and general results

To determine whether the adult midgut muscles have ECM 
bundles typical of the larval stages, adult mosquitoes were 
processed and whole-mounted to detect actin filaments. We 
found ICM-type muscles which bifurcate in a pattern similar 
to that of the larval instars and longitudinal muscle layers 
(Fig. S1i and Movie S5), which do not have ECM bundles.

The scanning electron microscopic images of Fig. 7 
(Fig. 7a, c, e) and stereomicroscopic images of Fig. 8 show 
the morphology of the entire midgut of the early and late L4 
and early pupae. Early L4 has a robust midgut and prominent 
gastric cecae, while the food could be clearly visualized in 
the lumen. In the late phase L4 larvae, the midgut tube and 
gastric ceca decreased in diameter and the food was absent 
in the lumen. In the early pupae, the gastric cecae were quite 
reduced, with only residual structures visible, and the mid-
gut was wider in diameter compared with that of the late L4.

The principal findings about muscle remodeling, with 
FaRP-positive structures and muscle stem cell dynamics, 
are presented in schematic form in Fig. 8.

Discussion

FaRP candidates expressed in the A. aegypti midgut

All the FaRP subgroups are found in the A. aegypti genome, as 
is the case for other insects such as Drosophila spp. and the mos-
quito Anopheles gambiae (Sedra and Lange 2016; Strand et al. 
2016; Nassel and Zandawala 2019). Their expression is tissue-
specific, with some subgroups not being detected in midguts. 
Only FaRPs of the sNPF subgroup were detected in the midgut 
peptidome of Drosophila spp. L3 larvae and adults (sequence 
SPSLRLRFamide) (Reiher et  al. 2011), whereas FaRPs 
of the NPF and sNPF subgroups were identified in midgut 

Fig. 5  The midgut of the early pupa of Aedes aegypti. The grids 
formed by cruciform cells (bracket) in the anterior midgut are seen 
in wide field (a, c) and in detail (b, d) using confocal (a, b) and 
scanning electron microscopy (c, d). The external circular muscles 
(ECMs) and the longitudinal muscles (LMs) of the grids are larger 
and with the cruciform regions (*) closer to each other than in the lar-
val stages (b inset and d inset). e The internal circular muscle (ICM) 
layers run above the grid of cruciform cells (*) in the anterior midgut. 
f The ICM remain in the same position and configuration of the larval 
stages in the posterior midgut. Red: midgut muscles; blue: cell nuclei, 
green: residues of FaRP immunoreactivity; A → P: anteroposterior 
axis; GC: gastric cecum; pLM: prominent longitudinal muscle
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transcriptomics (Nassel and Zandawala 2019; Hung et al. 2020). 
Considering mosquitoes, only NPF was detected in the midgut 
transcriptome of Anopheles gambiae adults (Warr et al. 2007) 
and only sNPF was detected in the midgut neuropeptidome of 
A. aegypti adults (sequences KAVRSPSLRLRFa, SPSLRL-
RFa, and APQLRLRFa) (Predel et al. 2010). Taking together 
results of transcriptomics, peptidomics, radioimmunoassays, 
and immunofluorescence experiments, the FaRP products of the 
NPF and sNPF subgroups were detected in mosquito midguts 
(Brown et al. 1994; Stanek et al. 2002; Stracker et al. 2002; Warr 
et al. 2007; Predel et al. 2010). As mentioned by Reiher et al. 
2011, peptides not predicted from the genome possibly escape 
from peptidomics analysis, which may explain the lack of detec-
tion of NPF by this technique. Therefore, presently the presence 
of only NPF and sNPF has been confirmed in insect midguts.

Studies that detected the expression of only the FaRPs 
NPF and sNPF in insect midguts did not assess the lar-
val–pupal transition. This period involves particular changes 
in gene expression of most organs and was not analyzed for 
neuropeptide expression. Thus, we cannot affirm that the 
other FaRPs subgroups (extended FMRFamides, myossu-
pressins, and sulfakinins) are never synthesized in midguts.

NPF and sNPF, as well as other FaRP subgroups, have 
pleiotropic effects, including myotropic functions (Onken 
et al. 2004; Roller et al. 2016; Zels et al. 2015; Sedra and 
Lange 2016; Fadda et al. 2019). In the present study, we 
demonstrated the direct involvement of FaRPs in the midgut 
musculature development during the larval–pupal transition. 
The implications of these findings are discussed below.

Larval midgut muscle morphology 
and FaRP‑positive structures

The midgut muscles have the same structural organization in 
all larval stages. The ICMs consist of rings of circular mus-
cles that connect to each other through bifurcations. These 

bifurcations arise at specific points on the same longitudinal 
line and form a spiral structure throughout the midgut. The 
longitudinal muscle layer, in turn, is more external and com-
prises numerous linear bundles that extend along the anter-
oposterior axis. As first described by Bernick et al. (2007), two 
lateral regions of the anterior midgut of A. aegypti larvae have 
an additional layer of circular muscles, which morphologically 
differ from the ICM layer. It differs because of the discontinu-
ous (incomplete bundles) are attached to the longitudinal mus-
cle bundles at their intersections. The attachment point of these 
intersections is composed of “cruciform cells,” muscle cells 
that possess myofibrils running at 90º angles to one another 
(cells with longitudinal and circular myofibril orientation) 
(Bernick et al. 2007).Together, these muscle elements form 
a typical “squared grid” configuration, easily visualized with 
scanning electron microscopy. The muscles of the “squared 
grid” differ from other muscle regions in some aspects, such as 
the presence of carbonic anhydrase immunoreactivity (Seron 
et al. 2004) that is absent in the posterior midgut (Bernick 
et al. 2007).

The FaRP-positive small rounded points seen on the sur-
face of the larval midgut epithelium (except late L4) corre-
spond to axon neurosecretory granules. These have also been 
shown in mosquito midgut axons by other studies (Brown 
et al. 1986; Brown and Lea 1988; Moffett and Moffett 2014; 
Godoy et al. 2015). The other FaRP-positive structures, the 
enteroendocrine cells, are typical of the posterior midgut 
of adult mosquitoes and other insects (Veenstra et al. 1995; 
Stanek et al. 2002; Micchelli et al. 2011; Beehler-Evans and 
Micchelli 2015; Godoy et al. 2015). The presence of these 
cells restricted to the posterior midgut in the A. aegypti lar-
vae, as occurs in the adults, reveals a structural correspond-
ence between the larval and adult midgut.

Mitosis was detected in regenerative cells of the digestive 
epithelium, but not in the midgut muscles of the L3 or L4 
larva. The absence of mitosis in the midgut muscle bundles 
indicates no muscle growth or regeneration during the devel-
opment of the mosquito larvae.

FaRP immunoreactivity during the larval–pupal 
transition

The midgut muscle structure of late L4 larvae did not show 
drastic differences from other larval stages except for the pat-
tern of FaRP immunoreactivity. As late L4 is the stage close to 
pupation, these changes are probably related to the preparation 
for metamorphosis. Enteroendocrine cells were not detected in 
the midgut, and FaRP immunoreactivity was seen in two struc-
tures associated with the additional circular muscle layer of the 
squared grid regions: single ring-shaped structures, and thin 
and dense ramifications. Both FaRP-positive structures have 
the typical morphology of neurites, which comprise the neu-
ronal extensions that carry and release neuropeptides (axons or 

Fig. 6  Distribution of three types of neurons in the midgut of imma-
ture stages of Aedes aegypti. a–c FaRP immunoreactivity (green) in 
neuron bodies and their ramifications in the midgut of an early pupa. 
A wide field view is showed in a. Three neuron types can be distin-
guished, depending on their orientation in the midgut and external/
internal position in relation to the muscles: the external neurons 
(ENs), the internal circular neurons (ICNs), and the internal longitu-
dinal neurons (ILNs). The thin white arrows show the extensions of 
the ENs in a, ICNs in b, and ILNs in c. Red: cell nuclei. d–f The 
midgut neurons in the larva of second instar using scanning electron 
microscopy. d The localization of the three neuron types in a wide 
field. e, f Details of the ICN (e) and ILN (f). g, h Redemonstration 
of the FaRP-positive ring-shaped (black full arrow) and densely 
branched (white full arrow) structures (g) to generate a scheme model 
of distribution of the internal neurons and FaRP-positive structures in 
the anterior midgut (AMG) (h). pLM: prominent longitudinal muscle; 
LM: longitudinal muscle; ECM: external circular muscle; ICM: inter-
nal circular muscle; DE: digestive epithelium; Fd: food in the midgut 
lumen; RC: regenerative cell; n: digestive cell nucleus

◂

595



Cell and Tissue Research (2021) 385:585–602

1 3

Fig. 7  Scanning electron 
microscopy of the entire midgut 
of early L4 (a), late L4 (c) and 
early-1 pupa (e) and confocal 
images of their respective stages 
showing the actin filaments 
(red) of the muscles in the 
anterior midgut (AMG) (b, d, 
f). The midgut of early L4 (a) 
decreases in thickness in the 
late L4 (c). From late L4 to 
early pupa (e), the gastric ceca 
undergo a drastic reduction. 
b, d, f The external circular 
muscle layer (ECM) of the 
AMG presents gaps in actin 
filaments (thin white arrow) 
since L4 stage (b), which is 
maintained in the late L4 (d), 
and in some portions of the 
early pupal midgut (f). In other 
portions of the early pupal 
midgut, the ECM is not detected 
or detected as a degenerative 
structure (full white arrow). Ca: 
cardia; PMG: posterior midgut; 
MT: Malpighian tubule; pLM: 
prominent longitudinal muscle; 
ICM: internal circular muscle; 
LM: longitudinal muscle
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dendrites) (Dowling 1991; Schinkmann and Li 1992; Wikgren 
and Fagerholm 1993; Nassel et al. 1994; Fónagy 2007; Elphick 
and Mirabeau 2014; Tuthill and Wilson 2016a, b; McLachlan 
et al. 2018; Xu et al. 2018).

The presence of ring-shaped neurites was confirmed and 
seen to be continuous with filamentous extensions by scan-
ning electron microscopy (SEM), but the dense ramifications 
were not evident. Possibly, the neurites corresponding to 
the dense ramifications, found at the end of the incomplete 

bundles, branches toward the midgut epithelium, being hid-
den by its basal lamina.

Although FaRP-positive neurites were observed only in 
the late L4 midgut in our study, their structures are present 
in all larval stages, indicating that these neuronal connec-
tions are permanent. However, it is unknown if they belong 
to sensory or motor neurons. The reflex circuits in insect 
legs comprise basically three components: a sensory neuron, 
a motor neuron, and the target muscle. When the muscle 

Fig. 8  Summary scheme of the midgut muscle remodeling from early 
L4 larva (a–a”) to late L4 larva (b–b”), and early pupa (c–c”) in A. 
aegypti, showing the presence of FaRP-positive structures (a’, b’, 
c’) and muscle stem cells dynamics (a”, b”, c”). The mosquito mid-
gut undergoes deep changes in morphology during the larval–pupal 
transition. (a) The early L4 shows food (Fd) ever present in the mid-
gut lumen. (a’) The FaRP-positive structures in this stage are small, 
rounded points throughout the midgut (not shown) and enteroendo-
crine cells in the posterior midgut (PMG). (a”) The external circular 
muscles (ECMs) are present and have gaps in actin filaments in spe-
cific positions. It is not possible to state that quiescent muscle stem 

cells are present close to the internal circular layers, but their pres-
ence can be considered. (b) In the late L4, food is no longer found. 
(b’) FaRP-positive ring-shaped structures are seen associated to the 
ECM sites that have the gaps in actin filaments (maintained from 
the early L4), and FaRP-positive dense branches are seen in the end 
points of the ECM. (b”) Proliferative muscle stem cells are detected 
in the internal circular muscles (ICMs) throughout the midgut. (c–c”) 
In the early pupa, the FaRP-positive ring-shaped and branched struc-
tures are not detected (c’), the muscle stem cells keep proliferating, 
and the ECM bundles show signals of degeneration (c”). Bars 500 µm
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is extended, the stretch is detected by the sensory neuron, 
which provides excitatory information to the motor neuron, 
eventually leading to muscle contraction (Tuthill and Wilson 
2016a). This mechanism also exists in the muscles of the 
final portion of the D. melanogaster larval digestive tract, 
which has a stretch receptor (sensory) and motor neurons 
controlling the peristalsis responsible for defecation (Zhang 
et al. 2014). Therefore, it is possible that A. aegypti present 
a similar mechanism in which the midgut muscles are sub-
jected to direct neural control by an enteric nervous system.

Spaced gaps in actin filaments were observed where the 
ring-shaped neurites are connected with the ECM and cor-
responding regions were visualized by SEM as sags in the 
ECM bundles. The H bands of the sarcomeres do not have 
actin filaments, but they are numerous and occur in series 
along all muscle fibers (Tune et al. 2020). As the spaced 
gaps were always seen in a unitary way and in the same 
position in the ECM bundles, they are unlikely to be caused 
by the presence of H bands. The occurrence of sags in the 
external structure at their positions reinforces the gaps that 
are not caused by sarcomere band differences. Therefore, a 
possible explanation for the actin gaps could be the pres-
ence of a boundary between two neighboring cruciform 
muscle fibers. In this context, we can hypothesize that the 
ring-shaped neurites connect with the ECM at the regions 
corresponding to the boundary between two ECM fibers.

The neuroenteric plexus and its participation 
in muscle remodeling during metamorphosis

FaRP-positive neuron bodies arranged in rows were detected 
in the anterior midgut soon after pupation (< 1 h), suggesting 
that midgut muscle remodeling is assisted by neurons during 
the larval–pupal transition. The presence of these neuron 
bodies was confirmed with SEM and, although they were 
not FaRP-positive in the larval stages, they are present as 
early as the L2 stage, with the same structural organization. 
Therefore, they are permanent muscle-associated neurons. It 
has already been described that the midgut enteric nervous 
system (ENS) of a generalized insect lacks ganglia and is 
composed of diffuse nerve plexuses across the muscles with 
distributed populations of enteric neurons (Nichols et al. 
1999; Copenhaver 2007). Therefore, the muscle-associated 
neurons seen in A. aegypti correspond to enteric neurons of 
the midgut enteric plexus.

As demonstrated for A. aegypti, some insects, such as the 
hornworm Manduca sexta and the grasshopper Schistocerca 
americana, have a midgut innervated by nerve plexus, with 
several neuron bodies and long axons extending by them. 
Surprisingly, in D. melanogaster, which also belongs to 
the order Diptera, the midgut innervation is very scarce, 
comprising six nerves that extend a short distance onto the 
anterior midgut before branching, which leaves much of the 

midgut without direct innervation (Gonzalez-Gaitan and 
Jackle 1995). Thus, the structure and distribution of neural 
components of the midgut ENS strongly varies in insects, 
even in species with close phylogenetic relationships. Since 
the insect neurogenic program of the ENS presents malle-
ability (Hartenstein 1997; Copenhaver 2007), this structural 
diversity seen in midgut neural components probably was 
directed by independent evolution.

To date, the mechanisms controlling midgut muscle con-
traction in mosquitoes are unknown. Previous studies have 
suggested that the peristaltic movements of the larval mid-
gut muscles in the mosquito Anopheles gambiae could be 
controlled by self-excitable fibers, which would intercom-
municate with neighboring fibers, passing the contractile 
stimulus forward (Jones and Zeve 2003). However, these 
fibers should communicate with each other through gap 
junctions, structures that were not detected by Bernick et al. 
(2007) between muscle cells of the A. aegypti midgut. Thus, 
it is probable that the muscle-associated enteric neurons, 
seen in the present work, act by initiating and coordinating 
the autonomous activity of midgut peristalsis in mosquitoes. 
Future studies focusing on the functional aspects of these 
neurons may verify this hypothesis.

In the early pupae-2 and in adult mosquitoes, the typical 
squared muscle grid of larval midgut, formed by the pres-
ence of ECM fibers, was no longer detected. This result 
indicates that this grid degenerates during the early stages 
of pupal development. As close to the ECM degeneration, 
the neurites associated with the ECM fibers are strongly 
FaRP-positive, the neural FaRPs are probably linked to the 
remodeling of circular midgut muscles. Signs of degenera-
tion occur in the midgut muscles since the beginning of the 
metamorphosis of A. aegypti and include disorganization 
and myofibril loss (Bernick et al. 2008). Therefore, the 
FaRP-signal seems to be involved in the determination of 
muscle myofibril disorganization in the ECM bundles.

Reaffirming the occurrence of muscle degeneration in A. 
aegypti early pupae, Bernick et al. (2008) detected disorgani-
zation and destruction of myofilaments in proteasomes. A 
similar process occurs in Drosophila, where gut muscle fib-
ers dedifferentiate and lose their myofibrils and extracellular 
matrix (Martin et al. 2001). Interestingly, in the Drosophila 
model, although the midgut muscle myofibrils are destroyed, 
the muscle cells do not die but are just remodeled, dissociat-
ing from syncytial form and/or fusing with each other. In A. 
aegypti, cell death was not detected in the midgut muscles, and 
the fibers containing myofibril disorganization kept their cell 
membranes intact (Bernick et al. 2008). Therefore, it is likely 
that, as in Drosophila, the muscle remodeling of A. aegypti 
midgut involves de-differentiation and structural reorganiza-
tion of the pre-existing larval muscle fibers.

The absence of a squared muscle grid on the midgut of 
adult A. aegypti means that its function is necessary only in 
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larval stages. The cruciform cells of the squared regions of 
A. aegypti larval midgut were suggested to have a profound 
impact on organ motility, probably allowing the wave of mus-
cle contraction to act in concert (Bernick et al. 2007). As A. 
aegypti larvae feed on solid detritus that accumulates in the 
midgut, they probably need more intense peristaltic move-
ments to digest the food than adult mosquitoes, who feed on 
liquid substances, such as nectar and blood. Therefore, the 
loss of some muscle components after metamorphosis could 
be explained by these physiological differences.

Despite the discovery of the close relationship between 
FaRPs and muscle control, it is difficult to determine the spe-
cific function exercised by the neuronal FaRPs in the ECM 
of A. aegypti larvae. Onken et al. (2004) demonstrated that 
the FaRPs NPF and sNPF have myoinhibitory effects on the 
anterior midgut of the A. aegypti larva. However, as discussed, 
FaRPs include additional three neuropeptide subgroups whose 
action on the mosquito midgut differentiation during meta-
morphosis cannot be disregarded. The extended FMRFamides, 
for example, have a direct myostimulatory function in the 
muscles of the body wall of D. melanogaster (Hartenstein, 
1997), counteracting NPF and sNPF. Moreover, FaRPs may be 
involved in sensory mechanoreception, neurotransmission, and 
neuromodulation (Cottrell 1993; Krajniak 2013; Elphick and 
Mirabeau 2014; Milakovic et al. 2014; Lee et al. 2017). In this 
context, we cannot even state that the FaRPs detected in enter-
oendocrine cells of the posterior midgut in A. aegypti larvae 
are the same molecules detected in neurons. Based on these 
findings, it can be stated that FaRPs are related to visceral 
muscle function in insects and participate in the remodeling 
process of the midgut circular muscle of A. aegypti during 
metamorphosis. However, the exact function that they perform 
is unknown. The answer of these questions may require addi-
tional transcriptomic and neuropeptidomic studies assessing 
the expression of the FaRP genes in the A. aegypti midgut 
during the larval–pupal transition, and studies assessing the 
effects of FaRPs on midgut musculature development.

Muscle stem cell divisions during the muscle 
remodeling

In this study, stem cells associated with the ICM layers were 
seen undergoing mitosis in the late L4 and early pupae. As 
described in previous works (Bernick et al. 2007, 2008) and 
this study, the midgut muscular framework of A. aegypti 
undergoes a remodeling process during larval–pupal tran-
sition that explains the occurrence of myoblast mitosis. 
In Drosophila, the gut also undergoes muscle remodeling 
during metamorphosis, and the musculature of the adults 
are directly derived from the larval fibers; however, their 
myoblasts have little or no proliferation during gut metamor-
phosis (Aghajanian et al. 2016). This finding indicates that 
fruit flies and mosquitoes differ in the proliferative activity 

of their myoblasts, and midgut muscle remodeling probably 
occurs via distinct myogenic mechanisms.

Myoblast proliferation was detected in the circular muscle 
tissue of the A. aegypti midgut, but it is not possible to state 
if these myoblasts came from preexisting quiescent myo-
blasts. A previous study showed that in Drosophila, the mus-
cle remodeling of the gut involves de-differentiation of pre-
existing myocytes, which become “secondary myoblasts” 
and originate the new muscles of the adult gut (Aghajanian 
et al. 2016). In this context, it is possible that proliferative 
myoblasts detected in the ICM are derived from degenera-
tion of mature myocytes, as occurs during gut remodeling 
in Drosophila (Agahajanian et al. 2016). The production of 
a stem cell marker for mosquitoes could help elucidate the 
myoblast dynamics in their midgut muscle remodeling.

No mitosis was detected in the longitudinal muscles, 
demonstrating that the remodeling of longitudinal muscles is 
different from that of circular muscles. As both insect mus-
cles originate from different parts of mesoderm, it is possible 
that proliferative activity is a reflection of the embryonic 
origin (Klapper 2000; Rudolf et al. 2014). However, the lack 
of information about various aspects of the developmental 
biology of mosquitoes prevents further speculation. Further 
studies focusing on the determination and fate of midgut 
myoblast populations may clarify the present findings.

Hormonal regulation of midgut differentiation 
during the larval–pupal transition

The morphological changes that the mosquito midgut 
undergoes during the larval–pupal transition are regulated 
by several hormones (Nishiura et al. 2003, 2005; Taghert  
and Nitabach 2012). Here, we show that the midgut of 
the late A. aegypti L4 larvae show differences in patterns 
of FaRP immunolabeling and morphology relative to the 
early L4 midgut. The transition of late L4 to the early 
pupa is driven by the activation of genes that regulate 
metamorphosis by the steroid hormone 20E (Nishiura 
et al. 2003, 2005), such as the ecdysis triggering hormone 
(ETH) (Lenaerts et al. 2017), which, in turn, modulates the 
expression of a plethora of downstream genes, including 
FaRP genes (Taghert and Nitabach 2012). It is probable 
that the ETH acts on neurons and enteroendocrine cells 
(peptidergic elements), promoting the differential expres-
sion of FaRP neuropeptides. Later, neuropeptides may be 
released into the hemolymph to act on target cells or be 
delivered directly to midgut muscle cells. Identification of 
midgut cells that display ETH and FaRP receptors would 
help solve these issues.

In this study, the in situ detection of neuromuscular con-
nections in the mosquito midgut was demonstrated for the 
first time. We showed that FaRPs are expressed in neur-
ites located in specific regions of the ECMs of the late L4 
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midgut. After the detection of FaRPs in the neurites associ-
ated with these muscles, their fibers suffered degeneration, 
indicating that FaRP-based neural signals may be linked 
with the remodeling of the midgut muscles during metamor-
phosis. Simultaneously, mitosis was detected in the ICM, 
revealing that myoblasts associated with the circular mus-
cles had a strong proliferative activity and participated in 
muscle renewal during immature to adult transition. In addi-
tion, we demonstrated that the mosquito midgut has a com-
plex enteric nervous system, with a neuronal plexus closely 
associated with the muscle bundles, showing that the ENS 
may play a role in the peristaltic movements of the mosquito 
midgut. Finally, ours results can support future work for the 
understanding of the mosquito ENS organization and func-
tion. The knowledge about visceral muscle regulation and 
their contraction mechanisms in holometabolous insects, 
currently so scarce, is now closer to being revealed.
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