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Nitric oxide produced by periostial hemocytes modulates the
bacterial infection-induced reduction of the mosquito heart rate
Tania Y. Estévez-Lao, Leah T. Sigle, Scherly N. Gomez and Julián F. Hillyer*

ABSTRACT
The circulatory and immune systems of mosquitoes are functionally
integrated. An infection induces the migration of hemocytes to the
dorsal vessel, and specifically, to the regions surrounding the ostia
of the heart. These periostial hemocytes phagocytose pathogens in
the areas of the hemocoel that experience the highest hemolymph
flow. Here, we investigated whether a bacterial infection affects
cardiac rhythmicity in the African malaria mosquito, Anopheles
gambiae. We discovered that infection with Escherichia coli,
Staphylococcus aureus and Staphylococcus epidermidis, but not
Micrococcus luteus, reduces the mosquito heart rate and alters the
proportional directionality of heart contractions. Infection does not
alter the expression of genes encoding crustacean cardioactive
peptide (CCAP), FMRFamide, corazonin, neuropeptide F or short
neuropeptide F, indicating that they do not drive the cardiac
phenotype. Infection upregulates the transcription of two
superoxide dismutase (SOD) genes, catalase and a glutathione
peroxidase, but dramatically induces upregulation of nitric oxide
synthase (NOS) in both the heart and hemocytes. Within the heart,
nitric oxide synthase is produced by periostial hemocytes, and
chemically inhibiting the production of nitric oxide using L-NAME
reverses the infection-induced cardiac phenotype. Finally, infection
induces the upregulation of two lysozyme genes in the heart and
other tissues, and treating mosquitoes with lysozyme reduces the
heart rate in a manner reminiscent of the infection phenotype. These
data demonstrate an exciting new facet of the integration between
the immune and circulatory systems of insects, whereby a
hemocyte-produced factor with immune activity, namely nitric
oxide, modulates heart physiology.
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INTRODUCTION
Nutrients, waste, hormones and other factors are moved throughout
the insect hemocoel by hemolymph currents that are maintained by
the coordinated action of the muscular pumps of the circulatory
system (Hillyer and Pass, 2020). The major driver of hemolymph
flow is a dorsal vessel that longitudinally extends along the insect’s
dorsal midline. In mosquitoes, the posterior portion of the dorsal
vessel, the heart, traverses the abdomen and is attached to the dorsal
tergum; it generates the forceful contractions that move hemolymph
(Andereck et al., 2010; Glenn et al., 2010). The anterior portion of

the dorsal vessel, the aorta, joins the heart at the thoraco-abdominal
junction and traverses the thorax before terminating in the head
(Sigle and Hillyer, 2018b). Although the aorta contracts, it primarily
serves as a conduit for hemolymph being propelled by the heart
(Sigle and Hillyer, 2018b).

The dorsal vessel of a mosquito periodically alternates between
propelling hemolymph in anterograde (towards the head) and
retrograde (towards the posterior abdomen) directions (Glenn et al.,
2010; League et al., 2015). When the heart contracts anterograde,
hemolymph enters the dorsal vessel via six pairs of valves, called
ostia, which are located on the anterior portion of abdominal
segments 2–7 (Andereck et al., 2010; Barbosa da Silva et al., 2019;
Glenn et al., 2010). Wave-like contractions of cardiac muscle move
this hemolymph until it exits the vessel via an excurrent opening
located in the head (Glenn et al., 2010; Sigle and Hillyer, 2018b).
When the heart contracts retrograde, hemolymph enters the dorsal
vessel via a pair of ostia located at the thoraco-abdominal junction,
and wave-like contractions of heart muscle move this hemolymph
until it exits the vessel via an excurrent opening located in the last
abdominal segment (Glenn et al., 2010; League et al., 2015).

Although the insect circulatory system is best known for delivering
nutrients and maintaining homeostasis, it also plays an essential role
in immune defense (Hillyer and Pass, 2020). Hemolymph currents
disseminate humoral immune factors and circulate immune cells
called hemocytes. In addition to circulating, hemocytes also attach to
the integument, the trachea and tracheoles, and internal organs (King
and Hillyer, 2013; League and Hillyer, 2016). However, hemocytes
are not static; circulating hemocytes can become sessile and enter the
circulation (Babcock et al., 2008; Sigle and Hillyer, 2016, 2018a).
When an insect is injured, for example, some hemocytes migrate to
thewoundwhere they facilitate repair (Babcock et al., 2008; Lai et al.,
2001). More strikingly, however, when a mosquito is infected,
hemocytes migrate to the heart, where they rapidly and efficiently
phagocytose pathogens (King and Hillyer, 2012). Specifically, an
infection induces the migration of hemocytes to the areas surrounding
the ostia – called the periostial regions – and they preferentially
aggregate around the ostia that receive the most flow (King and
Hillyer, 2012; Sigle and Hillyer, 2016). By residing in areas of high
hemolymph flow, periostial hemocytes are in an ideal position to
phagocytose and destroy pathogens that circulate. Although the
biology of periostial hemocytes has only been described in detail in
mosquitoes, hemocytes have been detected in or on the heart of a stick
insect, adult fruit flies, and larvae of the greater wax moth (Cevik
et al., 2019; da Silva et al., 2012; Ghosh et al., 2015; Horn et al., 2014;
Pereira et al., 2015).

Because intense immune processes occur on the surface of the
mosquito heart, we investigated whether an infection alters heart
physiology. By means of organismal manipulations and intravital
video imaging, we uncovered that a bacterial infection induces the
production of nitric oxide by periostial hemocytes, which reduces
the heart rate and alters the proportional directionality of heartReceived 30 March 2020; Accepted 16 June 2020
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contractions. Therefore, these data demonstrate a new facet of how
the physiologies of the immune and circulatory systems are
functionally integrated during the defense against foreign invaders.

MATERIALS AND METHODS
Mosquito rearing
Anopheles gambiae Giles 1902 sensu stricto (G3 strain; Diptera:
Culicidae) were raised in an insectary under a controlled 12 h:12 h
light:dark photoperiod at 27°C and 75% relative humidity (Estevez-
Lao et al., 2013). Eggs were hatched in distilled water, and larvae
were fed a blend of koi food and baker’s yeast. Upon eclosion,
adults were maintained on 10% sucrose solution ad libitum. All
experiments were initiated in female mosquitoes at 3 days post-
eclosion.

Bacteria and infections
Mosquitoes were infected with the following bacteria: (1) GFP-
expressing, tetracycline-resistant Escherichia coli (modified DH5-
alpha); (2) Micrococcus luteus; (3) Staphylococcus aureus (RN
6390); or (4) Staphylococcus epidermidis (HIP 04645). Bacteria
were grown in Luria–Bertani broth (LB, for E. coli andM. luteus) or
tryptic soy broth (TSB, for Staphylococcus spp.), and 0.2 µl of
culture dilutions were intrathoracically injected into mosquitoes
through the anepisternal cleft using a finely pulled capillary glass
needle. The bacterial dose was calculated by plating dilutions of
overnight cultures on LB or TSB plates, incubating them overnight
at 37°C, and counting the colony forming units (CFUs) 18 h later.
Infection doses per mosquito for E. coli, S. aureus and S.
epidermidis averaged 91,000, 112,000 and 41,000 CFUs,
respectively. Micrococcus luteus does not form discrete colonies
under our growing conditions, so a precise dose could not be
calculated. Instead,M. luteus cultures were injected at a normalized
optical density at 600 nm (OD600) of 4.2. Using this method of
bacterial inoculation, active infections with replicating bacteria
ensue for weeks (Brown et al., 2018; Gorman and Paskewitz, 2000;
King and Hillyer, 2012). Additional groups that were used in this
study were unmanipulated mosquitoes (naïve) and mosquitoes that
had been injected with sterile growth medium (injured).

Measurement of heart contraction dynamics
Mosquitoes were anesthetized by cooling in a −20°C environment
for 60 s and were then transferred to a Petri dish that was kept on ice.
At 1, 3 and 5 days post-treatment, mosquitoes were placed ventral
side down with wings spread on Sylgard 184 silicone elastomer
plates (Dow Corning, Midland, MI, USA) using the non-invasive
method previously described and pictured (Andereck et al., 2010;
Glenn et al., 2010). After mosquitoes acclimated to room
temperature, 60 s intravital videos of their dorsal abdomens were
recorded under bright-field trans-illumination using a Nikon
SMZ1500 stereo microscope (Nikon Corporation, Tokyo, Japan)
connected to a Hamamatsu ORCA-Flash 2.8 digital CMOS camera
(Hamamatsu Photonics, Hamamatsu, Japan) and Nikon Advanced
Research NIS-Elements software. Videos were manually analyzed
in NIS elements. Specifically, by visualizing the direction and
frequency of wake-like contractions of the heart throughout the
length of the semi-translucent abdomen, the following
physiological parameters were quantified: total, anterograde and
retrograde contraction rates (in Hz, which represent contractions per
second); the percentage of time the heart spent contracting
anterograde and retrograde; the percentage of contractions that
propagated anterograde and retrograde; and the frequency of
heartbeat directional reversals (Estevez-Lao et al., 2013; Glenn

et al., 2010; Hillyer et al., 2014, 2012). For day 1 post-treatment,
45–80 mosquitoes were assayed per treatment. For days 3 and 5
post-treatment, 19–30 and 16–27 mosquitoes were assayed per
treatment, respectively. Data were analyzed by two-way ANOVA,
followed by a post hoc Dunnett’s test that compared (i) the injured
group at any given time (labeled R for reference) to all other
treatment groups for that same time, or (ii) the main effect of a
treatment irrespective of day (GraphPad Prism, San Diego, CA,
USA). The two-way ANOVA yields three distinct P-values:
(i) whether treatment had an effect, (ii) whether time had an
effect, and (iii) whether the effect of treatment changed with time
(interaction).

RNA isolation, cDNA synthesis and real-time quantitative
PCR (RT-PCR)
For gene expression analyses in whole bodies, 10–15 mosquitoes
were collected at 1 and 5 days after the following treatments: naïve,
injury by LB injection, and infection with E. coli, M. luteus,
S. aureus or S. epidermidis. Mosquitoes were homogenized in
TRIzol reagent (Invitrogen, Carlsbad, CA, USA), RNAwas then re-
purified using the PureLink Micro-to-Midi total RNA purification
system (Invitrogen), and up to 5 µg of RNA was treated with RQ1
RNase-free DNAse (Promega, Madison, WI, USA). First-strand
cDNA was synthesized using an oligo dT primer and the
SuperScript III First-Strand Synthesis System (Invitrogen).
Relative quantification (RQ) of mRNA levels was performed
using gene-specific primers and Power SYBR Green PCR Master
Mix (Applied Biosystems, Foster City, CA, USA) on a CFX
Connect Real-Time Detection System (Bio-Rad, Hercules, CA,
USA). The thermal cycle conditions used were: 50°C for 2 min,
initial denaturation at 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 1 min. Melting curve analysis after
RT-PCR confirmed the specificity of the primers and that the
cDNAs were devoid of genomic DNA contamination. The relative
amount of mRNA was calculated using the 2−ΔΔCt method, and the
results were normalized with A. gambiae ribosomal protein S7
(RPS7) as an internal housekeeping gene (Coggins et al., 2012;
Estevez-Lao et al., 2013; Livak and Schmittgen, 2001). Ribosomal
protein 17 (RPS17) was used as a control gene in order to validate the
RPS7 reference, as we have done in the past (Coggins et al., 2012;
Estevez-Lao et al., 2013). The average fold-change in mRNA level
was calculated relative to naïve mosquitoes at 1-day post-treatment.
Between three and five biological replicates were conducted and each
was analyzed in duplicate. The one exception was lysozyme C2
(LYSC2), for which two biological replicates were done.

For gene expression analysis in dissected tissues, cDNA was
synthesized from 12 hearts, 12 abdominal carcasses, and hemocytes
(hemolymph) from 25 mosquitoes. Samples were collected at 1 day
post-treatment, and the treatments were naïve, injury by LB
injection, or infection with E. coli. Hearts were isolated by
making an incision in the abdomen along the pleural membrane,
removing the internal organs, and resecting the heart using 0.2 mm
diameter minuten pins. Attached to these hearts are periostial
hemocytes, pericardial cells and some alary muscles (Sigle and
Hillyer, 2018a). The remainder of the abdomen is called the carcass
and contains abdominal muscle, fat body, sessile hemocytes not
associated with the heart, the ventral nerve cord, the integument and
other cells that attach to the integument (Andereck et al., 2010; King
and Hillyer, 2013). Therefore, the abdominal carcasses are devoid of
the heart, pericardial cells, periostial hemocytes and internal organs
such as the midgut and ovaries. Heart and abdominal carcass
samples were placed in TRIzol and processed as above. Hemocytes
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were collected by volume displacement, also known as perfusion
(Hillyer and Christensen, 2002; Hillyer and Estévez-Lao, 2010).
Specifically, a small tear was made in the penultimate abdominal
segment, phosphate-buffered saline (PBS, pH 7.2) was injected
using a microcapillary glass needle inserted through the dorsal
cervical membrane, and the hemolymph that exited through the
posterior abdomen was directly collected into a microfuge tube
containing lysis buffer with 2% β-mercaptoethanol. The RNA was
then purified using the PureLink Micro-to-Midi total RNA
purification system and processed as described above. The
average fold-change in mRNA level was calculated relative to the
naïve group of each individual tissue. Three biological trials were
conducted – except for hemocytes, where two biological trials were
performed – and each was analyzed in duplicate.
The genes assayed were five cardioregulatory genes, five genes

related to reactive oxygen or nitrogen species, two lysozymes, one
control gene and the reference gene. These genes were crustacean
cardioactive peptide (CCAP; JX880074, AGAP009729), FMRFamide
(FMRFamide; KJ583231, KJ583232, AGAP005518), corazonin
(CRZ; AGAP003675), neuropeptide F (NPF; AGAP004642), short
neuropeptide F (sNPF; DQ437578), nitric oxide synthase (NOS;
AGAP029502), copper-zinc superoxide dismutase 2 (CuSOD2;
AGAP005234), copper-zinc superoxide dismutase 3 (CuSOD3;
AGAP010347), catalase 1 (CAT1; AGAP004904), glutathione
peroxidase 3 (GPXH3; AGAP004248), lysozyme C1 (LYSC1;
AGAP007347), LYSC2 (AGAP007343), RPS17 (AGAP004887) and
RPS7 (AGAP010592). Gene IDs that start with AGAP are from
VectorBase (www.vectorbase.org) whereas others are from GenBank
(www.ncbi.nlm.nih.gov/genbank). The primers used in this study are
listed in Table S1. Genes were considered regulated when the fold-
change was ≤0.5 or ≥2.

Inhibition of nitric oxide synthase activity and quantification
of nitrite
Either the chemical inhibitor of nitric oxide production, Nω-nitro-L-
arginine methyl ester hydrochloride (L-NAME; Sigma-Aldrich,
St Louis, MO, USA), or its inert enantiomer Nω-nitro-D-arginine
methyl ester hydrochloride (D-NAME; Sigma-Aldrich), was mixed
with E. coli or S. aureus for a final concentration of 100 mmol l−1,
and then intrathoracically injected into mosquitoes (Hillyer and
Estévez-Lao, 2010). Additional mosquitoes were injured or infected
with bacteria in the absence of these chemicals. At 1 day post-
treatment, videos of contracting hearts were acquired and the total
contraction rate was calculated. In parallel, the hemolymph from
20–25 mosquitoes was extracted by centrifugation using a protocol
described for mosquito larvae and adults (League et al., 2017).
Briefly, a small tear was made in the penultimate abdominal
segment, and a group of mosquitoes was placed inside a 0.6 ml
microfuge tube that had a small incision in the bottom. This tube
was inserted into a 1.5 ml microfuge tube and centrifuged at 1500 g
for 5 min at 4°C. The 2–3 µl of hemolymph collected was used to
quantify the amount of nitric oxide produced by measuring the
accumulation of nitrite (NO2

−; a breakdown product of nitric oxide)
using a modified Griess reaction method (Giustarini et al., 2008)
and the instructions provided with the Griess kit (Invitrogen). In this
colorimetric assay, 1 µl of hemolymph was added to 49 µl of 62.5%
of ethanol and mixed with 30 µl of Griess solution (1%
sulfanilamide, 0.1% naphtyl-ethylendiamine and 5% phosphoric
acid). Following a 30 min incubation at room temperature in
darkness, the absorbance of each sample was measured at 550 nm
using a Biophotometer Plus spectrophotometer (Eppendorf,
Hamburg, Germany). A standard curve was generated with

sodium nitrite in concentrations ranging from 1 to 100 µmol l−1,
and sample values were expressed as micromoles of nitrite per
mosquito. For heart rate experiments, three independent trials were
conducted. For nitrite measurements, four to six independent trials
were conducted, each with two samples. Data were analyzed by
ANOVA, followed by Dunnett’s multiple comparisons test.

NADPH diaphorase histochemical bioassay
Nitric oxide synthase (NOS) activity was determined by NADPH
diaphorase staining, whereby the diaphorase enzymatic activity of
NOS reduces tetrazolium dyes to a dark blue formazan precipitate in
the presence of NADPH (Gonzalez-Zulueta et al., 1999). The
procedure was similar to how we have stained NOS activity in
circulating hemocytes following perfusion (Hillyer and Estévez-
Lao, 2010), except that here it was conducted on dissected
abdomens that included the heart and associated tissues. Briefly,
mosquitoes were injected with 16% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA, USA), and 5 min later
were immersed in PBS containing 0.1% Tween 20 and the
abdomen dissected along a coronal plane. Dorsal abdomens
containing the heart were transferred to 2 ml microfuge tubes and
washed in 50 mmol l−1 Tris-buffered saline (TBS, pH 7.2) for
10 min in an orbital shaker, fixed again in 4% paraformaldehyde for
30 min, and washed three times for 10 min each in TBS. After
15 min of permeabilization in 0.2% Triton X-100 in TBS, the
abdomens were washed and then incubated for 90 min at 37°C in a
mixture containing 1 mmol l−1 β-NADPH, 0.2 mmol l−1 nitroblue
tetrazolium, 0.2% Triton X-100 and 0.02% sodium azide in TBS.
The staining process was stopped by washing tissues several times
in TBS, and each dorsal abdomen was mounted on a microscope
slide using Aqua-Poly/Mount (Polysciences Inc., Warrington, PA,
USA). Slides were viewed under bright-field illumination using a
Nikon 90i compound microscope connected to a Nikon DS-Fi1
high-resolution color CCD camera and NIS-Elements software.
Approximately 10 abdomens were processed per treatment,
distributed in three independent biological replicates.

Treatment with lysozyme
Chicken lysozyme (MP Biomedicals, Solon, OH, USA) was
reconstituted at 1×10−5 mol l−1 and 1×10−3 mol l−1 in PBS and
0.2 µl injected into mosquitoes. An additional group was injured by
injecting PBS. Videos of contracting hearts were acquired at 3 h
(between 23 and 26 mosquitoes per group) and 24 h (between 26
and 27 mosquitoes per group) after treatment, and the total
contraction rate was calculated. Three independent trials were
conducted, and data were analyzed by two-way ANOVA followed
by Dunnett’s multiple comparisons test.

RESULTS
A bacterial infection reduces heart contraction rate
At 1 day following injection (when mosquitoes were 4 days old) the
total heart rate in injured mosquitoes averaged 2.02 Hz, and at 3 and
5 days following injection it averaged 2.19 and 2.24 Hz,
respectively (Fig. 1A). Infection for 1 day with E. coli, S. aureus
and S. epidermidis reduced the heart rate relative to injured
mosquitoes by 13, 18 and 7%, respectively, and infection for 3 days
with these three bacterial species reduced the heart rate by 16, 24
and 25%, respectively (Fig. 1A). By 5 days, S. aureus was the only
infection that significantly reduced the heart rate, and did so by
17%. Infection with M. luteus had a negligible effect, or no effect,
on heart rate. Finally, relative to naïve mosquitoes, injury resulted in
a modest 5.6% increase in mosquito heart rate (main injury effect:
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P=0.01), which is consistent with our earlier observations (Estevez-
Lao et al., 2013; Hillyer et al., 2014, 2012).
When heart rate was analyzed independently for anterograde

and retrograde contractions, a similar pattern was observed
(Fig. 1B,C). Infection with E. coli (main anterograde and
retrograde effects: P<0.0001 and P=0.0168, respectively),
S. aureus (P<0.0001 and P<0.0001) and S. epidermidis
(P=0.003 and P=0.047), but not M. luteus (P=0.928 and
P=0.999), decreased the anterograde and retrograde heart rate.
Moreover, injury resulted in a small increase in both the
anterograde and retrograde heart rate (P=0.024 and P=0.004).
Therefore, we conclude that an infection reduces the total,
anterograde and retrograde heart rates.
The percentage of contractions that propagated in the anterograde

direction in injured mosquitoes was 71, 68 and 71% at 1, 3 and
5 days after injection, respectively (Fig. 1D). Likewise, the

percentage of time the heart of injured mosquitoes spent
contracting in the anterograde direction was 71, 67 and 71% at 1,
3 and 5 days after injection, respectively (Fig. 1G). The similarities
between the percentage of contractions and the percentage of time in
any given direction are because the anterograde and retrograde heart
rates are similar. Relative to injured mosquitoes, infected
mosquitoes contracted less and spent less time contracting in the
anterograde direction (Fig. 1D,G). This was most noticeable in
mosquitoes infected with E. coli or S. aureus, where at 1 day after
treatment the percentage of time spent contracting in the anterograde
direction was 4 and 7 percentage points lower, respectively, than in
injured mosquitoes. As a consequence, infected mosquitoes
contracted more, and spent more time contracting, in the
retrograde direction (Fig. 1E,H). Finally, relative to naïve
mosquitoes, injury did not alter the percentage of contractions or
time spent contracting in any given direction.

Naïve Injured E. coli M. luteus S. aureus S. epidermidis

1 day 3 days 5 days 1 day 3 days 5 days 1 day 3 days 5 days

1 day 3 days 5 days 1 day 3 days 5 days

1 day 3 days 5 days 1 day 3 days 5 days

1 day 3 days 5 days

0

1

2

H
ea

rt 
ra

te
 (H

z)
A Total

0

1

2

H
ea

rt 
ra

te
 (H

z)

B Anterograde

0

1

2

H
ea

rt 
ra

te
 (H

z)

C Retrograde

0

20

40

60

80

100

C
on

tra
ct

io
ns

 (%
)

D Anterograde

0

20

40

60

80

100
C

on
tra

ct
io

ns
 (%

)

E Retrograde

0

4

8

12

16

R
ev

er
sa

ls
 p

er
 m

in
ut

e

F Heartbeat reversal frequency

0

20

40

60

80

100

Ti
m

e 
(%

)

G Anterograde

0

20

40

60

80

100

Ti
m

e 
(%

)

H Retrograde

RRRRRRRRR

RRRRRRRRR

R R R R R R

*

* * * * * * * * * * * * * * *******

**

****

Two-way ANOVA:

Treatment

Time

Interaction

Panel A B C D E F G H

* * * * * n.s. * *
* * * * * * * *
* * * n.s. n.s. n.s. n.s. n.s.

Fig. 1. Effect of infection on heart physiology. (A–C) Total (A), anterograde (B) and retrograde (C) contraction rates at 1, 3 and 5 days after treatment
in naïve mosquitoes, injured mosquitoes and mosquitoes infected with E. coli, M. luteus, S. aureus or S. epidermidis. (D,E) Percentage of contractions
propagating in the anterograde (D) and retrograde (E) directions. (F) Frequency of heartbeat directional reversals. (G,H) Percentage of time spent contracting in
the anterograde and retrograde directions. The graphs display means±s.e.m. Data were analyzed by two-way ANOVA followed by Dunnett’s post hoc test.
‘R’ above a column denotes the reference; *P<0.05 when compared with the reference; n.s., not significant. Sample sizes are presented in Table S2.
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The heart of injured mosquitoes reversed contraction direction
9.2, 12.7 and 11.7 times per minute at 1, 3 and 5 days after injection,
respectively (Fig. 1F). Infection did not have a consistent or
predictable effect on the frequency of heartbeat reversals (Fig. 1F),
which was not surprising because this is the most fluctuating cardiac
parameter we measure (Doran et al., 2017; Estevez-Lao et al., 2013;
Glenn et al., 2010; Hillyer et al., 2014, 2012). Therefore, we
conclude that infection has a negligible effect on the frequency of
heartbeat reversals.

The transcription of genes encoding cardiomyotropic
peptides is not meaningfully affected by infection
To begin to uncover the molecular drivers of the infection-induced
reduction in heart rate, we assayed the expression of
cardiomyotropic factors in the whole bodies of naïve mosquitoes,
injured mosquitoes and mosquitoes infected with E. coli,M. luteus,
S. aureus or S. epidermidis for 1 or 5 days. In addition, we repeated
this experiment but instead measured gene expression in the heart,
the circulating hemocytes, the abdominal carcass and the whole
body of mosquitoes that were naïve, injured or infected with E. coli
for 1 day. Attached to the heart were the periostial hemocytes,
pericardial cells and alary muscles (Sigle and Hillyer, 2018a), and
attached to the abdominal carcass were the non-periostial sessile
hemocytes (King and Hillyer, 2013). Many factors that affect heart
rhythmicity have been identified in insects (Chowan ́ski et al.,
2016; Hillyer, 2018), and here we focused on five genes encoding
neuropeptides. CCAP and FMRFamide affect circulatory
physiology in mosquitoes (Estevez-Lao et al., 2013; Hillyer
et al., 2014), NPF and sNPF modulate heart physiology in
Drosophila (Setzu et al., 2012), and CRZ modulates heart
physiology in some insects but not others (Boerjan et al., 2010;
Hillyer et al., 2012).

RT-PCR experiments showed that at 1 day post-treatment, there
was no meaningful change in the mRNA abundance of CCAP,
FMRFamide, CRZ, NPF or sNPF (no ≤0.5-fold or ≥2-fold change;
Figs 2 and 3). At 5 days post-infection, there was a general elevation
in the mRNA abundance of some of these factors relative to naïve
mosquitoes of the same age (Fig. 2), but changes were insufficient
to explain the cardiac phenotype because (i) the phenotypewould be
explained by a decrease in mRNA abundance instead of an increase,
(ii) the tissue-specific experiments did not show a meaningful
change in transcription following infection (Fig. 3), and (iii) mRNA
abundance of FMRFamide and sNPFwere undetectable in the heart
and circulating hemocytes (Fig. 3B,E). The one possible exception
is CRZ because infection increased the mRNA level in the carcass
(Fig. 3C), but the corazonin peptide has a negligible effect on
mosquito heart physiology (Hillyer et al., 2012).

NOS and other genes encoding enzymes involved in
oxidative stress are transcriptionally upregulated in the
heart following infection
Because the mRNA abundance of cardiomyotropic peptides did not
explain the cardiac phenotype, we turned our attention to nitric
oxide synthase. NOS produces nitric oxide, which is a pleiotropic
molecule that, in both vertebrates and invertebrates, has anti-
microbial activity (Gupta et al., 2009; Hillyer and Estévez-Lao,
2010; Hughes, 2008; Luckhart et al., 1998; Rivero, 2006). This free
radical is also a vasodilator and heartbeat modulator in vertebrate
animals (Rastaldo et al., 2007; Smiljic et al., 2014), and at least in a
stick insect, nitric oxide reduces the heart rate (da Silva et al., 2012).

RT-PCR experiments using cDNAs from whole body showed
that NOS is transcriptionally upregulated at both 1 and 5 days
following all infections tested (Fig. 4A). This increase was more
pronounced at 1 day post-infection, where NOS mRNA level was
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>8-fold higher in mosquitoes infected with E. coli and S. aureus
relative to naïve mosquitoes. When tissues were independently
analyzed, NOS mRNA in infected mosquitoes was also enriched in
the heart (7.7-fold), circulating hemocytes (9.9-fold) and carcass
(19-fold), relative to naïve mosquitoes (Fig. 5A).
Other free radicals have been implicated in modulating heart

physiology. In vertebrates, reactive oxygen species (ROS) drive
age-associated changes in the vascular wall (El Assar et al., 2013).
In insects, they also have immune function, including in the
mosquito response to malaria parasites (Bahia et al., 2013; Herrera-
Ortiz et al., 2011; Molina-Cruz et al., 2008; Surachetpong et al.,
2011). Therefore, we also used RT-PCR to measure mRNA
abundance of CuSOD2, CuSOD3, CAT1 and GPXH3. Although
following a bacterial infection none was highly regulated in the
mosquito whole body (Fig. 4B–E), mild increases in mRNA
abundance were detected in tissues (Fig. 5B–E). For example, a
modest increase in the mRNA abundance of CuSOD3 (2.1-fold)
was observed in the heart following infection. Moreover, in the
carcass,CuSOD2 (2.0-fold) andCAT1 (2.2-fold) were enriched after
infection, and in the hemocytes, CuSOD2 (3.1-fold) and CuSOD3
(2.8-fold) mRNA abundance also increased with infection. To
ensure that changes were not global, we measured the expression of
the housekeeping gene, RPS17. Neither treatment nor tissue had an
impact on mRNA abundance of RPS17.

Blocking nitric oxide production reverses the infection-
induced reduction of the heart rate
To test whether NOS alters heart physiology, we infected
mosquitoes with E. coli or S. aureus in the presence or absence of
the inhibitor of nitric oxide production, L-NAME, or its inert
enantiomer, D-NAME (Luckhart et al., 1998; Rees et al., 1990). We
then tested whether reducing nitric oxide production reverses the
infection-induced cardiac phenotype (Fig. 6A). In the trials involving

E. coli, infection decreased the heart rate by 8%, and this was
completely reversed when E. coli was co-injected with L-NAME but
not when it was co-injected with D-NAME. In the trials involving
S. aureus, infection decreased the heart rate by 17%, and this was
mostly reversedwhen S. aureuswas co-injectedwith L-NAMEbut not
when it was co-injected with D-NAME.

We then sought to confirm that the blocking of nitric oxide
production was unique to treatment with L-NAME (Fig. 6B). Nitric
oxide is an unstable free radical, so instead of quantifying nitric
oxide in the hemolymph, we measured the accumulation of one of
its breakdown products, nitrite (Hughes, 2008; Kelm, 1999; Rivero,
2006). Relative to injured mosquitoes, an infection with E. coli or
S. aureus increased nitrite in the hemolymph by 70 and 36%,
respectively. However, when these infected mosquitoes were also
treated with L-NAME, nitrite dropped by 63 and 47%, respectively,
with these levels being even lower than those observed in injured
mosquitoes. Finally, treatment of infected mosquitoes with
D-NAME resulted in a non-significant reduction in nitrite levels.
Therefore, infection induces the production of nitric oxide, and as
predicted, this is reversed by L-NAME but not D-NAME. Together
with the intravital video imaging experiments, we conclude that
chemically inhibiting nitric oxide production reverses the infection-
induced reduction of heart rate.

Nitric oxide synthase and nitric oxide are produced by
periostial hemocytes
Having determined that nitric oxide reduces heart rate, we
investigated which cells produce this free radical. We did so by
means of NADPH diaphorase staining, whereby NOS catalyses a
reaction that results in a dark blue or purple precipitate (Gonzalez-
Zulueta et al., 1999; Hillyer and Estévez-Lao, 2010). Examination
of dorsal abdomens of naïve or injured mosquitoes using bright-
field illumination revealed negligible NADPH diaphorase staining,
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indicating that in these tissues there is undetectable NOS activity,
and by extension, negligible nitric oxide production (Fig. 7A,B).
When infected mosquitoes were examined, their dorsal abdomens
had intense NADPH diaphorase staining (Fig. 7C–F). This staining
strongly concentrated in flanking foci located in the anterior of each
abdominal segment along the longitudinal midline of the tergum.
This location matches the location of the ostia and the periostial
hemocytes (King and Hillyer, 2012; Sigle and Hillyer, 2016).
Bright-field imaging at higher magnification to view cell size and
shape, together with fluorescence illumination to view GFP-
expressing E. coli, confirmed that the cells with NOS activity –
and therefore the nitric oxide producers – are the periostial
hemocytes (Fig. 7G).

Lysozyme reduces the heart rate
Having uncovered a role for nitric oxide in mosquito heart
physiology, we assayed whether lysozymes are also involved in
the observed cardiac phenotype. We targeted lysozymes because in
canines, lysozyme induces the production of hydrogen peroxide
(H2O2), which activates endothelial NOS (eNOS) and triggers
myocardial depression (Mink et al., 2009). RT-PCR experiments in
mosquito whole bodies showed that mRNA abundance of LysC1
and LysC2 is upregulated at 1 day (up to 12- and 44-fold,
respectively) and 5 days (up to 7- and 39-fold, respectively)
following infection with all bacterial species (Fig. 8A). Moreover,
both LysC1 (205-fold) and LysC2 (11-fold) are highly upregulated
in the heart following infection with E. coli (Fig. 8B).
With lysozymes as promising targets, we tested whether treating

mosquitoes with commercially purchased chicken lysozyme in the
absence of infection mimics the infection-induced cardiac

phenotype. At 3 h after treatment with chicken lysozyme at
1×10−5 and 1×10−3 mol l−1, the heart rate was reduced by 10 and
15%, respectively, relative to injured mosquitoes (Fig. 8C). At 24 h
after treatment, however, lysozyme had no effect on heart rate,
presumably because the injected lysozyme had been depleted
(Fig. 8C). Therefore, because treatment with lysozyme results in a
phenotype that resembles the infection-induced reduction in heart
rate, we infer that lysozymes modulate cardiac function.

DISCUSSION
The insect heart is myogenic, but its rhythmicity is modulated by
endogenous and exogenous factors (Hillyer and Pass, 2020).
Endogenous or biotic factors that affect heart physiology include
neuropeptides and neurotransmitters (Chowan ́ski et al., 2016;
Hillyer, 2018). Exogenous or abiotic factors that affect heart
physiology include age, nutritional and hydration status, and the
thermal environment (Doran et al., 2017; Ellison et al., 2015;
Richards, 1963). One aspect that has gone largely unexplored is
whether an infection alters heart physiology. This merits
investigation because the circulatory and immune system of
insects – and Pancrustacea in general – are functionally integrated
(Hillyer, 2015). This functional integration is most clearly
documented in mosquitoes, where an infection induces the
migration of hemocytes – and their phagocytic response – to the
heart and nowhere else in the body (King and Hillyer, 2012, 2013;
Sigle and Hillyer, 2016, 2018a). In at least flies, moths and stick
insects, hemocytes or pathogens also aggregate in or on the heart
(Cevik et al., 2019; da Silva et al., 2012; Ghosh et al., 2015; Horn
et al., 2014; Pereira et al., 2015). In the present study, we uncovered
that an infection decreases the heart rate of mosquitoes and increases
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the percentage of contractions – and the percentage of time spent
contracting – in the retrograde direction. Moreover, we discovered
that the infection-induced decrease in heart rate is modulated by
nitric oxide that is produced by heart-associated periostial
hemocytes (Fig. 9).
Prior to the initiation of this work, the effect of infection on heart

physiology had only been explored in one study, which found that
infection with E. coli decreases the heart rate of fruit flies (Broderick
et al., 2006). That study, however, is marred by the fact that the flies
were anesthetized using FlyNap, which is a volatile mixture that,
by itself, modulates heart physiology while at the same time
eliminating the cardioacceleratory effect of the neuropeptide, CCAP
(Chen and Hillyer, 2013). The present study went further in that it
used an anesthetic and immobilization method that does not impact
heart physiology (Chen and Hillyer, 2013), and found that infection
with any of three different bacterial species decreases the heart rate
and increases the percentage of contractions – and the percentage
of time spent contracting – in the retrograde direction. We have
previously noted that as mosquitoes age there is a similar shift in
the proportional directionality of heart contractions, but an
infection decreases the heart rate whereas aging increases it
(Doran et al., 2017).
We initially hypothesized that the reduced heart rate was because

of decreased production of myotropic neuropeptides. Therefore, we
queried the transcription of genes that produce them. CCAP is
cardioacceleratory in a wide array of insects, including mosquitoes,
beetles, moths, fruit flies and stick insects (da Silva et al., 2011;
Dulcis et al., 2005; Estevez-Lao et al., 2013; Lehman et al., 1993;
Wasielewski and Skonieczna, 2008). FMRFamide-containing
peptides are cardioacceleratory in mosquitoes, but in other insects
the variable N-terminal sequence determines whether they

accelerate or decelerate the heart (Duve et al., 1993; Hillyer et al.,
2014; Lee et al., 2012; Nichols, 2006). Corazonin influences cardiac
physiology in some insects but not others, and neuropeptide F and
short neuropeptide F either affect the heart rate during specific
phases of the contraction cycle or have no effect at all (Boerjan et al.,
2010; Hillyer et al., 2012; Schiemann et al., 2019; Setzu et al.,
2012). In our experiments, the transcription of genes encoding
myotropic neuropeptides did not change in a manner that explains
the infection-induced cardiac phenotype.

We then turned our attention to nitric oxide because it is a
pleiotropic free radical that functions in both defense and circulatory
physiology. In vertebrate animals, nitric oxide is a vasodilator and
heartbeat reducer (Rastaldo et al., 2007; Smiljic et al., 2014), and is
a key contributor to both innate and adaptive immunity (Bogdan,
2015; Rivero, 2006). In stick insects and fruit flies, nitric oxide
decreases the heart rate yet in locusts it increases it (Broderick et al.,
2006; Bullerjahn et al., 2006; da Silva et al., 2012). Moreover, nitric
oxide is an important immune effector in a broad range of insects
(Hillyer, 2016). We detected potent transcriptional upregulation
of the enzyme that produces nitric oxide (NOS) following an
infection, and this upregulation was an order of magnitude greater
than the transcriptional upregulation of other enzymes involved in
oxidative stress. Interestingly, the finding that a decrease in the heart
rate is accompanied by an increase in NOSmRNA perfectly mirrors
what occurs whenmosquitoes are starved and dehydrated; depriving
mosquitoes of both sucrose and water decreases the heart rate and
increases NOS transcription without meaningfully affecting the
transcription of myotropic neuropeptides (Ellison et al., 2015).
Therefore, both the infection and dehydration cardiac phenotypes
could be explained by the same, nitric oxide-mediated mechanism.
Moreover, the reduction of the heart rate following treatment with
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Fig. 5. Effect of infection on the expression of genes encoding enzymes involved in oxidative stress in the heart, hemocytes, carcass and whole
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the NOS inhibitor L-NAME mirrors the effect that this chemical has
in reducing anti-microbial and anti-malarial activity in the mosquito
hemocoel and midgut (Gupta et al., 2009; Hillyer and Estévez-Lao,
2010; Luckhart et al., 1998; Vijay et al., 2011). As for comparing
our data across insect species, given the cardiodeceleratory function
of nitric oxide in vertebrate animals, we postulate that what occurs in
mosquitoes, fruit flies and stick insects – and not what occurs in
locusts – represents the ancestral state.

NOS activity in the tergum can only be detected after infection,
and only around the heart. This NOS activity is only in periostial
hemocytes, and is strongest in the middle abdominal segments. By
virtue of being around the ostia, periostial hemocytes are in an
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ideal position to sequester and destroy pathogens (King and
Hillyer, 2012), and therefore this is an ideal location for nitric
oxide to exert its immune – and cardiomodulatory – activity. This
interpretation is further supported by the fact that most periostial

hemocytes are in the middle abdominal segments, which are the
segments that receive the most hemolymph flow (Sigle and
Hillyer, 2016). It is also important to note that the circulating
hemocytes of mosquitoes, other insects and crustaceans – and the
hemocytes contained within the cardiac lumen of stick insects – have
NOS activity (da Silva et al., 2012; Hillyer and Estévez-Lao, 2010;
Huang et al., 2016; Rodriguez-Ramos et al., 2016), and therefore
circulating hemocytes could also contribute to cardiac regulation.
Whenwe consider the NOS activity (diaphorase staining) data in light
of the NOS transcriptional data, we conclude that the increase in NOS
mRNA in the heart following infection is due to its production by
periostial hemocytes and not by cardiac muscle, pericardial cells or
any other tissue that associates with the heart.

Having established nitric oxide’s involvement in driving the
infection-induced cardiac phenotype, we tested whether lysozymes

Fig. 7. Effect of infection on nitric oxide synthase activity on the dorsal
abdomen. Bright-field microscopy of dorsal abdomens subjected to NADPH
diaphorase staining, which marks NOS activity via a blue or purple precipitate.
Bright-field images are shown for a naïve mosquito (A), an injured mosquito
(B), and mosquitoes infected with E. coli (C), M. luteus (D), S. aureus (E) or
S. epidermidis (F). In all images, the heart extends from left to right along the
midline of the abdomen. (G) Higher magnification image of the highlighted
section in panel C; it shows the periostial regions of two abdominal segments.
The cells labeled in the periostial regions by diaphorase staining are periostial
hemocytes, and the GFP fluorescence channel highlights the recent
phagocytosis ofE. coli. A, anterior; P, posterior; L, left; R, right. The scale bar in
F also applies to A–E.
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are also involved. We focused on lysozymes because in canines,
cardiovascular dysfunction is affected by lysozymes through a
hydrogen peroxide-dependent pathway that appears to activate NOS
(Mink et al., 2003, 2009). The A. gambiae genome encodes eight
lysozyme genes (Li et al., 2005), and our RT-PCR experiments
focused on two (LysC1 and LysC2) because they are upregulated
after a bacterial infection, and their products are important in the
mosquito anti-microbial response (Bartholomay et al., 2007; Brown
et al., 2019; Coggins et al., 2012; Kajla et al., 2010; League et al.,
2017). We found that LysC1 is transcriptionally upregulated in
hemocytes, which is consistent with the immunocytochemical
detection of LysC1 in these cells (Castillo et al., 2006). Moreover,
we also uncovered that LysC1 and LysC2 are massively upregulated
in the heart after infection. Lysozyme mRNA has been detected in
the heart of another anopheline species (Hernández-Martínez et al.,
2013). However, higher resolution histochemical studies on moths
and flies uncovered that pericardial cells, and not the cardiac
muscle, contain lysozyme (Crossley, 1972; Russell and Dunn,
1990). When considered together with our transcriptional data, we
predict that lysozymes are produced by pericardical cells and
additional cells that had not been discovered when the histochemical
experiments were conducted: periostial hemocytes. Moreover,
when we introduced exogenous lysozyme into mosquitoes, this
decreased the heart rate. This appears to be specific to lysozyme and
not just the introduction of a protein because injecting sterile growth
medium – which is filled with proteins – does not significantly alter
the heart rate. The Drosophila melanogaster lysozyme, LySX, is
upregulated in the heart as fruit flies age, and disruption of LysX
causes bradycardia in an aging heart (Cannon et al., 2017).
Therefore, we conclude that lysozymes are immune effectors that
regulate cardiac function.
Finally, we detected a slight infection-induced upregulation of

enzymes involved in oxidative stress. This upregulation was small
compared with nitric oxide or lysozymes, but we do not discount the
possibility that these enzymes affect circulatory physiology. Some of
the enzymes we assayed have immune function in mosquitoes (Bahia
et al., 2013; Herrera-Ortiz et al., 2011; Molina-Cruz et al., 2008;
Surachetpong et al., 2011). Moreover, reactive oxygen species drive
age-associated changes in the vascular wall of vertebrates, and in fruit
flies ROS produced by pericardial cells regulate normal cardiac
function (El Assar et al., 2013; Lim et al., 2014).

In conclusion, we discovered that a bacterial infection reduces the
heart rate of mosquitoes and biases the proportional directionality of
heart contractions. This change in cardiac function is driven by
nitric oxide produced by periostial hemocytes that surround the
heart’s ostia. Taken together, these data demonstrate an exciting new
facet of the integration between the immune and circulatory systems
of insects.
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Coggins, S. A., Estévez-Lao, T. Y. and Hillyer, J. F. (2012). Increased survivorship
following bacterial infection by the mosquito Aedes aegypti as compared to
Anopheles gambiae correlates with increased transcriptional induction of
antimicrobial peptides. Dev. Comp. Immunol. 37, 390-401. doi:10.1016/j.dci.2012.
01.005

Crossley, A. C. (1972). The ultrastructure and function of pericardial cells and other
nephrocytes in an insect: Calliphora erythrocephala. Tissue Cell 4, 529-560.
doi:10.1016/S0040-8166(72)80029-6

da Silva, S. R., da Silva, R. and Lange, A. B. (2011). Effects of crustacean
cardioactive peptide on the hearts of two Orthopteran insects, and the
demonstration of a Frank-Starling-like effect. Gen. Comp. Endocrinol. 171,
218-224. doi:10.1016/j.ygcen.2011.01.015

da Silva, R., da Silva, S. R. and Lange, A. B. (2012). The regulation of cardiac
activity by nitric oxide (NO) in the Vietnamese stick insect, Baculum
extradentatum. Cell. Signal. 24, 1344-1350. doi:10.1016/j.cellsig.2012.01.010
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