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ARTICLE INFO ABSTRACT

Keywords: The bacterial endotoxins, lipopolysaccharides (LPS), are known to have direct effects on mammalian heart cells;
Lipopolysaccharide thus, LPS is likely to have some effects in other cardiac models. Drosophila melanogaster was used since it serves
Endotoxin as a model for cardiac physiology. Larvae of blow flies (Phaenicia sericata) commonly used as therapy for deb-
Cardiac riding dead tissue, are exposed to high levels of bacterial endotoxins, but their mechanisms of LPS resistance are
g:eﬂézfznas not entirely understood. Comparative effects of LPS on heart rate (HR) were examined for both Drosophila and
Serratia blowfly larvae. Acute 10-min direct exposure of in situ heart tubes with saline containing 1, 100, and 500 ug/ml

LPS from two common bacterial stains (Pseudomonas aeruginosa and Serratia marcescens) revealed a dose-de-
pendent effect. The effects differed between the two fly models. Larval hearts of Drosophila stopped rapidly in
low Ca®* containing saline, but the hearts of blow flies appear unaffected for > 30 min. S. marcescens increased
HR initially in Drosophila followed by a reduction for low and high doses, but no change was observed in larvae
of blow flies. Whereas P. aeruginosa at a high dose decreased HR in larvae of Drosophila but increased HR in
larvae of blow flies. The goal of this study is to better the understanding in the direct action of LPS on HR.
Knowing the acute and direct actions of LPS exposure on HR in different species of larvae may aid in under-

standing the underlying mechanisms in other animals during septicemia.

1. Introduction

Close to 1.5 million people in the US become hospitalized yearly due
to septicemia (CDC Statistics, 2017). The endotoxic effect from bacteria
is primarily due to the lipopolysaccharides (LPS) which make up the
outer layer of the membrane in non-capsulated bacterial strains (gram
negative bacteria) (Hicks and Jia, 2018). LPS is one of the primary
activators of the innate immune response by activating cells containing
Toll-like receptor 4 (TLR4) known as the CD14/TLR4/MD2 receptor
complex in mammals (da Silva Correia et al., 2001; Park and Lee,
2013). The Toll receptors are conserved from primates to insects
(Gangloff et al., 2003; Nonaka et al., 2018). However, in insects the
peptidoglycan recognition proteins (PGRPs) are the receptors which
respond to LPS from gram negative bacteria (Yoshida et al., 1996;
Steiner, 2004). These PGRPs activate the Immune Deficient (IMD) sig-
naling cascade (Harris et al., 2018). There is a family of these receptors
known in Drosophila melanogaster but their expression profiles in dif-
ferent tissues has yet to be fully elucidated (Werner et al., 2000).

Both Pseudomonas aeruginosa and Serratia marcescens are known to
play a role in septicemia in humans and other mammals (Mahlen, 2011;
Olexy et al., 1979; Piening et al., 2017; Villalon et al., 2018). Serratia
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marcescens can resist the normal systemic immune response because of
the O-antigen of its LPS (Nehme et al., 2007). LPS from Serratia mar-
cescens is also known to be more potent than Pseudomonas aeruginosa in
inducing an immune response in mammals (Kreger et al., 1986;
Lorenzon et al., 2002; Luchi and Morrison, 2000). LPS itself has been
found to cause septic myocardial dysfunction in mammals due to its
effect of sarcoplasmic leak, which decreases the ability of the heart
muscles to contract (Celes et al., 2013). Exposure of rodent cardio-
myocytes to LPS can result in a decrease of systolic Ca®" transients and
myocyte contraction as well as overall sarcoplasmic reticulum Ca®*
content (Yang et al., 2018), which may in part be due to decrease L-type
Ca(2+) channel current (Hobai et al., 2013). If LPS results in Ca®*
dumping from the sarcoplasmic reticulum then a low Ca®* containing
bath and exposure to LPS would likely result in a transient increase in
heart rate. This possibility was examined in the current study.

This myocardial dysfunction is a major factor in the severity and
survival of patients with septicemia (Shankar-Hari et al., 2016; Singer
et al., 2016; Jayaprakash et al., 2018). In rodents, infusion of LPS in-
duced bradycardia within a minute (Rameshrad et al., 2015) but it was
not established if this effect was directly on the heart or the neural
innervation to the heart. Using larval Drosophila aids in examining the
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direct action on the heart since the larval heart tube is not innervated.
In addition, the larval heart contracts due to Ca?* flux across the
plasma membrane as in mammals and must regulate the Ca*" load for
maintaining the heartbeat. It is well established that the pacemaker
cells in Drosophila m. are susceptible to alterations in ionic concentra-
tions in the bathing environment as well as manipulation of internal ion
levels (Badre et al., 2005; Desai-Shah et al., 2010; Majeed et al., 2013,
2014; Malloy et al., 2016, 2017; Titlow et al., 2013; Zhu et al., 2016a,
2016b). Thus, this insect species was used to investigate if LPS exposure
showed an alteration in HR. The larval heart circulates hemocytes
which act as the immune defense system (Myers et al., 2018) but also
any LPS present will circulate via the heart and movement of the larvae.

To examine the potential acute effect of LPS on the membrane po-
tential of the myocytes, we performed intracellular recordings while
bathing the tissue in a saline with a low concentration of Ca®* to re-
duce contractions. Recently it was shown that exposure to LPS from S.
marcescens or P. aeruginosa resulted in hyperpolarization of the mem-
brane potential in the body wall muscles of Drosophila m. (Cooper and
McNabb, 2018) and it appears there is a slight hyperpolarization in
cardiac tissue as well. In addition, LPS does not appear to increase an
influx of Ca®* within the presynaptic motor nerve terminals since there
is no increase in the occurrence of spontancous fusion of vesicular
events (Cooper and McNabb, 2018).

Upon treatment for mild infection or severe septicemia with anti-
biotics in mammals, there can be an acute surge of LPS from the lysing
of the bacteria. This acute response is commonly known as the Jarisch-
Herxheimer reaction when providing treatment for sepsis and me-
ningitis (Nau and Eiffert, 2002). Thus, the potential effect on cardiac
function from a high concentration of LPS over an acute period is of
interest. We examined the effect on heart rate over a wide range in
dosage from 1 to 500 pg/ml exposure. This range is enough to cause
death in humans, as well as rodent mammal models. The LD50 for mice
is 1-25 mg/kg and this was determined to be a 1000-fold to 10,000-fold
greater than the dose of LPS that is required to induce severe illness and
hypotension in humans (Fink, 2014; Galanos et al., 1979; Luchi and
Morrison, 2000; Taveira da Silva et al., 1993). LPS from S. marcescens
induces a stronger immune response than LPS from P. aeruginosa at the
same dosage. Drosophila serve as a model for addressing many disease
states including cardiac dysfunction in humans (Akasaka and Ocorr,
2009; Bellen et al., 2010; Bier and Bodmer, 2004; Cripps and Olson,
2002; Ocorr et al.,, 2007; Pandey and Nichols, 2011; Wessells and
Bodmer, 2004). Since LPS causes arrhythmia in mammals, it is worthy
to address the potential physiological effects in this genetically amen-
able model system for future molecular and pharmacological based
studies. Thus, we focused on the LPS from these two bacterial strains to
start examining the acute and direct action on the heart, without the
influence of an immune response. The in situ heart larval preparations
are bathed in saline in which all the immune responsive freely circu-
lating hemocytes are removed.

It is common in humans and other mammals to have a hy-
percalcemic condition with septicemia (Holowaychuk and Martin,
2007; Vadstrup and Pedersen, 1993); however, the mechanism of how
this arises is still an active area of research. There are indications that
the rise in procalcitonin (ProCT), the prohormone of calcitonin, parti-
cularly for gram negative related infections (Becker et al., 2010) is the
key to inducing the response. We are not aware of any study on proteins
regulating Ca®" levels in the hemolymph of insects related to LPS ex-
posure. We anticipated the direct effects of LPS on hearts with lowered
bathing Ca®* may not demonstrate a significant increase in heart rate.
Since bathing Ca®" is essentially zero there would not be an increase
rate due to extracellular Ca®" entry but if LPS induced Ca®" release
from the sarcoplasmic reticulum then an increase rate would likely be
observed. Since LPS did not appear to cause an increase in Ca®" influx
in the presynaptic nerve terminal at the neuromuscular junction in the
Drosophila m., we anticipated a similar outcome for the heart (Cooper
and McNabb, 2018). It has been previously established that 5-HT
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substantially increases the larval HR in Drosophila m. in the cold (10 °C)
as well as at 21 °C (Johnson et al., 1997; Zhu et al., 2016a). The in-
creased rate is due to activation of the 5-HT2ADro and/or 5-HT2BDro
receptors (Majeed et al.,, 2014) which targets the PLC-PKC cellular
pathway to activate inositol triphosphate (IP3) and diacylglycerol
(DAG). The IP3 results in the sarcoplasmic reticulum to release Ca?*
into the cytosol and promotes contraction (Majeed et al., 2014). We
examined the effects of LPS from S. marcescens on HR for Drosophila m.
in conditions of very low (no Ca?" added to saline), 0.1 mM and 1 mM
Ca®* containing saline. To examine the possibility of internal release of
Ca®" having an effect on HR during an acute exposure to a low Ca*"*
bathing solution (0.1 mM), serotonin (5-HT, 1 pM) along with LPS ex-
posure after 2min of pre-exposure to LPS was examined. The rise in
cytoplasmic Ca®" in the Drosophila m. with optogenetic approaches has
also demonstrated to increase HR (Zhu et al., 2016b) which provides
supporting evidence that any potential rise in cytoplasmic Ca?* in-
duced by LPS would relate to an increase in HR.

Comparisons in the effect of LPS on larval blow fly (Phaenicia ser-
icata) and Drosophila m. are of interests since Phaenicia s. larvae grow
and survive in LPS enriched environments such as when used for
medical and veterinary wound care (Choudhary et al, 2016;
Francesconi and Lupi, 2012; Tomberlin et al., 2017) and on animal
carcasses (Matuszewski et al., 2014). We initially anticipated LPS would
have some direct effects on the hearts for both insect species since Ca*"*
dynamics is known to be altered in myocytes of mammalian models
exposed to LPS (Hobai et al., 2013; Yang et al., 2018) but we were not
sure if it would increase or decrease the rate due to time in systole.

Since the native environments for both species (i.e., a rotting fruit or
an animal carcass) would potentially have high levels of bacterial ex-
posure, both species were anticipated to show a high resistance to food
tainted with LPS. We have no idea on the levels which would be
reached in the hemolymph by feeding LPS. Thus, we examined the
direct action of LPS on exposed hearts in the larvae instead of feeding
larvae LPS.

2. Methods

The common “wild-type” laboratory strain of D. melanogaster,
Canton S, was used as one model. Only early 3rd instar larvae were used
(50-70 h) post hatching. This stage was easily identified and due to the
small size of the Drosophila larvae (~5 mm) the dissection to exposure
the heart tube is relatively easy to obtain without damaging the heart
tube. All larvae were maintained at room temperature ~21 °C in vials
partially filled with a cornmeal-agar-dextrose-yeast medium. This
Drosophila strain has been isogenic in the lab for several years and was
originally obtained from Bloomington Fly Stock. Larvae of blow flies
(Phaenicia (= Lucilia) sericata) were used as a second model. The blow
flies were raised in the laboratory on beef liver and the 3rd instar stage
was used.

The general larval dissection technique to expose the larval heart
tubes has been previously reported (Cooper et al., 2009). In brief, the
larvae were dissected ventrally and pinned on four corners. The visceral
organs were removed keeping the heart tube intact. This dissection
technique was previously used to directly assess pharmacological
agents on the heart of Drosophila larvae (Desai-Shah et al., 2010;
Majeed et al., 2014; Malloy et al., 2016). The dissection time was
roughly 3-6min, and the preparation was allowed to relax while
bathed in saline for 3-5min after dissection. The heart rate was mon-
itored and recorded after the initial dissection, after bathing 30 s in LPS,
after 1 min in LPS, after 5 min in LPS, and lastly after 10 min in a saline
wash. A modified HL3 saline was used (NaCl 70mM, KCl 5mM,
MgCl,.6H,O 20mM, NaHCO3; 10mM, Trehalose 5mM, sucrose
115mM, BES 25mM, and CaCl,.2H,O 1mM, the pH7.1; de Castro
et al., 2014). Pure LPS from Serratia marcescens (S.m.) and Pseudomonas
aeruginosa (P.a.) as well as the salts for the saline and the modulators
were obtained from Sigma Chemical Company. LPS was dissolved in the
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Fig. 1. Heart rates of Drosophila melanogaster acutely exposed to LPS from Serratia marcescens (S.m.) and Pseudomonas aeruginosa (P.a.). The effect of varied con-
centrations (A) 1 pg/ml, (B) 100 pg/ml and (C) 500 pg/ml for 12 preparations in each condition are shown (mean * SEM). Statistical analysis is compared to the
previous condition (P < 0.05 sign test non-parametric, N = 12) unless specified with the bar and a star (* P < 0.05). Heart rate (HR) is reported as beats per minute

(BPM).

physiological saline at 1, 100 and 500 pg/ml concentrations.

After the initial count of HR, the saline was switched to a saline
containing the LPS of interest. The rates were made by direct counts by
eye for 1 min. Control experiments were performed by exchanging the
saline bath with fresh saline and monitoring the HR to control for
switching the bathing media and the effect of incubation time. We
define a very low Ca®" bath as one in which no calcium is added be-
sides any impurities in other salts. The solution was not a zero Ca®" as
we did not use EGTA or BAPTA to chelate any free Ca®>* ions. A zero
Ca®" bathing solution was not required for these experiments but only
a very low Ca®" containing saline to compare the effects between
Drosophila m. and Phaenicia s. larvae and saline with 0.1 mM and 1 mM
by adding CaCl,. This procedure is used to examine if the SER is
dumping out Ca®** due to the exposure of LPS. By reducing HR with a
lower bathing Ca®* concentration any increase in HR would be easier
to detect as the rate would be further away from a maximal rate.

To monitor the transmembrane potentials of the myocytes the
caudal region of heart was impaled with sharp intracellular electrode
(30 to 40 MQ resistance) filled with 3M KCl. An Axonclamp 2B
(Molecular Devices, Sunnyvale, CA, USA) amplifier and 1 X LU head
stage was used. Detailed procedures are shown in video format (Cooper
et al., 2009). To reduce the initial contractions of the heart, the saline
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containing 1 mM Ca®* was exchanged to saline containing very low
Ca®". After the heart stopped beating in about 5min, the saline was
again exchanged to one with very low Ca®>* and LPS (500 ug/ml) of
Serratia m. After monitoring the resting membrane potential for a few
minutes, the saline was exchanged to the 1mM Ca®* saline without
LPS.

Electrical pacing of the heart tube was conducted by a fire polished
glass focal electrode (approximately 20 um in diameter) placed over the
caudal region of the heart tube and stimulated at 1 Hz with varied
voltage to drive the heart to pace (Cooper et al., 2009). The media used
inside the suction electrode was drawn from the saline bathing the
heart for the experiments of interest. A stimulator (model S9 Grass
Instruments, Quincy, Massachusetts, USA) was used at a frequency at 1
to 2 Hz, duration at 0.5 to 1 msec and voltage on the lowest setting and
slowly increased until a local contraction could be observed as the
saline was being diluted to one with no calcium. While observing the
heart's rhythm, the frequency was turned to approximately 2 to 3 Hz,
and the voltage slowly increased to ensure the heart was being paced by
the stimulation. Voltage did not surpass 20V as cell damage occurs at
higher voltages. Typically, the heart was stimulated between 2 and 8V,
depending on distance and the seal created on the heart. Once a sti-
mulation driven rhythm is established the remaining saline was
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exchanged to very low calcium and the suction electrode was flushed
and new saline pulled back into the electrode. The seal and stimulation
procedure was returned to initial conditions.

To drive the sensory-CNS-motor circuit of 3rd instar Phaenicia s.
larvae, the same procedure was used as described in Dasari and Cooper
(2004). In brief, the larvae were dissected open with a longitudinal cut
along the dorsal midline and the internal organs along with the heart
were removed. The brain and segmental nerves were left intact to the
muscles they innervate and segments the sensory nerves monitor. A fire
polished glass electrode was filled with the bathing saline and a seg-
mental nerve was pulled into the tip of the glass electrode in en-passant
fashion. This electrode was used to provide stimuli to the segmental
nerve until evoked EPSPs could be obtained in a contralateral segment
which would occur after the stimulus train was given. This ensured the
sensory-CNS-motor circuit was driven to induce the observed EPSPs
within the muscle fiber. The bathing saline was exchanged with one
containing 5-HT to determine if the circuit activity is altered. This
technique works well to examine the effect of modulators on central
circuits (Cooper and Neckameyer, 1999; Neckameyer and Cooper,
1998; Dasari et al., 2007; Majeed et al., 2015; Mattingly et al., 2018).
Since the heart of the Phaenicia s. was not sensitive to 5-HT exposure it
was of interest to examine if the CNS was responsive to 5-HT as it is for
Drosophila m.

For statistical analysis, a sign test was used to compare the differ-
ence of HR with exposure to compounds when appropriate. An ANOVA
was also used to compare differences among treatments with LPS do-
sage. This analysis was performed with SigmaStat software. P of =0.05
is considered statistically significant. Normality Test (Shapiro-Wilk)
and Equal Variance Test (Brown-Forsythe) were performed by the
software. All Pairwise Multiple Comparison Procedures used the post
analysis with a Bonferroni t-test.

3. Results

In order to examine the direct effects of LPS on altering heart rates,
the acute actions in exposing the larval Drosophila m. heart to low (1 pg/
ml), medium (100 pg/ml) and a high (500 pg/ml) dosages of purified
LPS from two common gram negative strains revealed that Serratia m. at
a low dosage increased HR after 30 s of exposure at 1 pg/ml (P < 0.05
sign test non-parametric, N = 12) and remained elevated for the next
minute but then returned to basal levels (Fig. 1). However, no con-
sistent trend was observed for 100 pg/ml except after 5min in LPS as
the rate significantly decreased in the preparations compared to the
heart rate at 1min exposure (P < 0.05 sign test non-parametric,
N = 12). With 500 pg/ml exposure the HR rapidly increased and then
decreased for each of the subsequent time measurements (Fig. 1;
(P < 0.05 sign test non-parametric, N = 12)). The LPS from Pseudo-
monas a. did not have a consistent effect on HR at 1 pg/ml and 100 pug/
ml, but at 500 pg/ml the HR continued to decrease at each time point
measured over time even after 10 min with flushing 3 times with un-
tainted saline (Fig. 1; (P < 0.05 sign test non-parametric, N = 12)).

In examining the HR of the larvae from Phaenicia s. it was obvious
the rates were innately lower than for larval Drosophila m. No sig-
nificant trends were observed for Serratia m. or Pseudomonas a. at 1 pg/
ml, 100pg/ml, or 500 pg/ml for Serratia m., but at 500 pg/ml for
Pseudomonas a. there was an increase in HR for each point measured
over time (Fig. 2; P < 0.05 sign test non-parametric, N = 12).

To control for the effects of exchanging the bathing saline and
monitoring the rate over time, the saline was exchanged with saline for
the identical paradigm. No significant trends in altering HR occurred
(Fig. 3). In an earlier report, it was shown that this physiological saline
maintains HR for 10 min without significant changes without saline
perfusion of the dish (de Castro et al., 2014; Majeed et al., 2014). If
longer times are required it would be good to perfuse the dish as fluid
movement of the heart may keep it stimulated and oxygenated
(deCastro et al., 2015).
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In illustrating the relative changes in HR the percent change for
each of the condition illustrates the overall trends and the variation.
The percent changes for each condition in the experimental paradigm is
compared to the initial rate in saline (Fig. 4).

To examine if the action of LPS was due to the release of internal
Ca®" from ER, low external Ca** saline was used while exposing the
hearts to LPS. Drosophila m. were quite sensitive to the lowered Ca®"*
and the hearts stopped beating quickly. However, the larvae of
Phaenicia s. did not show the same sensitivity (Fig. 5). The heart tubes
of the Drosophila m. were not able to be electrically stimulated with a
focal electrode placed next to the heart while being bathed in the very
low CaZ" bath; however, the hearts were able to be locally stimulated
in Phaenicia s. in the same bathing saline (Supplemental video 1).

Neither species of larvae showed any significant change in HR to
LPS while bathed in low Ca®* (0.1 mM Ca®*). In examining if HR is
able to increase while bathed in low Ca?* (0.1 mM), the cardiac
modulator 5-HT, which rises cytoplasmic Ca®>* though an IP3 cascade,
was used. The larval Drosophila m. rapidly increased HR (Fig. 6A;
P < 0.05 sign test non-parametric, N = 6) while Phaenicia s. did not
show any significant changes (Fig. 6B). The lack of response by Phae-
nicia s. was unusual since 100 nM LPS from Serratia m. produces a large
response in larvae of Drosophila m. Since it is known that a sensory-CNS-
motor nerve circuit is sensitive to 5-HT in Drosophila m., we examined if
Phaenicia s. would also show a response upon exposure while stimu-
lating the circuit. The circuit was as sensitive for Phaenicia s. as also
shown in earlier reports for Drosophila m. (Fig. 6B2 and B3). Thus,
Phaenicia s. is responsive to 5-HT in neuronal tissue.

It was recently shown that acute exposure to LPS of Serratia m.
(500 pg/ml) to Drosophila m. body wall muscle produces a substantial
rapid hyperpolarization (Cooper and McNabb, 2018). Thus, we ex-
amined if the same phenomena would occur for cardiac muscle. A
consistent hyperpolarization was observed in six out of six preparations
examined with an average 0.9mV (0.25 = SEM; P < 0.05 sign test
non-parametric) (Fig. 7A). To examine if the same saline used on the
larvae produced the same responses as in the earlier report, it was ex-
amined on a body wall muscle which reproduced the earlier findings
(Fig. 7B). Thus, the mechanism of action on the cardiac muscle is likely
the same as it is on the body wall muscle but not as pronounced.

4. Discussion

In this study it was demonstrated that direct exposure to LPS from
two common strains of gram negative bacteria is able to induce changes
on the HR of the fruit fly (Drosophila m.) and blowfly (Phaenicia s.)
larvae. The effects of LPS on HR are dosage and time dependent. In
addition, the extracellular [CaZ*] alters the responsiveness to LPS. The
HR of Drosophila m. is very sensitive to very low extracellular [Ca®*]
and cannot be electrical induced to contract; however the blow fly heart
continues to function in very low extracellular [Ca®'] and can be
electrical stimulated to beat. LPS induces a small transient hyperpo-
larization in cardiac muscle. The heart of larval Drosophila m. remains
sensitive to modulation by 5-HT in the presence of exposure to high
levels of LPS. This indicates that LPS is not likely depleting internal
stores of Ca®* from the ER and that the LPS did not block the 5-HT
receptors or the 5-HT activated second messenger cascade.

Specific forms of LPS is produced from different strains of bacteria
and each has a varied potency in producing immunological responses.
Serratia m. and Pseudomonas a. are known to be different, with Serratia
m. inducing a heightened response in fever and cytokines in rodents and
humans. The older approach of the rabbit pyrogen test for gram ne-
gative bacterial response, indicated that Serratia m. and Pseudomonas a.
both take about 1 X 10°6 organisms/ml to induce a response with
Serratia m. being slightly more sensitive to induce the response
(Devleeschouwer et al., 1985). The very sensitive Limulus amoebocyte
lysate (LAL) assay for endotoxin demonstrated that the number of
bacterial organisms to induce clotting for Pseudomonas a. is higher
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Fig. 2. Heart rates of Phaenicia sericata acutely exposed to LPS from Serratia marcescens (S.m.) and Pseudomonas aeruginosa (P.a.). The effect of varied concentrations
(A) 1 pg/ml, (B) 100 pug/ml and (C) 500 pg/ml for 12 preparations in each condition are shown (mean * SEM). Statistical analysis is compared to the previous
condition (P < 0.05 sign test non-parametric, N = 12). Heart rate (HR) is reported as beats per minute (BPM).

(1.3 x 107°5) than for Serratia m. (8.9 X 10"°4) (Devleeschouwer et al.,
1985). Humans injected with purified LPS, instead of a bacterial load,
also have demonstrated that LPS from Serratia m. is more potent than
Pseudomonas a. in increasing cytokines levels within the blood (Dehus

et al.,, 2006). Even in shrimp (Palaemon elegans) LPS injection from
Serratia m. is more potentate than LPS from Pseudomonas a. in reducing
the total blood cell count (Lorenzon et al., 2002). Likewise, we de-
monstrated that LPS has a rapid effect on HR for Drosophila m. with as
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Fig. 3. Heart rates of (A) Drosophila melanogaster and (B) Phaenicia sericata in saline and for saline exchanges to match the conditions for exposure times to LPS. Six
preparations in each condition are shown. Heart rate (HR) is reported as beats per minute (BPM).
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Fig. 4. The average percent change in the Drosophila
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examined the late 3rd instar stage to 5-HT, and it is possible that earlier
stages or even adults might be sensitive to 5-HT. There might be dif-
ferences in sensitivity of 5-HT and LPS depending on diet, rearing
conditions and age since 5-HT and the immune response are known to
be related to environmental conditions (Adamo and Lovett, 2011;
Hillyer, 2016; Howick and Lazzaro, 2014; Zhu et al., 2016a, 2016b).
The beef liver diet for Phaenicia s. is quite different in nutrients than the
corn meal diet for Drosophila m. (Daniels et al., 1991; Hobson, 1935;
Gelman et al., 2000; Yu et al., 2018). A diet with yeast can alter the
sleep cycle in Drosophila and 5-HT varies with the circadian pattern in
Drosophila (Catterson et al., 2010; Nall and Sehgal, 2014).

How LPS specifically alters HR by either increasing or decreasing
the rate remains to be determined. We do know modulators such as 5-
HT, dopamine, octopamine and even acetylcholine can increase HR
(Majeed et al., 2013, 2014; Malloy et al., 2016; Titlow et al., 2013; Zhu
et al., 2016a). Thus, the CD14/TLR4/MD2 receptor complex or more
likely the IMD signaling cascade activated various kinases (Harris et al.,
2018; Steiner, 2004). For 5-HT signaling the cascade was shown to be a
Gaq G-protein coupled receptor to activate phospholipase Cp (PLC).

little as 1 pg/ml for Serratia m. with no effect being observed for Pseu-
domonas a. at 1 pg/ml.

Interestingly, the heart of larval Drosophila m. exposure to LPS at
500 pg/ml for Serratia m. rapidly increased HR but for Pseudomonas a.
at 500 pg/ml the HR decreased and continued to do so over the next few
minutes. The heart of Drosophila m. remained very sensitive to the
chronotropic modulator of 5-HT even with prior exposure to 500 pg/ml
of LPS from Serratia m. suggesting the heart was not dying and that the
contractile machinery was not impaired from the acute LPS treatment.
Since the heart was sensitive to 5-HT treatments this also implies the 5-
HT induced second messenger cascades remained functional.

The HR in larvae of Phaenicia s. increased only at 500 pg/ml for LPS
from Pseudomonas a. and did not consistently show a trend for Serratia
m. at 500 pg/ml. The heart of Phaenicia s. larvae was not responsive to
LPS from Serratia m. in increasing HR; however, there was a trend to
decrease HR within a 5 min exposure. The hearts of Phaenicia s. did not
show any effect to exposure of 5-HT before or after prior exposure to
LPS followed with 5-HT combined with LPS. Thus, the hearts of larval
Phaenicia s. were not sensitive to the 5-HT modulator. We only
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Fig. 6. The effect on heart rate and a sensory-CNS-motor circuit to serotonin. The reduced Ca®* from 1 mM to 0.1 mM followed by bathing in LPS from Serratia
marcescens (S.m.) with 0.1 mM Ca®™ and subsequent serotonin (5-HT, 100 nM) for six preparations of (A) Drosophila melanogaster and (B) Phaenicia sericata are shown.
The sensitivity of a driven sensory-CNS-motor circuit was examined for the Phaenicia sericata larval with exchange from (B2) saline to (B3) 5-HT (1 uM). A 50 Hz train
lasting 600 msec with a 10 s pause between trains of stimuli was used. The frequency of the excitatory postsynaptic potentials (EPSPs) measured in muscle m6 in
segment 3 following the stimulus train for saline was substantially enhanced with exposure to 5-HT.

A v Serratia m. (500 pg/ml)

W

) -22 mV
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Serratia m. (500 pg/ml)
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Fig. 7. Intracellular recordings of cardiac and body wall muscles while bathed
in low Ca®* for larval Drosophila melanogaster. (A) A slight hyperpolarization
upon LPS (500 pg/ml) exposure from Serratia marcescens occurs for cardiac
muscle. (B) A much larger and prolonged hyperpolarization occurs for body
wall muscle (m6) in segment 3 of the larval Drosophila for the same LPS con-
taining saline as used on the heart. The values are the membrane potentials at
the points indicated. The small upward defections in B are spontaneous quantal
synaptic potentials as are normally observed in body wall muscles which are
neurally innervated.

There, appears to be both nicotinic acetylcholine receptors (nAChRs)
and muscarinic acetylcholine receptors (mAChRs) (Malloy et al., 2016)
and for dopamine type-1 DA and type-2 DA receptors (Titlow et al.,
2013) on Drosophila m. Activation of PKC has a dose-dependent sti-
mulatory effect on larval HR (Titlow et al., 2013). It is possible PKC can
modulate the larval heart via L-type Ca?* channels as is the case for rat
ventricular myocytes (Chen et al., 2012). Since the influx of Ca* can
occur in waves (Gu and Singh, 1995) maybe the timing to measure HR
could depend on the cyclic nature of the second messenger cascade, as
well as the ability of the cell to regulate the sarcoplasmic/endoplasmic
reticulum Ca®"-ATPase (Sanyal et al., 2006) and a sodium/calcium
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exchanger (Desai-Shah et al., 2010). All of these mechanisms that alter
internal Ca®"* levels are known to have a role on the HR in the larval
Drosophila m. Could the LPS induce an alteration in the cellular cascade
in any of the Ca®" regulator steps and either increase or decrease HR?
This remains to be determined along with understanding which type of
Toll-like receptors and/or PGRPs are present on the larval heart, or if
the LPS response is due to an entirely different mechanism or a com-
bination of factors. We are now examining RNAi expression in the
larval heart for a few of the 9 Toll receptors and key proteins known to
be involved in the IMD cascade in Drosophila m. (Harris et al., 2018;
Steiner, 2004).

The rapid acute actions by LPS in the case of Drosophila m. larval
hearts being bathed in a relatively large saline volume, precludes the
likelihood of hormonal action, as in mammals with procalcitonin, in
altering external [Ca®"] but more likely effects on ion channels in-
volved with the pacemaker cycle or intracellular regulation of Ca®*
loading.

LPS actions in an isolated system without the body to induce an
immune response allows one to address the direct effects. However,
there may still be cell-cell interactions as an indirect action of LPS
which can trigger localized responses. It is known that LPS promotes
procalcitonin to be released from many peripheral tissues in mammals
besides the parafollicular cells of the thyroid. Procalcitonin can induce
Ca®" to be released from internal stores from the ER in adipose cells
(Radimerski et al., 2011) and is even be released from neurons altering
local glia cell secretion which feeds back on the neuron to alter its
function (Thalakoti et al., 2007). However, the heart rate in the study
preparations are rapidly altered and are flushed with saline making it
unlikely that there are some local paracrine effects. In the intact
mammalian system, procalcitonin serves as a biomarker for bacterial
infections, particularly for gram-negative types, and can decrease Ca®*
levels in the blood (Christ-Crain and Miiller, 2005). Thus, there can be
indirect effects on cardiac function of LPS in mammals triggered
through procalcitonin besides the immune cytokines known to rise
systemically (Becker et al., 2010; Christ-Crain and Miiller, 2005). It is
not known in the intact insect larvae and, as far as we know in any
arthropod, if free Ca®* ions in the hemolymph are altered by an in-
fection in the systemic hemolymph.
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The lowered external [CaZ*] quickly reduced HR, and the sub-
sequent application of LPS in low external [Ca®"] did not show any
further trend in altering HR in Drosophila m. larval. This may suggest
the cell needs to be loaded with Ca®* or have a rapid HR to produce a
sustainable effect on HR by LPS. However, given that 5-HT in the
presence and pre-incubation of LPS still produced a large increase in HR
with a low (0.1 mM) external [Ca®*] indicates the potential is present
for LPS to increase HR if it were to have an action on dumping out Ca®*
into the cytosol from the sarcoplasmic/endoplasmic reticulum. The
rapid drop of the membrane potential in the body wall muscles of larval
Drosophila m. when exposed to LPS of S. m. would suggest a Cl  influx
or a K" efflux from the heart muscle. However, in skeletal muscle of
larval Drosophila the equilibrium potential for Cl~ is more depolarized
than the resting membrane potential (Rose et al., 2007). This may also
be the case for the heart muscle. In any case, a hyperpolarization could
indicate a slowing of the HR for the cardiac pacemaker. However if a
more rapid hyperpolarization occurs reducing the duration of systole
and promoting the onset of diastole the rate might even increase. Re-
cording the membrane potential in a contracting and relaxing muscle is
a challenge with intracellular electrodes so we used the very low ex-
ternal [Ca®*] to stop the Drosophila m. larval hearts in order to record a
membrane potential. The approximate 1 mV hyperpolarization with
500 pg/ml of LPS from S. m. is transient and is not maintained just as
observed for body wall muscles in the larvae. It was not necessary for
our experiments to obtain an absolute zero Ca®' in the bath as the
larval hearts of Drosophila m. stopped in the very low external [Ca®* . If
one needed a zero Ca®" saline for future studies with Phaenicia s. using
EGTA or BAPTA could be implemented (Markou and Theophilidis,
2000); however, the Mg?™* level may also be altered by these chelators.
It is not known what causes the hyperpolarization in the body wall
muscles of the larvae with LPS. Using low external Ca®* in the bath and
even in the presence of incubated TEA and L-NAME to block K*
channels and NOS production respectively, had no effects on the LPS
inducing the rapid transient hyperpolarization (Cooper and McNabb,
2018). The effect on the membrane potential of the cardiac tissue is not
likely to be a candidate for altering the HR for more prolonged periods
of a few minutes. Thus, this leads us back to the possible mechanism of
LPS on internal regulation of cellular cascades or altering ion channel
function involved with the pacing of the heart. Possibly future imaging
with ion sensitive indicators will help to unmask ionic contributions to
the alterations in HR and the small transient hyperpolarization.

The unresponsiveness of Phaenicia s. larvae to the 5-HT modulator
or lowered external [Ca®" ] was not expected as HR in crustaceans (i.e.,
crabs, crayfish, lobster), other insects (i.e., cockroach) as well as
Drosophila m. are sensitive to 5-HT (Dasari and Cooper, 2006; Johnson
et al., 2002; Listerman et al., 2000). However, a full range of 5-HT
effects for Phaenicia s. larvae have not been investigated. It is possible
that there may be a negative effect at 1 uM for Phaenicia s. as biphasic
responses are known to occur for octopamine in other insect species
(Apis mellifera macedonica and Bactrocera oleae) (Papaefthimiou and
Theophilidis, 2011). In addition, the rapid decrease in HR with lowered
free Ca** in the bath for Drosophila m. and inability to locally elec-
trically stimulate the heart tube indicates a quick access of the saline to
the heart tube pacemaker cells and contracting cardiac rings of muscle.
In speculating why the larvae of Phaenicia s. are resistant to the lowered
Ca®™ bath for as long as 30 min, which is as long as we observed them,
either the sarcoplasmic/endoplasmic reticulum can recycle the cyto-
plasmic Ca®" without it being pumped or exchanged too rapidly to the
extracellular side. Considering the heart tube could be locally elec-
trically stimulated with the focal electrode to contract would suggest
that Ca®" levels are cycling in the contractile cardiac muscles. Maybe
there are multiple layers of cells around the heart tube protecting the
pacemaker cells and contractile muscles from rapid changes in the ex-
ternal environment of the hemolymph or bathing solution. The ostia
could still have access but maybe the rest of the cells have a protective
cellular barrier. Fine anatomical investigation of the heart tube for
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Phaenicia s. larvae would help resolve this issue. As a comparison using
the same saline is interesting since larval hearts of Drosophila m.
stopped but this was not the case for Phaenicia s. It is likely using a zero
Ca®* bath with chelating compounds the heart for Phaenicia s. would
slow down and maybe stop as for another insects such as the meal
worm (Tenebrio molitor) (Markou and Theophilidis, 2000). In addition,
depleting the sarcoplasmic/endoplasmic reticulum of Ca®* by using
pharmacological agents to block the SERCA pump would address the
role of the sarcoplasmic/endoplasmic reticulum in these larvae as has
been examined for the larval heart of Drosophila m. (Desai-Shah et al.,
2010). These additional experiments are beyond the current scope of
examining the direct effects of LPS on the larval heart rate but would
help dive into more of the differences between the two larval species of
Drosophila m. and Phaenicia s.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cbpc.2018.11.008.
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