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A B S T R A C T   

The salivary gland of hematophagous arthropods is critical for blood meal acquisition, blood vessel localization, 
and secretion of digestive enzymes. Thus, there is significant interest in the regulation of salivary gland function 
and mechanisms driving the secretion of saliva and digestive proteins. We aimed to gain a broader understanding 
of the regulatory role of aminergic, cholinergic, and octopaminergic neuromodulators to saliva and protein 
secretion from the female A. aegypti salivary gland. Quantification of saliva after injection with neuromodulators 
showed that dopamine, serotonin, and pilocarpine increased the secretory activity of the salivary gland with 
potency rankings dopamine = serotonin > pilocarpine. No change in saliva secretion was observed with 
octopamine or ergonovine, which indicates the A. aegypti salivary gland may be regulated by dopaminergic, 
serotonergic, and cholinergic systems, but are not likely regulated by octopaminergic or tryptaminergic systems. 
Next, we studied the regulatory control of dopamine-mediated salivation. Data indicate extracellular calcium 
flux, but not neural function, is critical for dopamine-mediated salivation, which suggests epithelial transport of 
ions and not neuronal control is responsible for dopamine-mediated salivation. For regulation of protein 
secretion, data indicate dopamine or serotonin exposure facilitates amylase secretion, whereas serotonin but not 
dopamine exposure increased apyrase concentrations in the secreted saliva. General immunoreactivity to anti-rat 
D1-dopamine receptor antibody was observed, yet immunoreactivity to the anti-rat D2-receptor antibody was 
identified in the proximal regions of the lateral lobes and slight immunoreactivity in the distal portion of the 
lateral lobe, with no expression in the medial lobe.   

1. Introduction 

The salivary gland is critical to the biological success of nearly all 
heamotophagous insects due to its role in blood vessel localization, 
blood ingestion, and secretion of digestive enzymes (Ribeiro et al., 
1995). Two major types of salivary glands can be distinguished in in-
sects: tubular glands, such as those found in blowflies (Boonsriwong 
et al., 2006; Jariyapan et al., 2004), and the morphologically more 
complex acinar salivary glands such as those found in cockroaches and 
ticks (Lang and Walz, 1999; Vancová et al., 2019). The mechanisms of 
function for acinar salivary glands has been extensively studied in ticks 
and cockroaches (Lang and Walz, 1999; Ali, 1997) and these data have 
bridged significant gaps in knowledge pertaining to structure, neural 
control for saliva production, and aminergic regulation. For instance, 
pharmacological studies performed in ticks have implicated several 
components involved in the process of salivary secretion: dopamine 

(DA), octopamine, γ-aminobutyric acid (GABA), ergot alkaloids, and the 
muscarinic acetylcholine receptor agonist pilocarpine (PIL) (Kaufman, 
1976, 1978; Lindsay and Kaufman, 1986; Kaufman and Wong, 1983; 
Needham and Pannabecker, 1983). Furthermore, Park and colleagues 
have shown that two DA receptors are present in the salivary gland of 
ticks that control inward fluid transport on the epithelial cells of the 
acini and expulsion of saliva from the acini to the salivary ducts (Kim 
et al., 2014; Šimo et al., 2014, 2012). Interestingly, tubular glands have 
limited to no neural innervation and their function is driven primarily by 
neuromodulators (Oschman and Berridge, 1970). For instance, the 
secretory activity of the blow fly salivary gland is increased after 
exposure to serotonin via cyclic AMP and inositol triphosphate second 
messenger systems (Berridge, 1970; Berridge and Heslop, 1981; Ber-
ridge and Patel, 1968). Although the blow fly salivary gland has become 
the model for intracellular signaling mechanisms that control serotonin 
(5-HT) stimulated transport across epithelia, the regulation of salivation 
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from other dipteran species of medical relevance, such as mosquitoes, is 
not fully understood. 

The mosquito salivary gland and regulation of the secretory activity 
is of particular interest because of the critical role salivation has for the 
location of a blood source and horizontal transmission of pathogens 
(Ribeiro et al., 1984, 1985). Previous work has shown that Aedes aegypti 
salivary glands are innervated by 5-HT immunoreactive nerves and 
stimulation of these nerves by 5-HT increases the secretor activity dur-
ing blood feeding (Novak et al., 1995). Additionally, the salivary gland is 
also the site of pathogen development and inoculation of these patho-
gens is via the saliva. Therefore, many studies have analyzed the sialo-
transcriptome (Chagas et al., 2013; Calvo, 2010; Thangamani and Wikel, 
2009; Ribeiro et al., 2016), role of various bioactive substances con-
tained in the saliva (Isawa et al., 2002; Chagas et al., 2014), and the role 
of expressed saliva proteins in virus-vector interactions (Cime-Castillo 
et al., 2015; McCracken et al., 2014; Lombardo et al., 2009) with the 
ultimate goal of preventing blood feeding and pathogen transmission. 
Yet, only a few studies have aimed to characterize the neuromodulatory 
mechanisms required for proper salivation by mosquitoes and thus, 
regulation of mosquito salivation and protein secretion is not fully un-
derstood. Previous reports have aimed to delineate the innervation of 
the different morphological regions of the gland (Janzen and Wright, 
1971) and it has been shown A. aegypti salivary glands are innervated by 
5-HT nerve fibers that stimulate salivation and apyrase secretion (Novak 
et al., 1995). Further, despite an understanding of aminergic and pep-
tidergic innervation of multiple arthropod salivary glands, such as lo-
custs, cockroaches, and other insects (Ali, 1997; Peters et al., 1987; Fusé 
et al., 1996; Gifford et al., 1991; Klemm, 1972; Robertson, 1975) and the 
identification of three dopamine receptors present in Aedes aegypti (Nene 
et al., 2007), little is known regarding their role in regulating the 
secretory activity of the mosquito salivary glands. This study aimed to 
bridge this gap in knowledge through immunohistochemical, tran-
scriptomic, and physiological approaches to define the regulatory role of 
aminergic, cholinergic, and adrenergic neuromodulators to the secre-
tory activity of the female A. aegypti salivary gland. The data presented 
from this study expand existing knowledge of pathways driving 
arthropod salivation and highlight putative targets to inhibit mosquito 
blood feeding and horizontal transmission of pathogens. 

2. Methods 

2.1. Compounds, Solvents, and reagents 

The neuromodulators, dopamine hydrochloride (DA), serotonin hy-
drochloride (5-HT), pilocarpine hydrochloride (PIL), ergonovine (ERG), 
octopamine hydrochloride (OCT), and lanthanum (III) chloride (LaCl3) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dimethl 
sulfoxide (DMSO) was purchased from Fisher Scientific. Amylase assay 
kits contained all reagents needed for amylase activity determinations 
and was purchased from BioVision (Milpitas, CA, USA). Apyrase activity 
determinations did not involve the use of a kit and reagents were pur-
chased from Sigma-Aldrich, which included: succininc acid (product 
number S7501), calcium chloride (product # C3881), ADP (product # 
A4386), phosphorous solution (product # 661–9), molybdic acid 
(product # M− 0878), and TSCR reagent (product # F-0131). Apyrase 
enzyme solution was purchased from New England Biolabs (Ipswich, 
MA, USA). Dopamine receptor antagonists amitriptyline, metoclopra-
mide, and SB-277,011-A were purchased from Sigma-Aldrich, while 
fluphenazine, itopride, and SCH 23,390 were purchased from Tocris 
Bioscience, all designated to be ≥ 98% pure. Phosphate buffered saline 
(PBS) and calcium chloride (CaCl2) were purchased from Fisher Scien-
tific and CaCl2 was added to PBS to a final concentration of 0.9 M. 

2.2. Mosquitoes 

A. aegypti (Rockefeller strain) was the only species used in this study 

and was originally provided by the CMAVE, USDA- ARS, Gainesville, FL. 
Mosquitoes used were 3–7 days old and reared in an environmental 
chamber set to 27 ◦C and 75% humidity in the Life Sciences Building of 
Louisiana State University (Baton Rouge, LA, USA). 

2.3. Saliva quantification 

The volume of secreted saliva droplets from 3 to 5 day old female 
Aedes aegypti was quantified by measuring the fluid droplet after oil- 
induced salivation (Novak et al., 1995) with and without stimulation 
by neuromodulators. To quantify the effects of various activity groups of 
neuromodulators to the secretory activity of the salivary gland, we 
injected 69 nL of chemical modulators at a threshold concentration of 
100 µM into the thorax via a World Precision Instruments (WPI) 
Nanoliter2010 injector operated by a WPI SMARTouch controller. A 
discriminatory concentration of 100 µM was chosen because it is 
approximately the same concentration as amount of extractable DA from 
single salivary glands of unfed ticks (Koci et al., 2014). Microinjections 
of the neuromodulators were performed after immobilization of the 
mosquito. The neuromodulators studied were: dopamine (DA), seroto-
nin (5-HT), pilocarpine (PIL), octopamine (OCT), and ergonovine (ERG). 
Compounds were solubilized and serially diluted in 1X PBS with 0.9 M 
CaCl2. For determinations of calcium dependency, we co-injected 100 
μM lanthanum chloride (LaCl3), which is a known calcium channel in-
hibitor (Lang and Walz, 1999), with 100 μM DA and measured the total 
volume of saliva secreted over a 10-min period. To begin deciphering if 
DA-mediated salivation is driven by neuronal or epithelial tissue, we 
pre-treated with lidocaine, which is a sodium channel blocker and in-
hibits neuronal firing (Swale et al., 2014), lidocaine in 1X PBS (0.1% v/v 
DMSO) with 0.9 M CaCl2, 15-minutes prior to the injection of 100 μM DA 
or 5-HT and measured changes to salivation over 10-min. 

The method for saliva quantification is shown in Fig. 1 and were 
based on slight modifications from those previously described by Novak 
et al. (1995), with the modifications being the time of salivation and the 
use of imaging software versus an ocular micrometer. Briefly, the wings 
and legs of each mosquito were removed to prevent mobility and the 
stylet sheath was disassociated with the mouthparts to ease salivation. 
Mosquitoes were immobilized on glass slides with double-sided tape and 
their proboscides were inserted into PE tubing filled with light mineral 
oil. A representation of a mounted mosquito with desheathed mouth-
parts is shown in Fig. 1A. The PE tubing was purchased from World 
Precision Instruments (WPI, Sarasota, FL, USA) and had a 0.5 mm outer 
diameter and a 0.25 mm inner diameter. Each mosquito was permitted 
to salivate into mineral oil for 10 min and individuals that ingested the 
oil were discarded. The ten-minute salivation time period was chosen 
because it was along the upper time limit to where we did not observe 
absorption of the saliva into the oil. Secreted saliva was quantified by 

Fig. 1. Dissection of mosquito mouthparts for saliva quantification.  
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mechanically coalescing the salivary droplets into a single uniform 
droplet with a minuten insect pin and measuring the diameter of the 
droplet with the use of a Nikon SMZ1270i steromicroscope equipped 
with a DS-Ri2 camera and Nikon Elements Professional. The total vol-
ume was estimated with the use of the formula for volume of a sphere, V 
= 4/3πr3. Volumes are expressed as average (n = 15–25) nL saliva 
secreted per female. Time-course of DA-mediated salivation was per-
formed by injecting 100 μM DA and measuring secreted saliva over a 20- 
minute period and at 2-min intervals. Here, images were taken every 
two minutes and changes to secreted saliva volume was quantified for 
each time point. 

2.4. Saliva collection for biochemical analysis 

Saliva was collected through modifications of methodologies that 
have been established for virus quantification (Mores et al., 2007; 
Hurlbut, 1966; Colton et al., 2005; Aitken, 1977). Briefly, 3–5 day old 
female A. aegypti were immobilized on glass slides with double-sided 
tape and the stylet bundle was inserted into capillary tubes filled with 
light mineral oil. After 5 min of immobilization in the capillary tube, 
saliva was withdrawn from each capillary tube with the Nanoliter2010 
microinjector and subsequently ejected directly into a chilled 96 well 
microassay plate for amylase or apyrase activity measurements. In some 
instances, we pooled saliva from multiple mosquitoes (n ≤ 50) to 
determine the quantity of mosquitoes necessary to give a robust and 
reproducible signal. To ensure the diluent did not interfere with the 
assay after pooling the multiple samples, diluent without saliva was 
tested for contaminating amylase and/or apyrase activity. 

2.5. Amylase activity 

Determinations of amylase activity from mosquito saliva was per-
formed with an Amylase Activity Colorimetric Assay Kit (BioVision, 
Milpitas, CA, USA). Amylase enzymes were obtained from saliva 
collected in a capillary tube from non-blood fed adult female Aedes 
aegypti mosquitoes injected with 100 μM DA, 100 μM 5-HT, or 100 μM 
PIL. Salivary extracts from 50 mosquitoes was pooled and partitioned at 
14,000 × g for 5 min with the aqueous phase (containing the saliva) 
transferred to a 96-well microassay plate for immediate analysis. The 
assay methodology was followed as described in the kit, which uses 
ethylidene-pNP-G7 as a substrate that is ultimately cleaved by α-amylase 
and targeted by α-glucosidase to release nitrophenol (chromaphore) that 
is detected at 405 nm. We generated a standard curve of nitrophenol to 
obtain the concentration of nitrophenol generated by amylase between 
T0 and T1. Next, 100 μL of reaction mix (1:1 ratio of provided assay 
buffer and substrate) was added to each aliquot of saliva and the 
absorbance at T0 was recorded. We then incubated the reaction at 25 ◦C 
for 5 min, which was determined to be within the linear range of the 
reaction kinetics. The change in absorbance from T0 to T5 min was plotted 
against the standard curve to obtain the concentration of nitrophenol 
generated by amylase. The amylase activity was then determined with 
the formula: ([nitrophenol]/(5 min*volume in mL)*dilution factor. 
Activity was expressed in milliunits (mU) where a unit is defined as the 
amount of amylase that is capable of generating 1 μmol of nitrophenol 
per minute. Amylase activity is expressed as average (n = 3 saliva pools 
from 50 mosquitoes) activity where each replicate consisted of at least 3 
determinates. 

2.6. Apyrase activity 

Apyrase activity was assayed by measuring the release of inorganic 
phosphate from ADP and ATP based on the literature (Novak et al., 
1995; Fiske and Subbarow, 1925) and saliva extracts from 25 mosqui-
toes was pooled with the aqueous phase separated and subsequently 
diluted in 25 μL of 50 μM Tris-HCl buffer. One mU of activity is defined 
as the amount of enzyme that releases one nanomole of inorganic 

phosphate per minute. Salivary extracts were transferred to individual 
wells in a plastic 96-well ELISA plate and the apyrase reaction was 
started by adding a solution containing: NaCl (100 mM), Tris-HCl (50 
mM, pH 9), CaCl2 (5 mM), and ATP (2 mM). The final volume of the 
reaction was 100 μL. The plate was incubated for 10 min at 37 ◦C and the 
reaction was terminated by addition of 25 μL of acid molybdate solution. 
Immediately after termination of the reaction, 2 μL of a reducing solu-
tion was added to each well and incubated for an additional 20 min at 
room temperature. The reducing solution contained: NaHSO3 (0.1 mM), 
Na2SO3 (0.1 mM), and 1-amino-2-naphthol-4-sulphonic acid (8 mM). 
The optical density was measured at 660 nm with a spectrophotometer 
and was quantified by comparison to an inorganic phosphate standard 
curve. The apyrase activity is expressed as average (n = 3 pools of 
mosquito saliva) units of activity after injection with 100 μM 5-HT, 100 
μM DA, or 100 μM PIL. An inorganic phosphate standard curve was used 
for assessment of apyrase activity in each sample. 

2.7. Immunolocalization of DA receptor on the A. Aegypti salivary gland 

Female A. aegypti (4–5 days old) salivary glands were dissected in 
PBS and fixed in 100% acetone for 1 min. After fixing, the glands were 
washed three times in PBS + 1% Triton X-100 (PBST) for 5 min and 
subsequently blocked with 2% Bovine serum albumin dissolved into 
PBST for 1 h. The glands were washed with PBST three separate times in 
five-minute intervals. After washing, the glands were incubated with rat 
anti-D1 or anti-D2 dopamine receptor polyclonal antibody at a dilution 
factor of 1:50 (Alamone Labs, Jerusalem, Israel) for 24 h at 4◦. After 
incubation with primary antibody, the glands were washed with PBST 
three times for 5 min and subsequently incubated with goat anti-rabbit 
antibody Alexa 488 (1:500 dilution in PBST) for 1 h. The glands were 
then counterstained with 0.7 μg/ml 4′,6′-diamino-2-phenylidndole 
(DAPI, Sigma-Aldrich) for 5 min, washed with PBS three times for 5 min 
each, and slide mounted. The glands were mounted on a slide with 5 μL 
ProLong Gold antifadant (Thermo Fisher Scientific, Waltham, MA, USA). 
Images were captured with confocal microscope Leica SP8. 

2.8. In silico analyses of A. Aegypti biogenic amine receptors 

We conducted analyses of A. aegypti genome and annotated se-
quences for identifying the biogenic amine receptors based on the 
sequence homology. Multiple rounds of BLAST searches in NCBI site 
were made by using biogenic amine receptors of Drosophila melanogaster 
(Table #) which were relatively well characterized for the sequence and 
biological roles. A. aegypti orthologies or orthologous groups of 
D. melanogaster biogenic amines were determined by reverse BLAST of 
the top BLAST hits and phylogenetic analyses. 

Phylogenetic analyses used MEGA-X: Molecular Evolutionary Ge-
netics Analysis version 10.1.6 (Kumar et al., 2018). Groups of serotonin 
receptors and of dopamine/tyramine/octopamine receptors were made 
separately. Muscle alignment was conducted using the UPGMA clus-
tering method with other defaults sets. Only the alignment covering the 
transmembrane domain regions were used for the analyses. Trans-
membranes were determined by ExPasy Bioinformatics Resource Portal 
TMpred, (based on the statistical analysis of TMbase) (Hofman and 
Stoffel, 1993), (https://embnet.vital-it.ch/software/TMPRED_form.ht 
ml). We constructed Neighbor Joining (NJ) phylogenies using boot-
strap test (500 replicates). Phylogenetic trees were edited using Fig Tree 
Drawing tool version 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). 

In order to determine the salivary gland specific transcripts for 
biogenic amines, we counted transcripts captured in the SRA (sequence 
read archives) with the accession number SRX1339088 for A. aegypti 
salivary gland transcriptome from male and female adult organisms 
having 189 million spots (Table 1). We counted the sequence reads 
matching to the reference sequence with lower than E value of 10− 15, 
which is generally the > 95% match for 100 nt lengths. 
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3. Results 

3.1. Influence of neuromodulators to secretory activity of A. Aegypti 
salivary glands 

To establish baseline salivation rates from female A. aegypti after 
exposure to standard neuromodulators, we injected individual mosqui-
toes with DA, 5-HT, OCT, PIL, or ERG at a concentration of 100 µM. 
Baseline salivation rates for control mosquitoes injected with phosphate 
buffered saline (PBS) was 1.14 ± 0.2 nL (Fig. 2A). DA and 5-HT were 
found to be the most effective neuromodulators studied with increases in 
secreted saliva volume by 2.6- and 2.1-fold over control, which was 
statistically significant from control (P < 0.01) but not from each other 
(Fig. 2A). The biogenic amine OCT, the muscarinic agonist PIL, or the 
adrenergic agonist ERG did not significantly alter the volume of secreted 
saliva over control when injected at 100 µM (Fig. 2A). 

3.2. Concentration-dependency of neuromodulators to saliva secretion 

While comparison of the neuromodulators influence to salivation at 
the threshold concentration provides insight into the most likely path-
ways driving saliva secretion, it does not enable direct potency com-
parisons between the molecules and thus, we constructed 
concentration–response curves for each molecule. The catecholamine 
DA was found to be the most potent molecule studied with an injected 
concentration required to increase salivation by 50% (EC50) of 26 μM 
(95% CI: 15–38 μM, Hillslope: 1.3, r2: 0.79) and the highest concen-
tration studied (1 mM) increased secreted saliva volume by 1.5 ± 0.2 nL 
over control (Fig. 3A). The monoamine neuromodulator 5-HT was found 
to be equipotent when compared to dopamine with an EC50 of 27 μM 
(95% CI: 14–40 μM; Hillslope: 1.6; r2: 0.55), yet the highest concen-
tration studied (1 mM) increased salivation by 1.1 ± 0.3 nL over control, 
which was less than observed for DA (Fig. 3B). PIL was approximately 
40-fold less potent than DA and 5-HT (EC50: 1.1 mM, 95% CI: 0.6–1.6 
mM, Hillslope: 1.9, r2: 0.68) and the highest concentration studied (5 

Table 1 
Aedes aegypti biogenic amine receptor genes identified by homology searches and phylogenetic analyses. New names for each gene are proposed based on the orthology 
relationship with the genes in Drosophila melanogaster. The transcriptome numbers were the results of the searches in SRX1339088 for Ae. aegypti salivary gland 
transcriptome from male and female adult organisms having 189 million spots (Ribeiro et al., 2016).  

Vectorbase/ 
NCBI 

Protein accession 
# 

Current description in NCBI Proposed 
name 

Drosophila 
homology 

Ortholog/ 
Paralog 

Transcriptome 
Numbers 

Serotonin receptor      
AAEL017272 XP_021704615.1 5-HT receptor 5-HT1A FBgn0004168 1A ortholog >1000 
AAEL008360 XP_021701402.1 5-HT receptor 5-HT1B FBgn0263116 1A, 1B paralog 9 
AAEL017162 XP_021705609.1 muscarinic acetylcholine receptor M3 5-HT2A FBgn0087012 Ortholog 979 
AAEL002717 XP_021711581.1 uncharacterized protein LOC5575783 5-HT2B FBgn0261929 Ortholog 16 
AAEL009573 XP_021693682.1 5-HT receptor 1 5-HT7A FBgn0004573 7A ortholog >1000 
AAEL011844 XP_021693677.1 5-HT receptor 1 5-HT7B NA 7A, 7B paralog 514 
Dopamine receptor      
AAEL003920 XP_021693211.1 dopamine receptor 1 Dop1R1 FBgn0011582 Ortholog 0 
AAEL005834 XP_001651499.3 dopamine receptor 2 Dop1R2 FBgn0266137 Ortholog 369 
AAEL014373 XP_021705228 Dopamine D2-like receptor Dop2R FBgn0053517 Ortholog 33 
AAEL000266 XP_021696915 probable G-protein coupled receptor 52 DopEcR FBgn0035538 Ortholog 40 
Octopamine/tyamine receptor      
AAEL006844 XP_001652255.3 probable G-protein coupled receptor 

No18 
Oct-TyrR FBgn0004514 Ortholog 195     

FBgn0038980 Lost in mosquito  
AAEL005945 XP_021693342.1 octopamine receptor beta-2R Octb2R FBgn0038063 Ortholog 141 
AAEL005952 XP_021693335.1 putative uncharacterized protein 

DDB_G0277255 
OAB3R FBgn0250910 Ortholog 62 

AAEL014224 XP_021695040 octopamine receptor Oamb isoform X2 Oamb FBgn0024944 Ortholog 88 
AAEL004245 XP_021694244 tyramine/octopamine receptor Octa2R FBgn0038653 Ortholog 0 
AAEL004396 XP_021692997.1 octopamine receptor TyrR FBgn0038542 Ortholog 999 
AAEL004398 XP_021692998 probable G-protein coupled receptor 

No18 
TyrRII FBgn0038541 Ortholog 0 

Muscarinic acetylcholine receptor      
AAEL017181 XP_021708563.1 muscarinic acetylcholine receptor DM1 mAChR-A FBgn0000037 Ortholog 190 
AAEL007832 XP_021693812.1 probable muscarinic acetylcholine 

receptor gar-2 
mAChR-B FBgn0037546 Ortholog >1000 

AAEL010929 XP_021704405.1 histamine H2 receptor mAChR-C FBgn0029909 Ortholog 123 
Nicotinic acetylcholine receptor      
AAEL004006 XP_021706951.1 acetylcholine receptor subunit alpha-like 

1 
nAChRa1 FBgn0000036 Ortholog 15 

AAEL004032 XP_001648279 acetylcholine receptor subunit alpha-like 
2 

nAChRa2 FBgn0000039 Ortholog 4 

AAEL004061 XP_021704010.1 acetylcholine receptor subunit alpha-like nAChRa3 FBgn0015519 Ortholog 19 
AAEL012106 XP_021694432 acetylcholine receptor subunit alpha-like nAChRa4 FBgn0266347 Ortholog 22 
AAEL005750 XP_001651408 neuronal acetylcholine receptor subunit 

alpha-7 
nAChRa5 FBgn0028875 Ortholog      

FBgn0032151 Lost in mosquito  
AAEL007664 XP_021702656.1 neuronal acetylcholine receptor subunit 

alpha-7 
nAChRa7 FBgn0086778 Ortholog 390 

AAEL010570 XP_001660921 acetylcholine receptor subunit beta-like 1 nAChRb1 FBgn0000038 Ortholog 27 
AAEL004008 XP_021708266 acetylcholine receptor subunit beta-like 2 nAChRb2 FBgn0004118 Ortholog 43 
LOC109411681 XP_029720323 acetylcholine receptor subunit alpha-like 

1 
nAChRb3 FBgn0031261 Ortholog 0 

Dopamine transporter      
AAEL010106 XP_021696207.1 Na-dependent dopamine transporter DAT FBgn0034136 Ortholog 92 
Serotonin transporter      
AAEL005581 XP_001651092.2 sodium-dependent serotonin transporter SerT FBgn0010414 Ortholog 11  
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mM) increased saliva volume by 0.8 ± 0.3 nL over control (Fig. 3D). 
Concentration-dependency was not observed for ERG or OCT at con-
centrations approaching solubility limits (Fig. 3E-F). 

3.3. Influence of DA antagonists to DA-mediated saliva secretion 

Selective pharmacophores for arthropod DA receptors are not 
available for all DA receptor subtypes, yet the rich pharmacological li-
brary for mammalian DA receptors combined with the available mod-
ulators specific for arthropod DA receptors enabled a general assessment 
of the DA receptor subtype driving A. aegypti saliva secretion. At a 
concentration of 100 μM, injection of vertebrate DA receptor antagonists 
SCH23390 (D1 specific Christensen et al., 1984), itopride (D2 specific 
Iwanaga et al., 1996), and metoclopramide (D2 specific Blumberg et al., 
1988) eliminated DA-mediated salivation to volumes that were 
approximately 1 nL, which was not significantly different from control 
salivation rates (Fig. 3A). Amitriptyline (selective for A. aegypti D2 re-
ceptors Nuss et al., 2015) and fluphenazine (selective for tick InvD1L 
receptors 12) was shown to reduce DA-mediated salivation rates to an 
average of 1.02 ± 0.2 nL and 1.12 ± 0.1 nL, respectively, which are not 
significant from salivation rates by control mosquitoes (Fig. 3A). Lastly, 
the vertebrate D3 receptor antagonist SB-277,011 (Reavill, 2000) was 
tested at a concentration of 10 μM (solubility limits) and was found to be 
equally as effective at reducing DA-mediated salivation when compared 
to other DA-antagonists despite the lower concentration tested (Fig. 3A). 

3.4. Dynamics of saliva secretion after DA exposure 

We performed a time-course study to measure the pattern of DA- 
mediated saliva secretion over a 20-minute period with sampling per-
formed every 2 min. PBS (control) treated glands secreted the most 
volume of saliva from 0 to 2 min with a total of 0.52 ± 0.09 (Fig. 3B, 
squares). A time dependent reduction in saliva secretion was observed 
for time points 2–10 min with approximately 0.2 nL secreted at each 
time point, which was significantly reduced from 0 to 2 min time point 
but not from each other (Fig. 3B, squares). A similar pattern of salivation 
was observed after an injection of DA with the highest saliva volume 

secreted was from 0 to 2 min with 0.86 ± 0.11 nL secreted. A continuous 
volume of saliva was secreted for time points 6–12 min with the average 
volume secreted being 0.4 nL at each time point, which are not signif-
icantly different from each other but significantly reduced from the 0–2 
and 2–4 time points (Fig. 3B). For 12–20 min time points, an average of 
0.21 ± 0.13 nL was secreted per 2-minute interval, which was signifi-
cantly (P < 0.05) reduced from the 0–12 min time points but not 
significantly different from each other (Fig. 3B, circles). 

To determine if DA-induced salivation is attributable to Ca2 release 
from intracellular stores or to Ca2+ influx from the extracellular space, 
we injected 100 μM DA in a nominally Ca2+-free PBS. In this Ca2+-free 
PBS we observed an elimination of the DA response with a secreted 
saliva volume of 1.2 ± 0.4 nL, which is significantly (p < 0.05) reduced 
from DA + Ca2+ but not different from the Ca2+ rich- or Ca2+ depleted- 
PBS controls (Fig. 3C). To further validate the Ca2+-free saline data, we 
used lanthanum chloride (LaCl3) because LaCl3 is a known blocker of 
stimulus-induced Ca2+ entry into cells. Co-injection of LaCl3 with DA in 
a calcium rich saline eliminated DA-mediated salivation with secretion 
rates not significant from PBS controls or DA in a Ca2+-free saline 
(Fig. 3C). Next, we aimed to compare the calcium dependency of sali-
vation stimulated by 5-HT with DA-mediated salivation patterns. Co- 
injection of LaCl3 and 5-HT and injection of 5-HT in a Ca2+-free PBS 
did not affect salivation rates with mean salivation volumes of 2.6 ± 0.6 
nL and 2.1 ± 0.4 nL, respectively, which were not significantly different 
than 5-HT in Ca2+-rich PBS (Fig. 3C). 

Lastly, to further ascertain if DA-mediated salivation is driven 
through neuronal or epithelial function, we studied the effect of lido-
caine, a known depressant of neural function, to DA- and 5-HT-mediated 
salivation. Injection of 1 mM lidocaine reduced salivation rates by 
approximately 4-fold when compared to PBS control, which was a sig-
nificant (P < 0.05) reduction (Fig. 3D). Interestingly, salivation rates 
following an injection of DA were reduced to 1.75 ± 0.3 nL per 10 min 
when mosquitoes were pre-injected with a lidocaine, which is a 1.5-fold 
reduction when compared to DA-only and is not significantly different 
from PBS control or DA-only treatments (Fig. 3D). On the contrary, 
lidocaine was found to eliminate the secretory response induced by 5-HT 
injection with salivation rates that were not significantly different when 

Fig. 2. Regulation of saliva secretion from female A. aegypti after microinjection of various neuromodulators. (A) Saliva volume secreted following injection 
of 100 µM of chemistry or 1X PBS with 0.9 M CaCl2 (saline control). Bars represent mean (n = 15–25 individuals) volume of secreted saliva and error bars represent 
SD. Bars not labeled by the same letter represent statistical significance at P < 0.05 as determined by a one-way analysis of variance with a Tukey’s posttest. (B-F) 
Concentration-dependent salivation responses after microinjection of neurotransmitters. Data points represent mean (n = 5–10 individuals) volume of secreted saliva 
over baseline secretion rates for each concentration at 10 min post injection. Error bars represent SEM. 
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compared to lidocaine only (Fig. 3D). 

3.5. Influence of DA and 5-HT to amylase and apyrase secretion 

We aimed to determine regulation of secretion of digestive enzymes 
into the saliva by measuring α-amylase and apyrase concentrations in 
saliva from mosquitoes treated with DA, 5-HT, or PIL compared to 
control saliva. The average total apyrase activity of saliva from 5-HT- 
injected mosquitoes was 3.5-fold greater (16.7 ± 6 mU) than apyrase 
content secreted in the saliva from saline-injected mosquitoes, which 
was a statistically significant (P < 0.01) increase (Fig. 4A). On the 
contrary, DA did not increase the total apyrase content in the secreted 
saliva when compared to control (Fig. 4A) despite an increased volume 
of secreted saliva. The cholinergic agonist PIL increased the total 
apyrase content by approximately 2-fold when compared to control, 
which was significantly increased when compared to control and DA but 
statistically reduced when compared to 5-HT (Fig. 4A). 

The average total amylase activity in saliva secreted from 5-HT- and 
DA-injected mosquitoes was found to be significantly (P < 0.05) 
increased by 2.1- and 2.4-fold when compared to saline-injected 
mosquitoes (1.1 ± 0.4 mU), respectively. PIL did not significantly 
alter total amylase concentrations in the secreted saliva when compared 
to control (Fig. 4B). 

3.6. Immunolocalization of DA receptors 

In order to localize the DA receptor in the A. aegypti salivary gland, 
we used a rat anti-D1 or anti-D2 dopamine receptor antibodies. We 
observed immunoreactivity to D1 to be present in both lobes of the gland 
(Fig. 5) with outer membrane expression in the distal region of the 
medial lobe (Fig. 5B), general expression in the distal region of the 
lateral lobes (Fig. 5C), and specific staining around each acini membrane 
or between the cells in the proximal lateral lobes (Fig. 5D). The immu-
noreactivity for anti-D1 was different than that observed for anti-D2 
(Fig. 6) as no punctate expression was observed that likely indicates 
the receptors were broadly distributed and not clustered together. 
Importantly, the negative control (only 2◦ antibody) showed no immu-
noreactivity providing support for specificity of the antibody (Fig. 5A, 
insert). 

For anti-D2, immunoreactivity was limited to the lateral lobes with 
the majority of expression appearing in the proximal region of the lateral 
lobes (Fig. 6A), but was not identified in the median lobe (Fig. 6B). For 
the median lobe, we observed slight immunoreactivity that was not 
distinct or clustered as observed in the lateral lobe, thus we attributed 
this immunoreactivity to non-specific binding of the primary antibody. 
Rod-shaped immunoreactive patches approximately 1–2 μm long were 
identified on the luminal surface between the cells of the distal lateral 
lobes (Fig. 6C) while broad punctate immunoreactivity was observed for 

Fig. 3. Regulation of DA-mediated salivation. A) Inhibition of DA-mediated salivary response by DA receptor antagonists. Bars represent mean (n = 25–35 
mosquitoes) secreted saliva volume and error bars represent SEM. All modulators were studied at 100 μM with the exception of SB4-277,011, which was tested at 10 
μM due to solubility limits. Asterisk (*) denotes statistically significant difference from control at P < 0.05 as determined by a one-way ANOVA with Tukey’s posttest. 
B) Time-course of salivation after DA (circles) or PBS with calcium (control, square) injection. Data points represent mean (n = 5–9) salivation volume per 2-minute 
time point and error bars represent SEM. Data points not labeled by the same uppercase letter represent statistical significance among DA treatment group and points 
not labeled by the same lowercase letter represent statistical significance among control treatments. C) Calcium dependency of DA- and 5-HT-mediated salivation 
after exposure to calcium-free saline or LaCl3. D) Influence of lidocaine and neural inhibition to DA- and 5-HT-mediated salivation. For panels C-D, bars represent 
mean (n = 7–9) volume of secreted saliva and error bars represent SEM. Bars not labeled by the same letter represent statistical significance at P < 0.05 as determined 
by a one-way ANOVA with Tukeys posttest. 
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anti-D2 in the proximal lateral lobes (Fig. 6D). Unfortunately, sub- 
cellular expression patters were not definitive and apical or baso-
lateral expression was not able to be determined. 

3.7. A. aegypti biogenic amine receptors 

Searches of A. aegypti biogenic amine receptors yielded the genes 
generally with one-to-one orthologs with the D. melanogaster genes 
characterized as biogenic amine receptors (Fig. 7). Exceptions included 
serotonin receptors: A. aegypti 5-HT1B is likely not a paired ortholog of 
D. melanogaster 5-HT1B, but a case of reciprocal losses of the genes in 
two taxa. A. aegypti has two genes for 5-HT7 (A and B), while 
D. melanogaster has only one gene. Dopamine receptors and muscarinic 
acetylcholine receptors strictly maintained the one-to-one orthologs 
with the D. melanogaster genes. A. aegypti genome lost an octopamine 
receptor Octb1R of D. melanogaster. 

The transcript levels of A. aegypti biogenic amine receptors, shown in 
Table 1, in the salivary glands revealed high levels of transcriptions of 5- 
HT1A and 5-HT7A. In addition, 5-HT2 and 5-HT7B had moderate levels 
of transcripts. Moderate levels of transcripts were also found in dopa-
mine receptor Dop1R2 and tyramine receptor TyrR. Muscarinic acetyl-
choline receptor mAChRB showed high level of transcript. However, the 
D2-receptor, the antibody used in this study and generated a strong 
immunoreactivity was at the low levels in the transcript number. 

4. Discussion 

The neural innervation and hormonal regulation of insect salivary 
gland function has been researched extensively (Ali, 1997; Novak et al., 
1995; Janzen and Wright, 1971; Koci et al., 2014; Oschman and Ber-
ridge, 1970; Berridge and Heslop, 1981; Berridge and Patel, 1968; Gif-
ford et al., 1991; Klemm, 1972; Robertson, 1975), yet an understanding 
of the mechanisms regulating mosquito salivary gland function remains 

Fig. 4. Regulation of digestive enzyme concentration in the secreted 
saliva by DA, 5-HT, and PIL. Bars represent mean (n = 3–5 pooled saliva) total 
apyrase (A) and amylase (B) content and error bars represent SEM. Bars not 
labeled by the same letter represent statistical significance at P < 0.05 as 
determined by a one-way ANOVA with Tukey’s posttest. 

Fig. 5. Immunolocalization of DA receptor in the 
isolated A. aegypti salivary gland with rat D1- 
receptor polyclonal antibody. (A) overview of sali-
vary glands at low magnification with the labels for 
salivary duct (SD), lateral lobes (LL), proximal lateral 
lobes (PLL), distal lateral lobes (DLL), median lobe 
(ML). Square insert in panel A is a representative 
image (n = 5) of gland treated with secondary anti-
body only (negative control). Hashtags correspond to 
the location of the magnified image for the median 
lobe (B), dorsal lateral lobe (C), proximal lateral lobe 
(D). Positive staining (green) of the salivary gland 
with the human D1 antibody was observed in 
different patterns for all lobes. DAPI counterstaining 
(blue) was used to localize nuclei. Scale bars are 
specific for each panel and images are representative 
of 5 individual replicates. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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limited despite the worldwide economic and health burden caused by 
mosquito blood feeding (Bhatt et al., 2013; Shepard et al., 2013). As 
with other hematophagous arthropods, the mosquito salivary gland is 
critical for their biological success as it facilitates location of a blood 
vessel, blood ingestion, and secretion of digestive enzymes (Ribeiro 
et al., 1984, 1985, 2016), thus an understanding of the neuromodulators 
regulating function may provide insights into novel mechanisms of 

control. However, despite a general role of 5-HT-mediated stimulation 
of salivation by A. aegypti through specific nerve fibers, little is known 
regarding the role of aminergic, octopaminergic, or cholinergic neuro-
modulators to saliva secretion by A. aegypti. Thus, we directly tested the 
influence of each neuromodulator to saliva and enzyme secretion and 
we aimed to gain a general understanding of spatial localization of the 
DA receptor on salivary gland epithelia. 

Fig. 6. Immunolocalization of DA receptor in the 
isolated A. aegypti salivary gland with rat D2- 
receptor polyclonal antibody. (A) overview of sali-
vary glands at low magnification with the labels for 
salivary duct (SD), lateral lobes (LL), proximal lateral 
lobes (PLL), distal lateral lobes (DLL), median lobe 
(ML). Hashtags correspond to the location of the 
magnified image for the median lobe (B), dorsal 
lateral lobe (C), proximal lateral lobe (D). Positive 
staining (green) of the salivary gland with the human 
D2 antibody was observed in different patterns for all 
lobes. DAPI counterstaining (blue) was used to 
localize nuclei. Scale bars are specific for each panel 
and images are representative of 5 individual repli-
cates. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web 
version of this article.)   

Fig. 7. Phylogenetic trees showing the orthology/paralogy of 5-HT receptors (A) and dopamine/octopamine/tyamine receptors (B) between Aedes aegypti and 
Drosophila melanogaster. Neighbor joining trees are shown with the bootstrapping values with the suggested names for the Ae. aegypti receptors identified in this 
study. Branches with different colors indicate different clusters. Ae. aegypti genes are in blue fonts and D. melanogaster genes are in black fonts. Thickness of the 
branch lines are based on the bootstrapping supports. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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The regulation of enzyme and protein secretion is critical for 
bloodmeal ingestion by mosquitoes and subsequent digestion of the 
blood meal. Two primary enzyme families are present in mosquito saliva 
through transcriptomic analyses of saliva extracts of Aedes aegypti, 
Anopheles gambiae, and Culex quinquefasciatus mosquitoes (Grossman 
and James, 1993; Arca, 2005; Ribeiro et al., 2004, 1984). Amylase and 
α-glucosidase activity is involved in sugar feeding due to their role in 
carbohydrate and sugar metabolism and these enzymes are present in 
the proximal-lateral lobes of the male and female mosquito salivary 
gland (Marinotti and J. A., 1990). Apyrase is a salivary enzyme (EC 
3.6.1.5) that is found only in female mosquitoes and is responsible for 
metabolizing the phosphodiester bonds of nucleoside tri-and di-phos-
phates (ATP, ADP) to orthophosphate and mononucleotides, which 
serves to inhibit the aggregation of platelets during blood feeding (Dong 
et al., 2012). Collectively, these two enzymes are responsible for the 
majority of the enzymatic digestion that occurs through the saliva, yet 
the regulation of these digestive enzyme secretion remains under-
studied. Mosquitoes injected with 5-HT were found to significantly in-
crease the total concentration of apyrase in the saliva when compared to 
control mosquitoes (Fig. 4A), which mirrors previous reports (Novak 
et al., 1995). Interestingly, we observed minimal changes of apyrase 
concentrations in the secreted saliva after injection with DA or PIL 
(Fig. 4A), indicating the regulation of apyrase secretion is effected by 5- 
HT despite minimal associations of 5-HT immunoreactive fibers with the 
distal portion of the lateral lobe (Novak et al., 1995). Further, previous 
work shown 5-HT-immunoreactive fibers innervate the proximal por-
tions of the lateral lobes, which are known to store the sugar digesting 
enzyme, α-glucosidase (Novak et al., 1995), indicating 5-HT may be the 
primary neuromodulator for amylase/glucosidase secretion. Indeed, we 
observed a significant increase in total amylase concentration in the 
secreted saliva of 5-HT injected mosquitoes (Fig. 4B). In addition to 5- 
HT, our data indicate amylase secretion is also regulated by DA as we 
observed an approximately 2.5-fold increase in total amylase concen-
tration over saline injected mosquitoes (Fig. 4B), but the specific cellular 
mechanism driving DA-mediated amylase secretion remains to be 
determined. 

The mosquito salivary gland is a paired structure that consists of 
three lobes, one medial lobe and two lateral lobes, and each are 
comprised of a single secretory epithelium layer that surrounds the 
salivary duct (Janzen and Wright, 1971; James, 2003; Juhn et al., 2011). 
It is known that the secretion of the various digestive enzymes associated 
with sugar- or blood-feeding is dependent upon the region of the salivary 
gland lobes (Juhn et al., 2011). For instance, the proximal regions of the 
lateral lobes are associated with secretion of digestive enzymes involved 
in sugar feeding, such as amylases and glucosidases, whereas the medial 
lobe and distal portion of the lateral lobes regulate release of enzymes 
involved in hematophagy, such as apyrases and anticoagulants (Juhn 
et al., 2011; Smartt et al., 1995; Champagne et al., 1995; Arca et al., 
1999). This difference in the contents of main and lateral lobe regions 
may suggest that enzyme secretion corresponds to different neuro-
modulator expression within the salivary gland lobes. Our immunohis-
tochemistry data indicate that immunoreactivity to the rat D1-receptor 
in A. aegypti salivary gland is heavily expressed in the distal region of the 
lateral lobes, weakly reactive within the proximal lateral lobes, and has 
some weak expression along the outer edges of the medial lobe (Fig. 5). 
However, patterns of immunoreactivity to the rat D2-receptor were 
significantly different than anti-D1 as we observed specific localization 
in the proximal regions of the lateral lobes and slight immunoreactivity 
in the distal portion of the lateral lobe, yet no expression in the medial 
lobe (Fig. 6). Our data clearly show DA exposure resulted in a significant 
increase in amylase concentration within the secreted saliva, but DA 
injection did not alter apyrase concentrations (Fig. 4), suggesting blood 
feeding activates serotonergic pathways whereas sugar feeding involves 
dopaminergic pathways. Taken together, the biochemical and immu-
nolocalization data indicate the Aedes DA receptor analogous to rat D2 
receptor is responsible for driving protein secretion related to sugar 

metabolism from mosquito salivary glands because spatial localization 
of amylase 1 (AAEL006719) and alpha-glucosidase (AAEL000392) has 
been shown to be accumulated in the proximal lateral lobe (Juhn et al., 
2011). Interestingly, we observed no differences in apyrase concentra-
tion in the secreted saliva after mosquitoes were injected with DA 
(Fig. 4), yet we observed immunoreactivity of rat D1 and D2 antibodies 
in the distal regions of the proximal lateral lobe (Figs. 5 and 6). Thus, the 
release of amylase may be partially regulated by DA receptors expressed 
on the proximal lateral lobes. Further, immunolocalization of D1- and 
D2- receptors to the medial and distal lateral lobes, respectively suggests 
DA may also regulate secretion of some hematophagy associated en-
zymes (Juhn et al., 2011), but our data suggests DA does not regulate 
apyrase secretion. Lastly, although specific subcellular localization was 
not possible with these images, the immunoreactivity indicates a 
localization pattern of rat anti-D1 towards the apical membrane of the 
medial lobe, similar to that observed in tick salivary gland acini (Šimo 
et al.,). Additional localization studies with Aedes specific antibodies 
and/or RNA in situ hybridization are essential to validate these specu-
lations and further, it is necessary to determine what, if any, regions of 
salivary glands are innervated by dopaminergic neurons. 

In addition to regulation of enzyme secretion, neuromodulatory 
regulation of fluid secretion from the A. aegypti salivary gland is also of 
significant interest. Quantification of saliva after injection of DA or 5-HT 
showed both neuromodulators significantly increased fluid secretion 
when compared to saline injected mosquitoes (control) with EC50 values 
in the low micromolar range, which is approximately 2–4-fold more 
potent than the potency value for DA and 5-HT to the isolated cockroach 
salivary gland (Just and Walz, 1996). Further, the muscarinic cholin-
ergic agonist pilocarpine also increased the secretory activity of the 
salivary gland but only at a significantly higher concentration than DA 
and 5-HT. No significant effect to saliva secretion was observed with 
octopamine and ergonovine, which was surprising based on the stimu-
latory activity these molecules have to salivary gland function in other 
arthropods (Kaufman and Wong, 1983; Kaufman, 1978, 1977; Pan-
nabecker and Needham, 1985). These data suggest that A. aegypti sali-
vary gland may be regulated by dopaminergic, serotonergic, and 
cholinergic systems, but are not likely regulated by octopaminergic or 
tryptaminergic systems. It is not immediately clear what DA receptor 
subtype mediates fluid secretion from the A. aegypti salivary gland 
because the antagonists for each type of DA receptor tested (D1-like, 
InvD1-like, D2-like, and D3-like) reduced salivary secretion to basal 
levels. Thus, the stimulatory action of DA may be attributed to multiple 
DA receptor subtypes or that the DA-receptor subtype in A. aegypti 
salivary glands is receptive to a wide array of chemical scaffolds. These 
data support previous findings confirming that the pharmacology of 
invertebrate DA receptors is significantly different than that of their 
vertebrate equivalents (Marg et al., 2004; Blenau and Baumann, 2001; 
Roeder, 2002). Additional molecular and immunohistochemical 
methods are needed to delineate which subtype is responsible for 
driving DA-mediated salivation from A. aegypti. 

We observed a non-pulsatile pattern of salivation after injection of 
DA that enhanced the continuous flow of PBS saline (control) injection, 
which raised the question of whether DA stimulates neural or epithelial 
pathways to drive salivation. Previous work has shown that 5-HT is an 
effector of A. aegypti salivation through 5-HT-immunoreacive innerva-
tion of the proximal medial lobes (Novak et al., 1995), whereas DA re-
sponses in the cockroach are driven through epithelial transport of ions 
across salivary gland duct cells and not through neuronal mechanisms 
(Lang and Walz, 1999). Considering this, we aimed to determine if DA- 
mediated salivation in A. aegypti is controlled through neuronal regu-
lation or epithelial transport of ions. DA-dependent salivation was 
eliminated after blockage stimulus-induced Ca2+ channels with LaCl3 as 
well as when DA was injected in a Ca2+-free physiological saline 
(Fig. 3C). On the contrary, Ca2+-free physiological saline or co-injection 
with LaCl3 did not influence 5-HT-mediated salivation rates. The con-
trasting effect of calcium to 5-HT and DA salivation provided the first 
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indication that DA-mediated salivation by A. aegypti is through Ca2+

influx across the salivary gland membrane and not through neuronal 
mechanisms. To further test this, we injected lidocaine, which is a Na+

channel blocker and neurodepressant (Swale et al., 2014), to determine 
if neural inhibition alters DA- and 5-HT-mediated salivation. Data 
clearly indicate injection of lidocaine nearly eliminates saliva secretion 
and suggests baseline saliva secretion is primarily mediated through 
neuronal mechanisms. As expected, 5-HT stimulated saliva secretions 
were significantly reduced to below PBS control after neural inhibition 
with lidocaine, but interestingly lidocaine did not have significant in-
fluence to DA-mediated salivation. Taken together, these data suggest 
DA-mediated salivation in A. aegypti is primarily driven through Ca2+

flux across the basolateral membrane of the salivary gland with little to 
no influence of DA-reactive neurons, which is similar to that described 
for Periplanta americana (Evans and Green, 1990), when considering 1) 
the time-course of salivation after DA injection, 2) the elimination of DA 
response to salivation in Ca2+-free saline or after chemical blockage of 
Ca2+ channels, but little effect to neuronally driven 5-HT salivation, and 
3) the small impact neuronal inhibition had to DA salivation, but large 
effect of neural inhibition to 5-HT-mediated salivation. Although the 
data strongly support regulation of DA-salivation through epithelial 
transport of gland cells, it is not possible to rule out DA-reactive neurons, 
neuronal control of valves, muscular control of gland function, or pumps 
that regulate salivation in A. aegypti because these data were collected 
on intact mosquitoes and not an isolated salivary gland. 

Interestingly, female A. aegypti salivated an average of 1.14 nL after 
injection of PBS saline, yet none of the DA antagonists studied were 
found to eliminate this basal salivary response, indicating that salivation 
is likely not exclusively DA-mediated. In cockroach and tick salivary 
glands, DA has been shown to stimulate secondary messenger systems, 
such as phospholipase C and adenylyl cyclase cells (Evans and Green, 
1990), which mobilize intracellular calcium and cAMP (Šimo et al., 
2014, 2012), respectively and increase responsiveness of 5-HT receptors 
on acinar cells (Berridge, 1970; Berridge and Patel, 1968). This indicates 
5-HT reactive neurons may drive the basal salivary gland activity in 
cockroaches and ticks, yet A. aegypti with 5-HT depletion secreted 
approximately 1 nL of saliva (Novak et al., 1995), suggesting the base-
line salivation of mosquitoes is not serotonergic. In rat submandibular 
glands the basal secretion of saliva was determined to be via cholinergic 
stimulation as PIL-mediated salivation was dose dependent and profu-
sion of a muscarinic antagonist inhibited basal saliva secretion (Narita 
et al., 2019). Similarly, we observed a dose dependent increase in the 
volume of secreted saliva from female A. aegypti after microinjection of 
PIL (Fig. 2) and near elimination of salivation after injection of lidocaine 
(Fig. 3D), suggesting the basal salivation of mosquitoes may be mediated 
through mAChR innervation, similar to rodents (Narita et al., 2019). 
Additional studies are needed to validate this speculation. 
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Fusé, M., Ali, D.W., Orchard, I., 1996. The distribution and partial characterization of 
FMRFamide-related peptides in the salivary glands of the locust, Locusta migratoria. 
Cell Tissue Res. 284 (3), 425–433. 

Gifford, A.N., Nicholson, R.A., Pitman, R.M., 1991. The dopamine and 5-hydroxytryp-
tamine content of locust and cockroach salivary neurones. J. Exp. Biol. 161, 
405–414. 

Klemm, N., 1972. Monoamine-containing nervous fibres in foregut and salivary gland of 
the desert locust,Schistocerca gregaria Forskål (Orthoptera, acrididae). Comp. 
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