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provide evidence that both of these receptor subtypes dis-
play functional significance in regulating the larval heart’s 
pacemaker activity.
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Introduction

The Drosophila melanogaster larval heart is a popular car-
diac disease model for mammalian heart pathologies. Vari-
ous studies have shown a number of genes in Drosophila 
regulating cardiac function, including muscle contractile 
proteins and ion channels, are similar to those in mammals 
(Bier and Bodmer 2004; Cammarato et al. 2011; Ocorr 
et al. 2007; Wolf et al. 2006). In addition, because of the 
wealth of molecular tools available to alter expression of 
ion channels and membrane receptors, one can utilize this 
organism to better understand the physiological mecha-
nisms which may underlie dysfunctions that are manifested 
in cardiac disease states. Drosophila use many of the same 
neurotransmitters and receptor subtypes as mammals and 
use similar mechanisms for transmitter release, recycling 
and general neuronal function (Hurst et al.  2013; Martin 
and Krantz 2014). One of these neurotransmitters, ace-
tylcholine (ACh), is prominent in the nervous system and 
has been confirmed to exhibit modulatory effects on vari-
ous tissues within Drosophila. In vertebrates, ACh is a 
chemical transmitter of the autonomic, somatic, and cen-
tral nervous system (CNS). In insects, it is the predomi-
nant excitatory neurotransmitter of the sensory neurons and 
interneurons within the CNS (Martin and Krantz 2014). 
Acetylcholine receptors (AChRs) consist of two major 
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Drosophila cardiac physiology by the cholinergic system 
remains poorly understood. Here we use semi-intact D. 
melanogaster larvae to study the pharmacological profile 
of cholinergic receptor subtypes, nicotinic acetylcholine 
receptors (nAChRs) and muscarinic acetylcholine recep-
tors (mAChRs), in modulating heart rate (HR). Choliner-
gic receptor agonists, nicotine and muscarine both increase 
HR, while nAChR agonist clothianidin exhibits no signifi-
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centrations as low as 100 nM. In addition, both nAChR 
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play capabilities of blocking agonist actions. These results 
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subtypes: the metabotropic muscarinic acetylcholine recep-
tors (mAChRs), and the ionotropic nicotinic acetylcholine 
receptors (nAChRs), both of which are activated by ACh 
and the agonists, muscarine and nicotine, respectively. The 
nicotinic receptor is part of the cys-loop family of ligand-
gated ion channels that facilitates fast synaptic transmis-
sion (Wonnacott and Livingstone 2010). Muscarinic recep-
tors are metabotropic and act indirectly with ion channels 
through second messenger G proteins to generate a cellular 
response (Collin et al. 2013). The Drosophila genome con-
tains ten nAChR subunits and two mAChR types, A-type 
(encoded by gene CG4356) and B-type (encoded by gene 
CG7918), have been cloned in this organism (Collin et al. 
2013). The expression of these subunits and pharmacologi-
cal profiles had not been characterized in the larval heart.

Drosophila have an open circulatory system that con-
sists of a simple dorsal vessel with a posterior heart and 
anterior aorta. The larval dorsal vessel is a myogenic tube 
that spans the rostral: caudal axis of the animal (Gu and 
Singh 1995). Hemolymph is drawn into the heart through 
ostia in the posterior pump and circulated through an aorta 
back into the visceral lumen (Molina and Cripps 2001). 
The pacemaker of the larval heart is located caudally and, 
like in the human heart, is myogenic (Dowse et al. 1995; 
Gu and Singh 1995; Johnson et al. 1998, 2001; Rizki 1978) 
meaning action potentials in this tissue are initiated in the 
absence of neural innervation within the cardiac muscle 
itself (Cooper et al. 2009; Desai-Shah et al. 2010). In the 
late 3rd instar there appear to be neurons innervating the 
rostral tissue of the aorta, but the function of this innerva-
tion has not been addressed (Johnstone and Cooper 2006). 
Because of these characteristics and additional similari-
ties in physiology and ease of manipulating developmen-
tal expression of genes, the Drosophila larval heart can be 
used as a model for ionotropic and chronotropic actions as 
well as investigations into the ionic basis for pacemaker 
activity.

In mammals, the cholinergic system is implicated in a 
number of cardiac diseases. In fact, studies show that car-
diac regulation by the parasympathetic nervous system is 
mediated primarily by ACh binding to the M2 muscarinic 
ACh receptor (M2-AChR) in many vertebrates (Gavioli 
et al. 2014). In insects, neuromodulators travel in the hemo-
lymph and affect non-neuronal tissues in addition to acting 
as the primary mediator of communication between cells 
of the nervous system (Majeed et al. 2014). A number of 
neuromodulators that are prominent in larvae, including 
dopamine (Neve et al. 2004; Titlow et al. 2013), serotonin 
(Dasari and Cooper 2006; Majeed et al. 2013) and octo-
pamine (Johnson et al. 1997), have also shown to exhibit 
modulatory effects on the heart. It has previously been 
shown that ACh at concentrations between 1 mM and 1 M, 

decreases heart rate (HR) in Drosophila at the larval, pupal, 
and adult stages with no significant changes at concentra-
tions lower than 1 mM (Zornik et al. 1999); however, these 
studies were performed in the intact, whole animal with 
injections into the hemolymph. Many compounding actions 
may come into play with the stress of injections and the 
presence of other cardioactive substances other than those 
injected. Additionally, the pharmacological characterization 
of the cholinergic receptor subtypes involved in modulating 
HR has not been characterized in isolation of compound-
ing variables with a well-defined physiological saline. The 
pupal metamorphic stage is also an active period of transi-
tion in hormones and development not only for the skeletal 
muscle and the nervous system but also the heart (Consou-
las et al. 2005; Zeitouni et al. 2007).

This stage in Drosophila development is commonly used 
for investigating cardiac function since the pupa is station-
ary for injection and observation, but the dynamic process 
in this transitional stage make it somewhat problematic. In 
addition, the adult heart is modulated by neuronal inputs, 
which complicates addressing the function of the intrinsic 
cardiac pacemaker and ionic regulation in an intact heart 
(Dulcis and Levine 2003, 2005). The larval heart is eas-
ily exposed, myogenic, and its activity can be maintained 
for hours with a newly developed physiological saline (de 
Castro et al. 2014). Whereas previous research has utilized 
intact pupa or larvae with drug administration via injec-
tion, we directly expose an open preparation with pharma-
cological agents at known concentrations. This technique 
isolates the heart from the nervous system and prevents the 
action of additional modulation from various endogenously 
released substances.

Because regulation of the Drosophila cardiac physiology 
by modulators remains poorly understood, it is important to 
determine how endogenous modulators separately act on, 
and influence cardiac pacemakers in altering HR. The aim 
of this research is to gain insight into the role of the cholin-
ergic system and specific receptor subtypes in modulating 
the D. melanogaster larval heart. The findings of this study 
enhance our understanding of the role of modulators and 
ion channels in affecting HR, adding to the ever-increasing 
knowledge regarding endogenous messengers on cardiac 
tissue. Homologous genes control early developmental 
events as well as functional components of the Drosophila 
and vertebrate hearts (Bier and Bodmer 2004); thus, the fly 
is a useful model in which to study cardiac function and 
the molecular mechanisms underlying heart disease in 
humans. Mutations affecting ion channels and second mes-
senger systems are readily accessible in Drosophila, and it 
is important to understand the pharmacological profiles of 
specific receptors in order to utilize these mutants to study 
the mechanisms which regulate cardiac function.
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Materials and methods

Fly rearing and stocks

Wild type Canton S (CS) flies were used for HR analyses 
via the semi-intact method. This strain has been isogenic in 
the lab for several years and was originally obtained from 
Bloomington Fly Stock. In order to obtain staged larvae, 
the flies were held for a few days at 25 °C in a 12 h light/
dark incubator before being tested. All animals were main-
tained in vials partially filled with a cornmeal-agar-dex-
trose-yeast medium. The general maintenance is described 
in Campos-Ortega (1974).

Pharmacology

Acetylcholine (CAS #: 60-31-1), nicotine (CAS #: 65-31-
6), clothianidin (CAS # 210880-92-5), muscarine (CAS #: 
2936-25-6), atropine (CAS #: 51-55-8), and scopolamine 
(CAS #: 6533-68-2) were purchased from Sigma-Aldrich 
(St. Louis MO, USA) (Milwaukee WI, USA). Tubocurarine 
(curare) (Cat #:2820) and benzoquinonium dibromide (Cat 
#:0424), were purchased from Tocris Bioscience (Minne-
apolis, MN, USA). Fly saline, modified Hemolymph-like 
3 (HL3) (Stewart et al. 1994) containing: (in mmol/L) 70 
NaCl, 5 KCl, 20 MgCl2, 10 NaHCO3, 1 CaCl2, 5 trehalose, 
115 sucrose, 25N,N-Bis-(2-hydroxyethyl)-2-aminoethane 
sulfonic acid (BES) was used. The following modifications 
were made to the HL3 saline: pH was decreased from 7.2 to 
7.1 and BES buffer was increased from 5.0 to 25.0 mmol/L 
to maintain a stable pH (de Castro et al. 2014).

Heart rate assay

Semi-intact preparations were used throughout. After col-
lection, early third instar larvae were pinned ventral side up 
on a glass plate and dissected in a droplet of saline (Cooper 
et al. 2009). The Drosophila heart is very sensitive to pH 
(Gu and Singh 1995); therefore, the saline is adjusted to pH 
7.1 and maintained with the high concentration of buffer as 
described in de Castro et al. (2014). The larval dissection 
is described in detail by Gu and Singh (1995) and in video 
by Cooper et al. (2009). An illustration of the preparation 
used can be found in Desai-Shah et al. (2010). In short, 
third instar larvae were opened by an incision in the ven-
tral midline and the internal organs were washed aside by 
saline in order to expose the intact heart to various solu-
tions. The preparation was then left untouched for 2 min 
after dissection to allow the heart to recover from the lar-
val dissection. The heart was then visualized through a dis-
secting microscope and the rate was measured by directly 
counting the contractions in the posterior “heart” region 
of the dorsal vessel. In order for ease of counting the HR, 

one can readily observe the trachea movements as a con-
sequence of the heart pulling on the ligament attachments. 
The baseline counts were collected with saline and then the 
saline solution was carefully removed and exchanged with 
saline solutions containing various agents. The solutions, 
consisting of agonists and antagonists of both nAChRs and 
mAChRs at varying concentrations, were introduced onto 
the open preparation. After exchanging the saline with an 
agent of interest, the preparation was allowed to sit for 
1 min prior to counting the HR. Following a 1 min waiting 
period, the heart contractions were examined for 1 min, in 
order to calculate the HR in beats per minute (BPM). After 
the initial 1 min count, the solution was left on the prepa-
ration for 10 min and a 2nd count was performed in order 
to measure the effects of the agents after a longer period. 
Hearts that did not continuously beat throughout the para-
digm or did not reach 50 beats in 1 min upon initial expo-
sure to saline were not used in our analyses. As a control, 
fresh saline was used to replace the first saline solution. 
Once the HR was counted, the average BPMs and percent 
change in initial HRs as well as the percent change in the 
HRs after a 10 min period were calculated and graphed. 
All the experiments were performed at room temperature 
(21–23 °C) during the hours of 9–5 pm.

Statistical analysis

The data presented is expressed as mean ± SEM. The pro-
gram, SigmaPlot (version 12.0) was used for graphing and 
statistical analysis. One-way ANOVA test was used for 
multiple comparisons among the concentration treatments 
by each individual drug. Student’s t test was used in order 
to compare the HR treatments to the controls, with a confi-
dence level of P ≤ 0.05 as considered statistically signifi-
cant. Tukey’s test was used as a post hoc test to compare 
the percentage changes of HRs.

Results

Mechanical disturbance and time effect on HR

As previously reported, mechanical disturbance plays a role 
in altering HR in a semi-intact, open preparation (Majeed 
et al. 2013). In addition, the HR generally slows down over 
time. In order to obtain a baseline reading for the effects of 
mechanical disturbance and time, control experiments were 
conducted in which saline was washed out and exchanged 
for fresh saline of the same composition. The newly added 
saline was then left on the preparation for 10 min in order 
to analyze the role of time on HR. A simple saline exchange 
resulted in a small increase in HR initially and a decrease 
over a time period of 10 min (Fig. 1a). In addition, the raw 
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data for average BPM at five time points was recorded over a 
10 min period for each individual preparation (Fig. 1b). The 
control experiment was used to account for changes in HR 
upon solution exchange when various compounds are added. 
Percent change in rates were compared to controls in order 
to obtain a true reading of the percentage change in HR due 
to the action of the added compounds. Results are provided 
as a percent change of basal rate since there were variations 
in baseline HRs among preparations, which were calculated 
based on initial saline counts for each separate trial. The ini-
tial change in HR increases 5.77 ± 3.22 % (Fig. 1a) after 
a saline to saline exchange and then drops 12.40 ± 7.03 % 
after 10 min bathed in saline. Exchanging saline for a second 
time, after the preparation is untouched for 10 min, induces 
a positive percent change of 16.60 ± 6.67 % before falling 
25.40 ± 6.32 % following an additional 10 min period.

Acetylcholine dose–response relationship

After noting the change in HR induced by saline to 
saline exchange, the effect of ACh modulation on the 
heart was tested. Four different concentrations of ACh in 
saline were applied directly to the open preparation, and 
the percent change in HR after initial exchange and fol-
lowing a 10 min period was determined. 100 nM, 10 
μM, 100 µM, and 1 mM concentrations of ACh in saline 
were used. Each concentration of ACh induced an initial 
increase in HR when compared with the saline to saline 
control (Fig. 2a, b, d). At the intermediate concentration 

tested, the average HR increased significantly when a 
saline solution was exchanged for one containing 10 µM 
ACh (Fig. 2b). Applying 100 nM concentration of ACh to 
the open heart induced an initial positive percent change of 
26.3 ± 8.91 % from baseline, indicating an increase com-
pared to control. The dose–response relationship reveals 
that increasing concentration of ACh did show a slight but 
insignificant increase in the mean percent change in HR 
(Fig. 2b). This indicates the ACh receptors may be satu-
rated and desensitized after exposure to ACh concentra-
tions as low as 100 nM. Data for each concentration of 
ACh was graphed and displays the variation in alteration 
in HRs over the 10 min time course. The averages in the 
responses are shown in Fig. 2a. The data indicates that 
there were variations among baseline rates among prepa-
rations; however, at each concentration, ACh displayed 
a positive effect on the HR. In addition, the preparations 
exposed to ACh did not show dramatic reductions in HR 
after a 10 min period, suggesting that the addition of ACh 
to saline helped stabilize the hearts for a more extended 
period. This is in contrast to controls, which showed more 
dramatic reductions in HR over the full experimental time 
period (Fig. 2a, d).

nAChR and mAChR agonists dose–response 
relationship

Following examination of the effect of ACh on the heart, the 
role of the three primary cholinergic agonists in modulating 

Fig. 1  Change in HR as a result of mechanical disturbance upon 
changing solutions. a The percent change in HR after exchanging 
saline solutions. The preparations were left inside saline for 1 min 
and then the rate was obtained for the following minute. Saline 
(1-Saline) was exchanged with saline (2-Saline). The preparations 
were left for 1 min and subsequently rate was obtained over the next 
minute. The preparations were left for 10 min (subscript 1 to 10) and 
then the HR was counted for 1 min. Saline (2-Saline) was exchanged 

with saline (3-Saline), the preparations were left for 1 min before 
counting the rate in the next minute. The preparations were left for 
10 min and then the HR was obtained for 1 min. Data are presented 
as mean ± SEM. b The raw change in HRs in response to saline to 
saline solution exchanges. The changes in solutions are noted, with 
the subscripts illustrating time points during which solutions were left 
on the preparations (1 to 10 min period)
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HR was examined. Nicotine and clothianidin concentrations 
of 100 nM, 10 μM, 100 µM, and 1 mM were exposed to 
open preparations. Muscarine concentrations of 100 nM, 
10 µM, and 1 mM were used in order to reveal a dose–
response relationship. For each concentration tested, new 
larvae were used. The initial percent change after solu-
tion exchange as well as percent change after a 10 min 
period was calculated and is shown in Fig. 3a. Average HR 
counts for hearts exposed to 10 µM of each agonist solu-
tion were also calculated and agonists that induced signifi-
cant changes in HR are presented (Fig. 3b, c). In addition, 
the dose–response curve for each agonist was analyzed and 
displayed (Fig. 3d). Exposure to nicotine at a concentration 

of 100 nM increased HR, displaying a percent change of 
25.54 ± 9.82 % from baseline (Fig. 3a). Exposure to nico-
tine increased average HR significantly at a concentration of 
10 µM upon initial exchange (Fig. 3b), displaying a percent 
change of 74.43 ± 19.44 %. At higher concentrations, the 
percent change was not as dramatic. In addition, after bath-
ing the preparations in nicotine, the HRs did not slow down 
as dramatically as preparations exposed to saline without 
added nicotine. The average decrease in HR after 10 min for 
each of the preparations exposed to nicotine was approxi-
mately −7.93 ± 6.04 % BPM for all concentrations whereas 
the preparations bathed in saline alone showed a decrease of 
approximately −12.48 ± 7.03 % BPM (Fig. 3a). Nicotine 

Fig. 2  Change in HR in response to various concentrations of ACh. 
a The average change in HR in response to saline (solution 1) to 
saline + ACh (solution 2) exchanges. At each concentration, ACh 
induced a more substantial change in beats per minute (BPM) when 
compared to controls as evidenced by the increased slope. In addi-
tion, preparations bathed in ACh solutions for 10 min displayed 
less dramatic reductions in HR after the time period. b The per-
cent changes in HR after exchange from solution 1 to solution 2. c 

Change in average HR in exchange from saline to ACh 10 µM with 
raw changes for each preparation. The addition of ACh induced a sig-
nificant change in average HR. (Student’s t test was used for com-
parison). d Dose–response relation of ACh action on larval HR. Open 
circles represent the subtraction of control saline exchanges from 
various concentrations of ACh. One-way ANOVA was used for com-
parison
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induces a more dramatic change in increasing HR when 
exchanged compared to a simple saline to saline exchange 
and maintains a higher HR over the observed time period 
(Fig. 3a). When the open preparation was exposed to an 
additional nAChR agonist, clothianidin, it was found that no 
significant change in HR resulted. There was an insignifi-
cant positive percent change of 18.20 ± 5.09 % when the 
preparation was exposed to 100 nM clothianidin (Fig. 3a). 
At increased concentrations, the HR did not show a positive 
change and even dropped in the presence of high concentra-
tion of clothianidin, signifying this agonist did not influence 
HR. This was in stark contrast to nicotine, which induced 

a significant positive percent change at a concentration of 
10 µM, suggesting nicotine may act via a separate mecha-
nism to promote changes in HR.

In addition to exposing preparations to various concentrations 
of nicotine and clothianidin, muscarine solutions were tested 
in order to observe the effects of this mAChR agonist on HR. 
Much like nicotine, exchanging saline with a 100 nM muscarine 
solution induced a positive percent change in HR. In addition, a 
10 µM muscarine solution induced a significant increase in aver-
age HR (Fig. 3c), rising 53.53 ± 7.43 % from baseline (Fig. 3a). 
Exposure to the highest concentration of muscarine did not yield 
as dramatic an increase in HR, again suggesting these receptors 

Fig. 3  Change in HR in response to various concentrations of AChR 
agonists. a The percent changes in HR after exchange from solution 
1 to solution 2. Solution 2 contained various concentrations of nic-
otine (Nic), clothianidin (Cloth) or muscarine (Musc), as indicated. 
The percent change in HR after 10 min is noted in the second group 
of columns. The addition of both agonists induced a positive percent 
change in HR. b Change in average HR in exchange from saline to 
Nic 10 µM with raw changes for each preparation. The addition of 

Nic induced a significant change in average HR. c Change in aver-
age HR in exchange from saline to Musc 10 µM with raw changes 
for each preparation. The addition of muscarine induced a significant 
increase in average HR. (Student’s t test was used for comparison). d 
Dose–response relation of Nic, Cloth, and Musc action on larval HR. 
Open shapes represent the subtraction of control saline exchanges 
from various concentrations of agonists. One-way ANOVA was used 
for comparison
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may be desensitized at a lower concentration. Initial change in 
HRs was higher when compared to controls at each concentra-
tion, following the same trend observed with ACh and nicotinic 
solutions. The hearts of preparations exposed to saline contain-
ing low concentrations of muscarine displayed a smaller percent 
decrease on average after a 10 min waiting period compared to 
controls (Fig. 3a). Overall, two agonists, nicotine and muscarine, 
were capable of inducing positive initial change in HR when 
exchanged from saline and both maintained hearts at higher 
rates after a 10 min period, indicating that adding these drugs to 
a saline solution enhanced the ability of the heart to maintain a 
more rapid beat over a prolonged period of time. Clothianidin, 
however, did not affect HR, which may suggest that nicotine 
could influence HR through alternative mechanisms due to char-
acteristics unique to the drug.

nAChR and mAChR antagonist dose–response 
relationship

Various cholinergic receptor antagonists were examined to 
test their ability to block the action of the agonists. Antago-
nists for both receptor subtypes were used in this examina-
tion. A total of four antagonists were examined. Each antago-
nist in various concentrations was used to test effect on the 
HR. In addition, following analysis of the effect of each 
antagonist on HR, the solutions were exchanged a second 
time, and the third solution exchanged contained a 10 µM 
concentration of either nicotine or muscarine in order to 
examine the ability of each antagonist to block the positive 
response induced by each agonist. The initial percent change 
in HR after each solution was exchanged was calculated and 
the change in HR after a 10 min bathing was calculated as 
well (Fig. 4a, b). In addition, the averages of HRs at exchange 
point was calculated as well for each intermediate concentra-
tion (Fig. 4c, d). As can be seen in Fig. 4a, nAChR antago-
nists, benzoquinonium dibromide (BD) and curare both dis-
played agonist-like characteristics, as they increased HR after 
initial exchange, inducing a positive chronotropic response. 
At a concentration of 100 nM, BD induced a positive percent 
change in HR of 27.56 ± 8.56 %, indicating this compound 
is capable of acting as a potent agonist in this model. Changes 
in HR were not dramatic with increasing concentration. In 
addition, curare also increased HR after initial exchange from 
saline. When compared to saline to saline exchanges alone, 
curare induced a higher positive percent change in HR at low 
concentrations, but induced a negative percent change at a 
high dose (10 µM) (Fig. 4a). Both nAChR antagonists also 
were capable of maintaining higher HRs over a 10 min period 
compared with controls. At 100 nM, hearts exposed to curare 
displayed an increase in HR after 10 min exposure and hearts 
exposed to BD displayed a small decrease of 4.19 ± 5.36 %. 
This compares to a decrease of 12.48 ± 7.03 % in hearts 
bathed in saline alone for a 10 min period (Fig. 4a).

In addition, mAChR antagonists atropine and scopola-
mine were examined for their effect in altering HR. Simi-
lar to nAChR antagonists tested, both mAChR antagonists 
induced a positive chronotropic response in HR upon initial 
exchange from saline. Specifically, at each concentration, 
both atropine and scopolamine increased HR from base-
line. At 10 µM, atropine increased HR 36.51 ± 15.23 % 
from baseline, a 31 % difference in percent change when 
compared to a saline to saline exchange alone (Fig. 4b). 
Scopolamine displayed agonist-like characteristics at a 
higher concentration, increasing HR 35.47 ± 13.51 % from 
baseline at 1 µM (Fig. 4b). Both displayed a greater abil-
ity to maintain the HR over the course of 10 min, which is 
longer than compared to saline alone (Fig. 4b).

After examining the effect these antagonists alone had 
on HR, their ability to block the action of nAChR and 
mAChR agonists was tested. The same preparations were 
used, and a third solution exchange was performed after 
allowing the antagonist-containing solutions to sit on the 
preparations for a 10 min period. The third solution con-
tained a 10 µM concentration of the agonist along with 
varying concentrations of the antagonists. Only one prepa-
ration is used for each antagonist-agonist combination trial. 
As can be seen in Fig. 4a, curare displays a slight ability to 
block nicotine action initially, as the percent change in HR 
is lower after initial exchange with this solution compared 
to a saline to saline exchange; however, after a 10 min 
period, the HRs do not decrease as substantially as they 
do when bathed in a solution containing saline alone. This 
is similar to what was found when nicotine was added to 
saline without the addition of curare, suggesting this drug 
does not block the action of nicotine over the observed time 
period. In addition, BD does not inhibit the ability of nic-
otine to induce a positive response at low doses, but does 
appear to attenuate the action of nicotine at higher concen-
trations (Fig. 4a). Similarly, the mAChR antagonist scopol-
amine does not block the ability of muscarine to induce a 
positive percent change in HR. Muscarine induces a dra-
matic change in HR in solutions containing scopolamine, 
increasing HR as high as 87.17 % from baseline (Fig. 4b). 
In contrast, our analysis shows that the mAChR competi-
tive antagonist, atropine attenuates the substantial increase 
in HR exhibited by a muscarine solution, suggesting this 
antagonists is capable of blocking muscarine action. In 
the presence of 10 µM muscarine, a 10 µM atropine solu-
tion induces a 5.02 ± 3.99 % reduction in HR after initial 
exchange (Fig. 4b). However, the positive response in HR 
observed when atropine is in solution without muscarine is 
surprising. The averages for each intermediate concentra-
tion of antagonist tested was calculated and compared with 
saline averages. In addition, averages after exchange with 
a third solution containing antagonists plus each agonist 
were calculated and compared (Fig. 4c, d).
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Discussion

This analysis adds to the increasing understanding of Dros-
ophila cardiac physiology, and aids in promoting the larval 
model as a useful tool in analyzing modulatory systems and 
diseases affecting the heart. The availability of a wealth of 
molecular tools make this model attractive for genetic studies. 
In addition, Drosophila serve a valuable model in understand-
ing physiology at the cellular level, particularly as it relates 
to regulation of cardiac function (Piazza and Wessells 2011). 
One can utilize this genetically tractable organism in order to 

screen for mutations in ion channels and receptors that may 
be crucial in regulating the heart.

Mechanical disturbance activates stretch‑activated ion 
channels

Control saline exchanges induced a positive percent change 
in initial HR. The small percent change examined is poten-
tially indicative of a response resulting from activation of 
stretch-activated ion channels. It is well known that these 
ion channels are present in cardiomyocytes of vertebrates 

Fig. 4  Effects of AChR antagonists on HR. a The average per-
cent change in HR when saline is exchanged for nAChR antago-
nists curare and BD. Solution 2 consists of saline + antagonist. 
The observed change after a 10 min period is noted. In addition, 
the ability of each antagonist to block the action of nicotine was 
tested. Solution 3 consists of saline + antagonist + 10 µM nicotine. 
b The average percent change in HR when saline is exchanged for 
mAChR antagonists scopolamine and atropine. Solution 3 consists 
of saline + antagonist + 10 µM muscarine. Atropine blocks the 
positive action of muscarine at each concentration, but, like nAChR 
antagonists, displays agonist-like characteristics of its own. Scopola-

mine does not block muscarine action. c Change in average HR in 
exchange from saline to BD 1 µM with raw changes for each prep-
aration. The change in average HR is recorded then solution 2 is 
exchanged with solution 3 containing 1 µM BD + 10 µM nicotine 
(Student’s t test was used for comparison). d Change in average HR 
in exchange from saline to atropine 1 µM with raw changes for each 
preparation. The addition of atropine induced an increase in average 
HR that was not statistically significant. In addition, the change in 
average HR is noted then solution 2 is exchanged with solution 3 con-
taining 1 µM atropine + 10 µM muscarine (Student’s t test was used 
for comparison)
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and are sensitive to mechanical stimuli (Baumgartner 
et al. 2012). In addition, Piezo proteins are documented 
in Drosophila and are also sensitive to mechanotransduc-
tion (Coste et al. 2012). These ion channels are activated 
by mechanical disturbance and activation results in the 
intracellular accumulation of positively charged ions, such 
as Ca2+ and Na+ (Baumgartner et al. 2012). This leads to 
activation of downstream signaling cascades within the 
cell. The mechanical disturbance caused by exchanging 
solutions most likely activates these channels and induces 
cellular response.

Acetylcholine increases HR

Cholinergic receptors are known to play an integral role in 
cardio regulation throughout the animal kingdom (McCann 
1970). A number of diseases of the heart are associated 
with dysfunctions of cholinergic receptors in mammals, and 
it is known that ACh receptors are ubiquitous in the CNS of 
Drosophila, but their expression in cardiac tissue had yet to 
be fully determined (Gundelfinger and Schloss 1989; Nur-
minen et al. 1991; Schuster et al. 1993; Wadsworth et al. 
1988). Whether or not ACh acts through peripheral neurons 
to modulate Drosophila HR in adults is currently unknown. 
Activation of peripheral neurons could lead to the release 
of ACh into the hemolymph where it would interact with 
cholinergic receptors in cardiac pacemaker cells even for 
larvae. Previous studies performed in intact larvae suggest 
that ACh and nicotine both decrease larval HR, but show 
contrasting modulation in the adult fly. In addition, no evi-
dence had yet been provided suggesting the presence of 
muscarinic receptors in this tissue. Conflicting results in 
previous work suggest that receptors in larval cardiac tis-
sue are not solely nicotinic (Zornik et al. 1999). In fact, our 
analysis may rule out the possibility of functional nicotinic 
receptor presence in the plasma membrane of cardiomyo-
cytes altogether. The peculiar actions of nicotine may mask 
any findings resulting from studies of an intact animal, 
as it is known that this agonist is lipophilic and can have 
additional actions within the cell. This previous research 
does, however, provide evidence that cholinergic receptors 
are present in this tissue and their activation contributes to 
modulation of HR (Zornik et al. 1999). A more thorough 
investigation into the mRNA expression of the receptor 
subtypes present at the larval stage will help to delineate 
the role of the cholinergic system in modulating HR in this 
model.

Since we were able to maintain hearts in a physiologi-
cal saline for long periods of time, we were now able to 
address the effects of modulators known to be in hemo-
lymph on cardiac function directly. It was found that ACh 
increased HR at concentrations as low as 100 nM. There 
was a substantial increase in HR upon exposure to 100 nM 

ACh suggesting the presence of cholinergic receptors in 
larval heart tissue. Higher concentrations show little addi-
tional positive effect on HR, suggesting ACh desensitizes 
receptors at low concentrations, thus resulting in decreased 
sensitivity to additional ACh activation at concentrations 
above 10 µM. In this analysis, semi-intact preparations 
were used allowing for the exposure of the larval heart 
directly to select compounds without the influence of com-
pounding variables. We determined that ACh is capable of 
inducing an increase in HR suggesting this modulator is 
activating receptors present in cardiomyocytes, resulting in 
depolarization of the membrane and a positive chronotropic 
action on the heart in this model.

Muscarine and nicotine increase HR

Since ACh induces an increase in HR when exposed 
directly to the larval heart it is likely that cholinergic recep-
tors are expressed in this tissue. Previous studies have 
shown that ACh decreases HR and the nAChR agonist, 
nicotine increases HR (Zornik et al. 1999); however, pupa 
were injected with the substance and compounds were not 
selectively examined directly on the heart in a well buffered 
saline. There has been no evidence supporting the pres-
ence of muscarinic receptors in Drosophila larval cardiac 
tissue to date. In order to elucidate the cholinergic recep-
tor subtypes which may play a role in altering HR, we first 
added various concentrations of nicotine, clothianidin or 
muscarine to the open preparations and then examined if 
selective antagonists blocked agonist actions. The findings 
indicate that functional mAChRs are likely present in car-
diomyocytes at the larval stage. These receptors function 
to induce a significant enhancement in pacemaker activity, 
resulting in an increase in HR. Although we cannot defini-
tively rule out the expression of nAChRs in larval cardiac 
tissue, the finding that clothianidin does not affect HR and 
the inability of nAChR antagonists from blocking nico-
tinic action suggests the absence of functional nAChR in 
the plasma membrane of pacemaker cells. More thorough 
expression analysis is needed to confirm this finding.

The results demonstrate nicotine influences HR sig-
nificantly when exposed to the heart directly. While our 
findings show there may be an absence of nAChRs in the 
plasma membrane, the influence of nicotine may very well 
act in an alternative manner to induce an increase in HR. 
It is known that nicotine not only activates plasma mem-
brane receptors but is well known to have direct effects 
on intracellular function since the compound is lipophilic 
and crosses cell membranes rapidly, particularly in more 
alkaline environments (>6.5 pH) (Hukkanen and Benow-
itz 2005). Considering the saline solution used to bathe 
the open preparations is measured at a pH of 7.1, it is 
likely that nicotine exists in a more unionized state in this 
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solution, and thus may cross the cell membrane quickly. 
Nicotine may also stay within a membrane depending on 
its ionized state. This is an important characteristic that 
likely enhances the action of nicotine within the cell. Once 
in the cell the role of nicotine in modulating HR remains 
poorly understood. However, recent imaging analysis of 
membrane proteins, including nAChRs, performed by 
Moonschi et al. (2015) shows evidence of nAChR receptor 
presence in Endoplasmic Reticulum (ER) derived micro-
somes. Not only does this group confirm the presence of 
nAChR subunits in microsomes, but they also, through the 
use of Ca2+ flux imaging, show that these receptors are 
functional. In addition, previous findings indicating rapid 
desensitization of membrane nAChRs, such as that of 
Colombo et al. (2013), could also support nAChR activity 
in the ER in other cell types, as these receptors could be 
desensitized prior to incorporation into the plasma mem-
brane. Therefore, we speculate the presence of functional 
nAChRs in the ER that may act to dump Ca2+ in the pres-
ence of nicotine, inducing an increase in HR. Although dif-
ficult in larval cardiac pacemaker cells due to the trouble 
in fluorescent imaging of a contractile organ, one may test 
this hypothesis in additional cell types through a Ca2+ flux 
imaging experiment where nAChR release from the ER is 
blocked via Brefeldin A. One could then look for changes 
in calcium binding with a calcium sensitive fluorophore 
(fluo-4) upon exposure to ACh or nicotine. The additional 
actions of nicotine, including the activation of other mem-
brane receptors, such as the transient receptor potential A1 
channel (Talavera et al. 2009), as well as the blocking of 
additional surface receptors including 5-hydroxytryptamine 
type 3 (5-HT3) (Schreiner et al. 2014) could play a role of 
altering HR in vivo as well. These findings open the door to 
further investigation of the mechanistic actions of nicotine 
in modulating HR.

While the presence of functional nAChRs in the ER 
remain a possibility, our analysis suggests that the identity 
of cholinergic receptors on larval pacemaker plasma mem-
branes are primarily muscarinic. In testing the role of mus-
carine, an agonist that activates metabotropic mAChRs, in 
regulating HR, it was found that muscarine increased HR 
at both low and high concentrations, suggesting the pres-
ence of mAChRs in larval cardiac tissue. As stated, two 
subtypes of mAChRs are expressed in Drosophila, A-type 
and B-type. The activity of these two receptor subtypes are 
crucial in regulating the excitability of the cell. In mam-
mals, five muscarinic receptor subtypes have been identi-
fied (M1–M5) and classified pharmacologically (Felder 
1995). These subtypes have been grouped into two groups 
based on their mobilization of intracellular Ca2+ (M1, M3, 
and M5) or their ability to inhibit adenylate cyclase (M2 
and M4) (Felder 1995). M2 receptor is known to be present 
on human hearts and acts to slow down HR by inhibition 

of adenylate cyclase and decrease of intracellular cAMP. 
The functional characterization of the two muscarinic 
receptor subtypes in Drosophila has been more problem-
atic; however a comprehensive analysis of the function of 
A-type and B-type mAChRs in this model was performed 
by Collin et al. (2013). The group measured relative 
A-type and B-type mAChR expression at various stages 
of the life cycle by extracting mRNA from the head, tho-
rax, and whole-body of individual animals. Their expres-
sion analysis shows that each subtype is expressed at each 
developmental stage throughout the body; however, the 
pharmacological profiles of these receptor subtypes appear 
to be distinct (Collin et al. 2013). The A-type receptor 
can be activated by both low concentrations of ACh and 
muscarine, whereas the B-type receptor is not responsive 
to muscarine binding (Collin et al. 2013). In addition, 
sequencing analysis shows the binding pocket for ACh in 
the A-type receptor is highly similar to the binding domain 
in mammalian M1–M5 receptors, but less so in the B-type 
receptor, suggesting the different pharmacological profile is 
most likely due to structural differences between the two 
receptor subtypes (Collin et al. 2013). In our analysis, the 
heart was responsive to low concentrations of both ACh 
and muscarine, suggesting the presence of A-type mAChRs 
in larval cardiac tissue. It is noted that the addition of mus-
carine significantly increases average HR when compared 
to controls, indicating a stimulatory effect and potential 
activation of a 2nd messenger cascade that mediates intra-
cellular Ca2+ levels. As stated, M2 mAChR receptor sub-
type is present in mammalian cardiac tissue and was shown 
to attenuate adenylate cyclase activity, thereby reducing the 
intracellular levels of cAMP through Gi (Felder, 1995). Our 
analysis suggest that the mAChRs present in cardiac tissue 
at the larval stage act through a stimulatory cascade that is 
not regulated by adenylate cyclase, as it has been shown 
that HR stimulation by 5-HT does not act through cAMP 
(Majeed et al. 2013). In a recent study by Ren et al. (2015), 
the group showed that A-type mAChRs couple to the Gq/11 
signaling pathway, whereas B-type mAChR couple to the 
Gi/0 pathway. Their findings that A-type receptors do not 
act through the inhibitory Gi/0 pathway supports our evi-
dence that this receptor subtype is present in larval heart 
tissue, as the stimulatory effects on HR suggest. However, 
the tissue from which mAChR mRNA was extracted was 
not described in their analysis, so the 2nd messenger sign-
aling pathway through which these receptors act in larval 
heart tissue must be examined.

Understanding how cardiomyocytes pace the Dros-
ophila heart has been in question. A study by Desai-
Shah et al. 2010 provided a comprehensive analysis of 
the role of three important calcium pumps in modulat-
ing HR, the Na+/Ca2+ exchanger (NCX), the plasma 
membrane Ca2+-ATPase (PMCA), and the sarcoplasmic/
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endoplasmic reticulum Ca2+-ATPase (SERCA). It was 
found that compromising these exchangers individually 
or together had a dramatic effect on the HR of a semi-
intact preparation. The analysis lead to the conclusion 
that [Ca2+]i and [Na+]i are tightly regulated in Dros-
ophila larval hearts. A proposed model indicates that 
when Drosophila hearts are in diastole, depolarization 
and a slow release of Ca2+ from the sarcoplasmic reticu-
lum (SR) by ryanodine receptors (RyR) leads to a rise 
in [Ca2+]i. The SERCA pumps Ca2+ back into the SR 
and the NCX removes [Ca2+]i in exchange for Na+ ions 
across the plasma membrane of the cell. The influx of 
Na+ ions leads to a depolarization of the plasma mem-
brane, thus opening low voltage-gated T-type Ca2+ chan-
nels (VCa) (Huser et al. 2012) and potentially voltage-
gated Na+ channels. The influx of Ca2+ acts on the 
RyR to cause the ER (endoplasmic reticulum) to dump 
Ca2+ which results in a calcium induced inhibition of 
the RyR. Until the [Ca2+]i is reduced by the SERCA 
and NCX, the RyR stays inhibited but will start leaking 
Ca2+ as [Ca2+]i returns to a low level to then repeat the 
cycle (Subramani and Subbanna 2006). In addition, it is 
understood that the pacing cells act as contracting myo-
cytes and that they can also generate action potentials, 
suggesting the presence of voltage gated Na+ channels 
(Gu and Singh 1995). Given the fact that ER nAChRs 
have been shown to permit Ca2+ influx (Moonschi et al. 
2015) and A-type mAChRs act through a stimulatory 
signaling cascade, it can be determined that activation 
of these receptors could lead to an initial increase in 
Ca2+ concentration in the cell, as the Ca2+ conductance 
increases. This increased Ca2+ conductance in turn acti-
vates the NCX, which pumps Ca2+ out of the cell, and 
Na+ into the cell, leading to membrane depolarization in 
cardiac pacemaker cells and an increase in HR.

nAChR and mAChR antagonists increase HR

In addition to testing the role the two cholinergic receptor 
agonists in regulating HR, classical competitive antago-
nists were tested in order to deduce their ability to block 
the action of nicotine and muscarine. It would be assumed 
that since it is evident that both agonists significantly 
increase HR, the addition of competitive antagonists in the 
presence of the agonists would block this response. Sur-
prisingly, we found that each antagonist actually increases 
HR initially and only atropine displays the ability to block 
the action of the mAChR agonist (muscarine) at each con-
centration tested. Although this may seem rather peculiar, 
it is well established that the pharmacological profile of 
nicotine and nAChRs is quite complex. In numerous stud-
ies involving mice, including those by Buccafusco et al. 
(2009) and Paradiso and Steinbach (2003), the description 

of nicotine as a simple nAChR agonist appears to be quite 
simplistic (Buccafusco et al. 2009). These studies, along 
with many others, have found that the actions of nico-
tine often mimic the actions of classic nAChR antago-
nists, including d-tubocurarine and α-bungarotoxin (Rop-
ert and Krnjevic 1982). We found similar results testing 
BD and curare. As stated previously, this phenomenon 
may be explained by the ability of nicotine to activate 
and desensitize receptors quite rapidly (Buccafusco et al. 
2009) and compensatory upregulation of expression of 
nAChR subunits could result (Buccafusco et al. 2009). 
However, it is noted in this analysis, nAChR antagonists 
were bathed on the preparation prior to the addition of 
nicotine. Thus, the ability of nicotine to induce a positive 
response in the presence of these competitive antagonists 
may not be due to its ability to quickly desensitize recep-
tors. Had the preparation been bathed in nicotine first, one 
could assume that a change in conformation of the recep-
tors would alter the ability of competitive antagonists to 
block further agonist action. Instead, it can be assumed 
that the difference in nAChR pharmacology in this model 
may likely be explained by structural differences in the 
associated receptor proteins. Additionally, the actions of 
nicotine on ER nAChRs could also play a role in rapid 
desensitization.

In addition, the ability of mAChR antagonists to block 
the action of muscarine were tested. Based on the results 
observed of muscarine altering HR and comparison with 
previous studies, it is likely that A-type receptors are pre-
sent in larval cardiac tissue. Pharmacological data provided 
by Collin et al. (2013) shows both scopolamine and atro-
pine are capable blocking the action of muscarine in Dros-
ophila. While we found that atropine did indeed reduce HR 
in the presence of muscarine, scopolamine surprisingly did 
not show an ability to block this agonist. Moreover, both 
antagonists displayed agonist-like characteristics of their 
own. Although the pharmacology provided here suggests 
the presence of A-type mAChRs in larval cardiac tissue, 
the question regarding 2nd messenger cascade activation 
by these receptor subtypes in this tissue remains. Further 
pharmacological inhibition of particular 2nd messengers 
may be required in future studies to elucidate the role of 
mAChRs in modulating HR.

Conclusion

Analysis of the effects of cholinergic compounds on HR 
have not been previously administered in a manner that 
isolates the actions of the desired compound. In contrast 
with current understanding, our pharmacological analysis 
indicates cholinergic compounds modulate HR in larval 
Drosophila. Understanding the effects of neuromodulators 
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on regulation of HR and cardiac development can aid in 
understanding how exposure to increased concentrations 
of cholinergic drugs, such as nicotine in early develop-
ment may alter the normal development of this vital organ. 
Alterations in these modulatory systems have shown to 
dramatically affect HR, showing the potential detriment 
posed to human fetuses in embryonic development (Horta 
et al. 1997). In addition, this study aids in providing a 
pharmacological profile for this organism and helps lay a 
foundation for future analysis in characterizing choliner-
gic receptor subtypes in cardiac tissue. Future studies sur-
rounding potential nAChR function in the ER membrane 
in vivo can be performed to enhance knowledge regarding 
nicotinic action not only in cardiac pacemaker cells, but 
in additional excitable cells as well. The genetic amena-
bility of D. melanogaster allow for thorough examination 
of functional expression of particular subunits of cholin-
ergic receptors and the role of second messenger signal-
ing cascades in regulation of cardiac physiology and 
development.
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