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ABSTRACT

Exposure of Drosophila skeletal muscle to bacterial lipopolysaccharides (LPS) rapidly and transiently hyperpo-
larizes membrane potential. However, the mechanism responsible for hyperpolarization remains unclear. The
resting membrane potential of the cells is maintained through multiple mechanisms. This study investigated the
possibility of LPS activating calcium-activated potassium channels (K¢,) and/or K2p channels. 2-Aminoethyl
diphenylborinate (2-APB), blocks uptake of Ca2" into the endoplasmic reticulum (ER); thus, limiting release
from ryanodine-sensitive internal stores to reduce the function of K¢, channels. Exposure to 2-APB produces
waves of hyperpolarization even during desensitization of the response to LPS and in the presence of doxapram.
This finding in this study suggests that doxapram blocked the acid-sensitive K2p tandem-pore channel subtype
known in mammals. Doxapram blocked LPS-induced hyperpolarization and depolarized the muscles as well as
induced motor neurons to produce evoked excitatory junction potentials (EJPs). This was induced by depola-
rizing motor neurons, similar to the increase in extracellular K™ concentration. The hyperpolarizing effect of LPS
was not blocked by decreased extracellular Ca®or the presence of Cd*". LPS appears to transiently activate
doxapram sensitive K2p channels independently of K¢, channels in hyperpolarizing the muscle. Septicemia
induced by gram-negative bacteria results in an increase in inflammatory cytokines, primarily induced by bac-
terial LPS. Currently, blockers of LPS receptors in mammals are unknown; further research on doxapram and
other K2p channels is warranted. (220 words).

1. Introduction

hyperpolarization has yet to be determined. The hyperpolarization of
the muscle with LPS exposure still occurs in the presence of Cd%* or

Understanding the regulation of resting membrane potential of cells
is key to grasping how cells behave in relation to stimulation and inhi-
bition of cellular responses as well as the transmission of signals to other
cells. Many types of ion channels, pumps, and exchangers play a key role
in maintaining a membrane potential. Pharmacological regulation of
cell excitability and inhibition is a hallmark of many clinical treatments
for cardiac and neural control. Additionally, understanding how to
combat and treat pathogens which affect the cellular membrane po-
tential is essential.

Interestingly, the larval Drosophila body wall muscle and skeletal
muscle of crayfish results in rapid hyperpolarization followed by a re-
turn of the membrane potential to resting levels in the next few minutes
when exposed to the endotoxin of gram-negative bacteria (i.e., lipo-
polysaccharides; LPS). The mechanism behind this rapid

Gd>3*. The known blockers of voltage gated Ca®* channel blockers, Cd>*
and Gd®*, used in previous studies confirmed LPS was not activating a
Ca?" influx in the muscle to activate calcium-activated potassium
channels (Kc,) (Cooper and Krall, 2022; Potter et al., 2021; Vacassenno
et al., 2023). In addition, when no Ca®* was added to the bathing saline,
LPS still managed to hyperpolarize the membrane potential. Muscle
contractions and depolarization of larval Drosophila body wall muscle
occurs in part from Ca2" entry from extracellular fluid across the plasma
membrane and internal release of Ca?* from sarcoplasmic reticulum
(SER). Incubation with tetraethylammonium (TEA) (20 mM) for 20 min,
which blocks K¢, channels in Drosophila, did not dampen the LPS effect.
However, the mechanism behind the larval body wall muscle still con-
tracting when extracellular Ca®* was substituted for Cd*" is unclear in
earlier studies, in which LPS was applied. This result led to the proposal
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that an internal release of Ca?* from the SER occurs. Thus, if activating
Ca2* release from ryanodine-sensitive internal stores is possible then
this could be an indirect means to stimulate Kc, channels while the
plasma membrane voltage-gated Ca?" channels are blocked by Cd?*. 2-
aminoethyl diphenylborinate (2-APB) was used in this study since it is
known to block the sarco/endoplasmic reticulum Ca®*-ATPase pump
(SERCA) and thus, reduce the release of Ca’" via a ryanodine receptor
(RyR) (Ma et al., 2000, 2002; Prakriya and Lewis, 2001;Goto et al.,
2010).

Previous reports on adult Drosophila and moth muscles have indi-
cated that the equilibrium potential for K" may exceed —90 mV (Ikeda
et al., 1976; Salkoff and Wyman, 1983). Therefore, the outflux of K*
could be key to hyperpolarization with LPS. The possibility of C1~ ion
influx can be ruled out, as the chloride equilibrium potential is more
depolarized above the resting membrane potential in body wall muscles
of larval Drosophila (Rose et al., 2007; Stanley et al., 2019). Thoughts of
acutely enhancing the action of the Na—K ATPase pump were consid-
ered; however, no precedence for such a possibility exists, and the use of
ouabain (10 mM) did not block the rapid onset of hyperpolarization by
LPS (Potter et al., 2021). To explain the acute hyperpolarization of the
muscle by LPS we proposed that two-pore domain potassium (K2p)
channels are stimulated by LPS. The acute nature in the hyperpolar-
ization may occur due to desensitization to account for the rapid hy-
perpolarization for 2 min followed by repolarization. With longer
exposure times to LPS the cells depolarize until there is no electrical
potential.

The K2p channels are responsible for maintaining resting membrane
potential. These channels are generally referred to as leak channels
because they are constitutively open and drive the membrane potential
toward the potassium equilibrium potential. Various subtypes of K2p
channels have different pharmacological profiles. The Drosophila
genome has 11 known subtypes, and their distribution in expression
within tissues is yet to be elucidated (Adams et al., 2000; Littleton and
Ganetzky, 2000). The family of channels is divided into six subfamilies
(tandem-pore weak inward rectifying K [TWIK], TREK, TASK, TALK,
THIK, and TRESK) based on sequence similarity and functional resem-
blance (Plant and Goldstein, 2015). The nomenclature of the K2p sub-
types is based on pharmacology and sensitivity to pH. Some of the
classifications have been modified over the years (Duprat et al., 1997;
Kamuene et al., 2021; Kim, 2005; Kim et al., 2000; Plant and Goldstein,
2015; Rajan et al., 2000).

The TWIK-1, TASK-1, and tandem-pore acid-sensing K" (TASK-3)
channels are sensitive to protonation, which is relevant to the larval
Drosophila and crayfish muscle as the membranes of these tissues
depolarize at lower pH levels (Badre et al., 2005; Bierbower and Cooper,
2010, 2013). Interestingly, TASK-1 is activated only by halothane and
isoflurane (Patel et al., 1999) and can lead to the hyperpolarization of
cells. Moreover, the pharmacology of the K2p family of channels and
their expression profiles in pathological conditions has clinical rele-
vance (Lee et al., 2021).

Doxapram (stimulex or respiram) which is a blocker of some acid
sensitive subtypes of K2p channels, and used in clinical applications,
results in depolarization of larval Drosophila skeletal muscle (Vacas-
senno et al., 2023). Thus, in this study doxapram is used as a pharma-
cological approach to determine if the hyperpolarization induced by LPS
can be blocked. The Drosophila model has served a vital role addressing
the actions of the immune response induced by LPS which later led to a
better understanding in the mechanisms of action in mammals and ul-
timately led to a few obtaining a Nobel Prize (i.e., Hoffmann and Beu-
tler). The use of Drosophila continues to serve as a model, as a proof of
concept, for many physiological studies related to other animals
(Buckingham et al., 2005; Ugur et al., 2016; Yamaguchi and Yoshida,
2018).

K2p channels are known to function from yeast to humans with a
wide range of subtypes in different organisms and their roles remain to
be fully elucidated. The type of K2p channels expressed in skeletal
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muscle of Drosophila has yet to be identified. Even between rodents and
humans, sensitivities to the enantiomers of isoflurane, an agonist of
some K2p channels, are different. Additionally, regional differences
exist in the central nervous system (CNS), including the spinal cord, of
rodents and humans to the anesthetic bupivacaine and lidocaine, which
are known to activate K2p channels (Keshavaprasad et al., 2005). Thus,
examining further the function and pharmacology of K2p channels in
various organisms will lead to an increase in the overall understanding
of these unique channels (Buckingham et al., 2005).

Activation of K2p and/or K¢, channels could result in hyperpolar-
ization of the plasma membrane. 2-APB was used to further investigate
the possibility of the Ca®>* release from SER, as loading of the SER should
be blocked by this compound. Doxapram was used to examine if depo-
larization would occur upon exposure and if it could potentially block
the hyperpolarization induced by LPS.

There are potential clinical reasons to determine the receptor sub-
types for LPS that induce cytokine release, but also the potential for
activation of K2p channels by LPS. However, whether LPS exerts an
action on the K2p channels in mammals remains unknown. If so,
recognizing that the receptors to LPS which could be blocked prior to a
bolus of antibiotics to treat severe septicemia caused by gram-negative
bacteria, would be advantageous in preventing a cytokine storm
(Bone, 1991; Lin and Lowry, 1998). To date, blockers of the assumed LPS
receptor complex, which is known as the CD14/TLR4/MD2 complex,
remain unidentified in mammals (Du et al., 2000; Meng et al., 2010;
Shimazu et al., 1999; Wright et al., 1990). Septicemia still causes high
mortality worldwide, and in many cases, it is due to gram-negative
bacterial strains and related endotoxins (CDC Statistics, 2022). Thus,
understanding the potential action of LPS and developing models to
examine the mechanisms of action are necessary.

2. Methods

Similar experimental conditions previously used to examine the
possible mechanism of action of LPS in larval Drosophila muscles were
used in this study (Bernard et al., 2020; Ballinger-Boone et al., 2020;
Cooper et al., 2019; Istas et al., 2020; Potter et al., 2021; Vacassenno
et al., 2023). The same procedures and Drosophila species as described
by Vacassenno et al. (2023) were used in this study.

2.1. Animals

Drosophila melanogaster of the Canton S (CS) strain were used in all
physiological assays. These strains have been isogenic in the laboratory
for several years and were originally obtained from the Bloomington
Drosophila Stock Center. All the animals were maintained in vials
partially filled with cornmeal-agar-dextrose-yeast medium.

2.2. Neuromuscular junctions of larval Drosophila

The effects of doxapram and 2-APB on membrane potential, occur-
rence of evoked excitatory junction potentials (EJPs), and occurrence
spontaneous quantal events (miniature excitatory junction potentials,
mEJPs) were examined. All the experiments were performed at room
temperature (20-21 °C). Early third-instar larvae of D. melanogaster
were dissected in physiological saline. The segmental nerves were cut
and sucked into a suction electrode filled with saline and stimulated.
Segmental nerves were stimulated at 0.5 Hz (S88 Stimulator, Astro-Med
Inc., Grass Co., West Warwick, RI, USA). To monitor the transmembrane
potentials of the body wall muscle (m6) of the third instar larvae, sharp
intracellular electrodes (30-40 M resistance) filled with 3 M KCl impaled
the fibers. An axoclamp 2B amplifier (Molecular Devices, Sunnyvale,
CA, USA) and a 1x LU head stage were used. The preparation was
bathed in physiological saline (de Castro et al., 2014; Stewart et al.,
1994): (NaCl 70 mM, KCI 5 mM, 20 mM MgCl, - 6H,0, NaHCO3 10 mM,
Trehalose 5 mM, sucrose 115 mM, BES 25 mM, and 1 mM CacCl, - 2H50,
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pH 7.1). Doxapram powder was added directly to saline to obtain a
concentration of 10 mM and placed on a vortex (high setting) for 5 min.
However, the saline solution remained opaque. 2-APB powder was
placed directly in saline and dissolved. In cases where no Ca®" was
added to the saline, the same compounds were used. In saline containing
Cd2+, CdCl, was used. LPS from Serratia marcescens was dissolved in
physiological saline on the day of experimentation. A high concentration
of LPS (250 pg/mL) was used for comparison with previous studies to
best address the mechanisms of action (Potter et al., 2021). The lethal
dose for 50 % survival of S. marcescens is 650 pg/mL (i.e., 6 x 106
colony-forming units) for rodents (Iwaya et al., 2005). This was the
justification for using a relatively high concentration for Drosophila, as
they are likely exposed to high levels of gram-negative bacterial strains
in their native environment. All the chemicals were obtained from
Sigma-Aldrich (St. Louis, MO, USA).

The exchanging of the media resulted in small deflections in the
recordings in some cases, although these were generally only during the
exchange and can be noted easily in the recording as artifactual. How-
ever, using an agar bridge with a chlorided silver wire for the ground in
the bath minimized the electrical defects from changing the media. A 1
% agar plug was constructed within a 200 pL Eppendorf pipette tip made
with saline. In most cases, saline without CaCl, was used to avoid the
possibility of Ca?t diffusing out when testing the Ca®*-free media. The
plastic pipette tip prevented a DC offset from varying when changing the
media.

2.3. Statistical methods

In general, when normality was assumed, Shapiro-Wilk tests were

Saline
LPS & 0.5 Hz

Saline & 0.5 Hz
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used to validate the assumptions to determine the use of a t-test or
Wilcoxon signed rank test. Significance was set at P < 0.05.

3. Results
3.1. Effects of LPS and 2-APB

Exposure to LPS immediately resulted in hyperpolarization of the
membrane potential. When the segmental motor nerve was electrically
stimulated, the evoked EJPs dampened in amplitude quickly along with
mEJPs (Fig. 1). Rapid hyperpolarization occurred every time after
exposure to LPS (N = 6; P < 0.05 sign test). Considering that the reversal
potential for the ionotropic glutamate receptors on the larval Drosophila
muscle is close to —10 mV to 0 mV, the amplitude of the EJPs and mEJPs
should have increased with hyperpolarization owing to the increased
driving grade. Upon flushing the LPS off the preparation by quickly
exchanging the bathing media, the evoked and spontaneous events
started to reappear. In previous studies, glutamate was applied while the
muscle was exposed to LPS, and the muscle was insensitive to glutamate.
Thus, glutamate receptors may be blocked by LPS while simultaneously
hyperpolarizing the membrane potential. This result implies two
different modes of action for LPS. This study focused on the mechanism
of hyperpolarizing the membrane potential of the muscles.

2-APB is a known blocker of SERCA and indirectly reduces the
function of K¢, channels by reducing the free intracellular Ca®* con-
centration. This compound had yet to be investigated for its potential
effect on larval Drosophila muscle. Since the potential effects on this
preparation were unknown, three different concentrations were exam-
ined for acute effects. The effects of 2-APB had been reported to occur

Fig. 1. LPS hyperpolarized the membrane potential
in larval Drosophila muscle and blocked postsynaptic
glutamate receptors. (A) Evoked excitatory junction
potentials (EJPs) were induced every 2 s by stimu-

i 1,“ Tme

0

5mV

0.5 sec

lating the segmental nerve during saline and LPS
exposure. The membrane hyperpolarized and
increased the driving gradient for EJPs and sponta-
neous quantal events (mEJPs); however, the ampli-
tudes were dampened gradually by LPS exposure and
started to regain their amplitude during removal of
LPS. (B) Enlarged view of evoked EJP along with
mEJPs while bathed in saline.
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rapidly in MDA-MB-231 breast cancer cells and mast cells (Chen et al.,
2017; Schild et al., 2020), so we assessed the effects over a few minutes.
Exposure to 5 pM 2-APB tended to depolarize the muscle by 2 to 3 mV
within 2 min without any hyperpolarizing events (Fig. 2A and B; N = 6;
P < 0.05 in the sign test). However, 50 and 500 pM both resulted in
multiple hyperpolarizing events (Fig. 2B and C; N = 6; P < 0.05 in the
sign test). In all cases (7/7 trials), the twitching of the muscle was
significantly pronounced with 500 pM, which made it difficult to
maintain and record a membrane potential. The 50-pM exposure also
resulted in contractions within 3 min in many cases, which would
dislodge the intracellular electrode (Fig. 2A). The hyperpolarizing pulses
could reach 30 mV, although they varied in frequency and amount of
electrical changes in each preparation. Two different preparations are
illustrated in Figs. 2A and B to illustrate the type of variation. Moreover,
upon exchanging the media with normal saline, hyperpolarizing events
would still occur (Fig. 2B). Thus, removing the compound from the
tissue by exchanging the bathing media may be difficult.

To examine whether 2-APB resulted in a Ca®* influx to activate Kca
channels, a medium in which no Ca?>* was added but contained Cd?* (1
mM). Cd%* blocks voltage gated Ca®* channels. In addition, Ca®" was
unlikely to influx into the cell as the media was free of Ca®*. This altered
media with 2-APB (50 uM) prevented the hyperpolarizing pulses from

2-APB (5 uM)

2-APB (50 um)
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appearing over a three minute period (Fig. 3; N = 6; P < 0.05 in the sign
test). Longer time periods were not examined. After exchanging the
media containing 2-APB with fresh saline containing Ca®* and free of
Cd**, hyperpolarizing pulses started to occur. This also reinforces the
notion that entry of Ca* may have a stimulatory effect on a transient
effect on K¢, channels.

Similar to that of 2-APB, in examining the potential of LPS indirectly
activating K¢, channels, a similar paradigm was utilized, in which the
bathing media was exchanged for one without added Ca?* and another
with added Cd?>* (1 mM). This was followed by an exchange for the same
type of media, but with LPS. The switching of the initial normal media
rapidly stopped an evoked synaptic transmission, as no Ca>" was able to
enter the presynaptic nerve terminal. Subsequently, with LPS exposure,
a rapid hyperpolarization was observed. Upon flushing the bath with
normal saline, the evoked events and initial membrane potential
returned (Fig. 4; N = 6; P < 0.05, sign test).

Since doxapram is known to block an acid-sensitive subtype of K2p
channels in mammals and considering that the larval muscle depolarizes
at a lower pH, the muscle was examined for sensitivity to doxapram.
Immediately upon exposure to doxapram, the muscle depolarized along
with an increase in varied amplitudes of mEJPs and what appeared to be
evoked EJPs in the absence of electrically stimulating the segmental

Fig. 2. The effect of 2-aminoethyl diphenylborinate
(2-APB). (A) A representative response of 5 and 50
uM to 2-APB. Note the multiple pulses of hyperpo-
larization pulses. The muscle twitched in time which
dislodged the intracellular electrode as noted by the
potential going to 0 mV. (B) Another representative
response of 5 and 50 uM to 2-APB. Note the multiple
pulses of hyperpolarization pulses. (C) A representa-
tive response of 500 uM to 2-APB. Note the multiple
pulses of hyperpolarization events. This concentration
always resulted in strong twitching and damage of

0 mV“"F

Saline

w’M

10 mV

1 min

2 APB (5 M) 2-APB (50 M)

muscle fibers while attempting to record the intra-
cellular electrodes (7 of 7 trials).

Saline

Saline

C 2-APB (500uM)
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Comparative Biochemistry and Physiology, Part C 266 (2023) 109571

Cd* (1 mM)
No Ca?* added
2-APB (50uM)

Saline

Saline

Fig. 3. Representative effect of exposure to Cd?* in a saline without Ca®* added to saline while exposed to 2-aminoethyl diphenylborinate (2-APB) (50 pM). Note the

effect that low Ca®* resulted in depolarization of the membrane potential, and no rapid hyperpolarization events occurred with exposure to 2-APB and C

d2t.

However, upon exposure to normal saline, a rapid hyperpolarization occurred due to the presence of Ca>*.

Fig. 4. Representative recording in response to
exposure of LPS in a saline without Ca®>" added and

Saline Cd** (1 mM) present. Note the membrane potential

Cd? (1 mM) 2+
No Ca?* added Ng%ag ant;m;d
saline + LPS
I
H\“}i‘\“ ] o
2 min |10 my .

nerve (Fig. 5; N =12; p < 0.05 in the sign test). The muscles throughout
the larval preparation had waves of contraction within 3 to 5 min.
Maintaining an intracellular recording became difficult. Since the
segmental nerves were cut, and the CNS was removed, the CNS did not
induce EJPs. The motor neurons may likely have been depolarized from
the doxapram and reached a threshold to produce action potentials
resulting in the nerve terminal to be depolarized. The same phenomenon
in depolarizing the muscle and inducing large evoked-like EJPs occurs
when the extracellular media with 50 mM K™ was exposed to the
preparation as revealed in a previous report (Vacassenno et al., 2023).

It was unexpected that 2-APB would produce a series of hyper-
polarizing responses. If by chance 2-APB and LPS are using a similar
mechanism in producing hyperpolarizing events, then when the mem-
brane is showing some desensitization to LPS over time, the application
of 2-APB would not likely have an effect if added along with LPS during
this desensitizing period. However, 2-APB produced hyperpolarizing
effects when applied along with LPS during the state in which the

Doxapram (10 mM)

rapidly hyperpolarized when exposed to LPS even
without Ca?* and with Ca®" channels blocked by
Cd**. Evoked EJPs are blocked when saline was
exchanged with saline containing Cd** and no added
Ca®". Upon re-exposure to normal saline, the evoked
EJPs returned, and the membrane potential trended
to the initial membrane potential.

membrane demonstrated a reduced effect from LPS exposure (Fig. 6; N
= 6; P < 0.05 in the sign test). Additionally, the muscle started to exhibit
contractions with exposure to 2-APB, which normally did not occur with
LPS exposure alone.

To examine whether doxapram would block the effect of LPS, dox-
apram was first exposed to the preparation for 2 min followed by a bath
exchange containing doxapram and LPS. The short exposure to dox-
apram was intended to be able to exchange the media before the muscle
started to have large contractions. With the combination and prior
exposure to doxapram, the effect of LPS was substantially dampened
and, in some cases, no hyperpolarization in the traces were detected
(Fig. 7; N =6; p < 0.05 in the sign test). In Fig. 7, a slight 2 mV deflection
is observed during the exchange, although no pronounced hyperpolar-
ization occurred. In all cases, a continual depolarization resulted in
spontaneous muscle contractions over time.

To determine if doxapram blocks the effect of 2-APB in hyper-
polarizing the muscle, doxapram was applied first, followed by

Fig. 5. Representative response to exposure of dox-
apram (10 mM) to the membrane potential of the

Saline

1 min

larvae muscle and the motor neuron. Doxapram
depolarized the muscle membrane and the motor
neuron to a level of inducing evoked EJPs. The three
large evoked EJPs are depicted along with an in-
crease in frequency of mEJPs. The amplitude of the
quantal responses become synchronized in fusion,
likely due to increased presynaptic Ca®" loading. In
time, exposure of doxapram would result in muscle
twitching and dislodging of the intracellular
recording electrode.

10 mV
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LPS + 2-APB (50 uM)

Fig. 6. Representative recording of the effect of lipopolysaccharides (LPS) and LPS in combination of 2-aminoethyl diphenylborinate (2-APB) (50 mM). LPS resulted
in rapid hyperpolarization of the muscle. 2-APB still hyperpolarized the membrane (*asterisk) and in time resulted in twitching of the muscle dislodging the
intracellular electrode from the muscle. The muscle desensitized to LPS during the application of LPS combined with the 2-APB solution.

Doxapram (10 mM)
Doxapram +LPS ]
(10 mM) Saline

Saline

Fig. 7. Doxapram blocks the large hyperpolarization normally induced by lipopolysaccharides (LPS). Application of doxapram resulted in depolarization of the
muscle and induced the presynaptic nerve to evoke excitatory junction potentials (EJPs). The EJPs are blocked by the LPS; however, the membrane does not undergo
a significant hyperpolarization. LPS still blocked the postsynaptic glutamate receptors even with doxapram present.

doxapram combined with 2-APB. In all six preparations, 2-APB (50 pM) are illustrated in Fig. 8A and B. As presented in Fig. 8A, even after
produced pulses of hyperpolarization in the presence of doxapram switching the media to normal saline, a hyperpolarizing pulse was
(Fig. 8; N = 6; p < 0.05 in the sign test). Two representative recordings present. This was also observed when 2-APB was applied alone and

+ 2-
L — Doxapram + 2-APB

Saline ——
——

Saline

* *

e 10 MV
1 min

Doxapram + 2-APB

Doxapram
I

Saline

Fig. 8. 2-aminoethyl diphenylborinate (2-APB) produced hyperpolarization while doxapram depolarized the membrane. Doxapram did not block the response
induced by 2-APB (*asterisk).
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flushed with normal saline (Figs. 2 and 3). There was a wide variation in
the amplitude of hyperpolarizing pulses within a preparation and among
preparations during the exposure of a few minutes. The amplitude of
hyperpolarizing pulses also varied depending on the amount of depo-
larization induced by doxapram. To quantify if doxapram had a small
effect on altering the degree of hyperpolarization induced by 2-APB was
problematic. Although a series of hyperpolarizing pulses did still occur
in the presence of doxapram. The 2-APB also induced the muscles to
contract, which in time resulted in losing the intracellular recording.

4. Discussion

The mechanism of action by which LPS hyperpolarizes the mem-
brane potential had not been resolved previously. A CI~ channel, or
potentially K¢, channels, as well as hyperactivation of the Na—K ATPase
pump, were considered to be responsible. However, these suggestions
regarding the use of the larval Drosophila muscle as a model can now be
put to rest. The Cl™ equilibrium potential is more depolarized than the
resting membrane potential of these cells (Rose et al., 2007; Stanley
et al.,, 2019). Additionally, the use of low to no Ca®* in the bathing
media, along with the use of Cd%" to block Ca%t channels, reduces the
feasibility of LPS mediating the K¢, channels via Ca2" influx. In addition,
the use of 2-APB reduced the possibility of Ca®* being released from the
SER to activate K¢, channels. Previous studies bathing preparations in
voltage-gated K" channel blockers (i.e., TEA and 4-AP) did not reduce
the effect of LPS in rapidly hyperpolarizing the membrane (Ballinger-
Boone et al., 2020; Potter et al., 2021). In addition to blocking voltage-
gated K* channels, TEA is known to block K¢, channels (Gho and Mal-
lart, 1986). Thus, it appears these channels were not activated by LPS.
The application of ouabain, which blocks the Na—K ATPase pump, was
used in a recent study (Potter et al., 2021), which demonstrated that LPS
was still very effective in hyperpolarizing the membrane. An additional
mechanism was then determined to account for the action of LPS, such
as the activation of K2p channels in the muscle. K2p channels have
known agonists, such as some anesthetics (Patel et al., 1999); however,
as it was recently demonstrated that a blocker (i.e., doxapram) of K2p
channels had an effect on larval Drosophila muscle (Vacassenno et al.,
2023), analyzing whether doxapram could block the responses induced
by LPS seemed logical. As demonstrated herein, doxapram blocked hy-
perpolarization normally induced by LPS. Additionally, an indirect
means to reduce the function K¢, via a reduction on Ca2+ released from
RyR, via the ER by 2-APB, demonstrated that LPS still produced hy-
perpolarization. Thus, activation of K2p channels by LPS resulting in an
increase in cytoplasmic Ca?* from internal stores to then activate K,
channels and hyperpolarize the membrane also seems unlikely. An un-
explained action of 2-APB in producing waves of hyperpolarizing events
on its own as well as in the presence of doxapram was noted in this
study. In speculation, perhaps 2-APB transiently simulates a different
subtype of K2p channels than those activated by LPS. How the muscle
contracts with exposure to 2-APB and the presence of extracellular Cd?*
has not been answered. A possibility is that some Cd*™ can enter the
muscle through Ca2t channels known to be on the plasma membrane of
larval muscle. Cd%>* binding to troponin to induce skeletal muscle
contraction in larval Drosophila may be possible as other studies have
reported that Cd** can bind to troponin (Chao et al., 1990; Drakenberg
et al., 1987).

K2p channels have many subtypes in nature, ranging from those
expressed in yeast and plants to those expressed in humans. Of the 11
subtypes identified in the Drosophila genome, their location and phar-
macological profiles have not yet been investigated (Adams et al., 2000;
Buckingham et al., 2005; Littleton and Ganetzky, 2000). One subtype,
referred to as ORK, which is expressed in the heart of Drosophila pupae,
is known to affect the rate of the heartbeat (Lalevee et al., 2006), and
altering the expression of K2p channels in the CNS of adult flies changes
the circadian pattern (Park and Griffith, 2006). Physiological profiling
of various K2p channels in Drosophila tissues has begun, and more
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specific tissues need to be investigated. Considering that low pH de-
polarizes larval muscle and that doxapram also results in depolarization
is a good indication that one of the acid sensing K2p subtypes is
expressed in the larval muscle. The subtype referred to as the pH sen-
sitive (i.e., TASK) is likely to be expressed in the skeletal muscle as well
as in the larval heart as the rate of the heartbeats is highly dependent on
extracellular pH.

Since doxapram also causes the motor neurons to depolarize,
resulting in possibly evoked EJPs, the neurons may likely express a TASK
subtype. It would be of interest to determine whether motor neurons in
mammals also express similar doxapram-sensitive subtypes because this
compound is also clinically used in therapies primarily related to
increasing respiration via activation of sensory neurons (Chen et al.,
2020; Cunningham et al., 2020; Feketa and Marrelli, 2015; Komatsu
et al.,, 2005; Song and Lyden, 2012; Vliegenthart et al., 2017; Yost,
2006). The compound may also influence neuromuscular junctions
related to muscles used for respiration.

Since the channel activator 2-APB has been demonstrated in this
study to affect Drosophila body wall muscles, the compound may serve
the purpose of exploring the role of Ca®* from internal stores in cardiac
function in Drosophila as well as neurons for future experimental studies.
The membrane potential fluctuates in waves of hyperpolarization when
exposed to 2-APB which is an unusual response. It appears if there is
some resistance to the action of the hyperpolarization pulse induced by
2-APB as the events are with a rapid onset and then repolarize. The
mechanism of gradual desensitization of LPS with constant exposure has
not yet been addressed. The K2p channels may desensitize to LPS or that
compensatory mechanisms of the cell may reestablish the original
resting membrane potential. Macrophages from mammals are widely
known to downregulate to LPS binding sites over time (Fahmi and
Chaby, 1993) but not in minutes, as with the acute exposure of the larval
Drosophila muscle.

In summarizing the outcome of this study and progress in the current
understanding in the actions of LPS on the larval Drosophila skeletal
muscle, an overview schematic is presented in Fig. 9. This study
addressed if doxapram, a K2p channel blocker, could block the actions of
the hyperpolarization induced by LPS and secondly if the hyperpolar-
ization could potentially be the result of activating K¢, channels either
through Ca?" entry via the plasma membrane or through the release of
Ca?" via the SER (Fig. 9A). In previous studies, and in this study, it was
demonstrated that LPS blocks the postsynaptic glutamate receptors
(Fig. 9B) as evoked and spontaneous quantal events are gradually
reduced in amplitude and the muscle is not responsive to applied
glutamate (Cooper et al., 2019; Istas et al., 2020). Doxapram blocks the
hyperpolarization induced by LPS but does not relieve the blockage of
glutamate receptors (Fig. 9B). However, doxapram alone does not block
glutamate receptors. It does not appear that an intracellular rise in Ca®*
from either Ca®" influx across the plasma membrane or internal release
of the SER can account for the potential activation of K¢, as a mechanism
of the LPS induced hyperpolarization (Fig. 9B). Doxapram alone is
assumed to depolarize the motor neuron to account for the random EJPs.
Thus, suggesting doxapram sensitive K2p channels are also present on
the motor neurons. Thus, the action of LPS in the larval Drosophila
neuromuscular junction preparation is twofold: (1) blocking post-
synaptic glutamate receptors and (2) hyperpolarizing the muscle due to
doxapram sensitive K2p channels.
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Fig. 9. Schematics in the potential actions of LPS and
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channels (solid red lines). LPS is not activating Kc,
channels via Ca%* influx or from Ca®" release from
SER (dashed red lines). Doxapram depolarizes the
resting membrane potential of the muscle and nerve
which induces the nerve to produce random post-
synaptic potentials.

Saline

K2p
Motor neuron |k+_

Glutamate

Glutamate
receptors

Muscle

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.

References

Adams, M.D., Celniker, S.E., Holt, R.A., Evans, C.A., Gocayne, J.D., Amanatides, P.G.,
Scherer, S.E., et al., 2000. The genome sequence of Drosophila melanogaster. Science
287 (5461), 2185-2195.

Badre, N.H., Martin, M.E., Cooper, R.L., 2005. The physiological and behavioral effects of
carbon dioxide on Drosophila melanogaster larvae. Comp. Biochem. Physiol. A. Mol.
Integr. Physiol. 140 (3), 363-376.

Ballinger-Boone, C., Anyagaligbo, O., Bernard, J., Bierbower, S.M., Dupont-
Versteegden, E.E., Ghoweri, A., Greenhalgh, A., Harrison, D., Istas, O., McNabb, M.,
Saelinger, C., Stanback, A., Stanback, M., Thibault, O., Cooper, R.L., 2020. The
effects of bacterial endotoxin (LPS) on cardiac and synaptic function in various
animal models: larval drosophila, crayfish, crab, and rodent. Internat. J. Zool. Res.
16, 33-62. https://doi.org/10.3923/ijzr.2020.33.62. https://scialert.net/abstract/?
doi=ijzr.2020.33.62.

Bernard, J., Marguerite, N., Inks, M., Cooper, R.L., 2020. Opposing responses of bacterial
endotoxin lipopolysaccharide (LPS) and TRPA1 thermal receptors on synaptic
transmission and resting membrane potential. Cur. Res. Bacteriol. 13 (1), 10-21.
https://doi.org/10.3923/crb.2020.10.21. http://docsdrive.com/pdfs/ansinet/crb/
2020/10-21.pdf.

Bierbower, S.M., Cooper, R.L., 2010. The effects of acute carbon dioxide on behavior and
physiology in Procambarus clarkii. J. Exp. Zool. 313A, 484-497.

Bierbower, S.M., Cooper, R.L., 2013. The mechanistic action of carbon dioxide on a
neural circuit and NMJ communication. J. Exp. Zool. 319A, 340-354.

Bone, R.C., 1991. Gram-negative sepsis: background, clinical features, and intervention.
Chest 100, 802-808.

Buckingham, S.D., Kidd, J.F., Law, R.J., Franks, C.J., Sattelle, D.B., 2005. Structure and
function of two-pore-domain K+ channels: contributions from genetic model
organisms. Trends Pharmacol. Sci. 26 (7), 361-367.

de Castro, C., Titlow, J., Majeed, Z.R., Cooper, R.L., 2014. Analysis of various
physiological salines for heart rate, CNS function, and synaptic transmission at
neuromuscular junctions in Drosophila melanogaster larvae. J. Comp. Physiol. A.
Neuroethol. Sens. Neural. Behav. Physiol. 200 (1), 83-92.

CDC Statistics, 2022. Available online: https://www.cdc.gov/nchs/pressroom/sosma
p/septicemia_mortality/septicemia.htm. (Accessed 12 August 2022).

Chao, S.H., Bu, C.H., Cheung, W.Y., 1990. Activation of troponin C by Cd2+ and Pb2+.
Arch. Toxicol. 64, 490-496.

Chen, Y.C., Chang, Y.C., Chang, H.A., Lin, Y.S., Tsao, C.W., Shen, M.R., Chiu, W.T., 2017.
Differential Ca2+ mobilization and mast cell degranulation by FceRI- and GPCR-
mediated signaling. Cell Calcium 67, 31-39.

Chen, X., Zhen, Z., Na, J., Wang, Q., Gao, L., Yuan, Y., 2020. Associations of therapeutic
hypothermia with clinical outcomes in patients receiving ECPR after cardiac arrest:
systematic review with meta-analysis. Scand. J. Trauma Resusc. Emerg. Med. 28 (1),
3.

Cooper, R.L., Krall, R.M., 2022. Hyperpolarization induced by LPS, but not by
chloroform, is inhibited by doxapram, an inhibitor of two-P-domain K+ channel
(K2P). Intl. J. Mol. Sci. 23 (24), 15787.

Cooper, R.L., McNabb, M., Nadolski, J., 2019. The effects of a bacterial endotoxin LPS on
synaptic transmission at the neuromuscular junction. Heliyon 5, e01430. Elsevier.
https://www.heliyon.com/article/e01430.

Cunningham, K.P., MacIntyre, D.E., Mathie, A., Veale, E.L., 2020. Effects of the
ventilatory stimulant, doxapram on human TASK-3 (KCNK9, K2P9.1) channels and
TASK-1 (KCNK3, K2P3.1) channels. Acta Physiol. (Oxf.) 228 (2), e13361.

Drakenberg, T., Forsén, S., Thulin, E., Vogel, H.J., 1987. The binding of Ca2+, Mg2+ and
Cd2+ to tryptic fragments of skeletal muscle troponin C. Cadmium-113 and proton
NMR studies. J. Biol. Chem. 262, 672-678.


http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321326587
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321326587
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321326587
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321353797
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321353797
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321353797
https://doi.org/10.3923/ijzr.2020.33.62
https://scialert.net/abstract/?doi=ijzr.2020.33.62
https://scialert.net/abstract/?doi=ijzr.2020.33.62
https://doi.org/10.3923/crb.2020.10.21
http://docsdrive.com/pdfs/ansinet/crb/2020/10-21.pdf
http://docsdrive.com/pdfs/ansinet/crb/2020/10-21.pdf
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030317296338
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030317296338
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030305528988
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030305528988
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321367097
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321367097
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030305539458
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030305539458
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030305539458
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321443896
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321443896
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321443896
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321443896
https://www.cdc.gov/nchs/pressroom/sosmap/septicemia_mortality/septicemia.htm
https://www.cdc.gov/nchs/pressroom/sosmap/septicemia_mortality/septicemia.htm
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030305552228
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030305552228
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321412877
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321412877
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321412877
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321430196
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321430196
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321430196
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321430196
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030305560388
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030305560388
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030305560388
https://www.heliyon.com/article/e01430
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316099278
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316099278
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316099278
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321471266
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321471266
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321471266

R.M. Vacassenno et al.

Du, X., Poltorak, A., Wei, Y., Beutler, B., 2000. Three novel mammalian toll-like
receptors: gene structure, expression, and evolution. Eur. Cytokine Netw. 11,
362-371.

Duprat, F., Lesage, F., Fink, M., Reyes, R., Heurteaux, C., Lazdunski, M., 1997. TASK, a
human background K+ channel to sense external pH variations near physiological
pH. EMBO J. 16 (17), 5464-5471.

Fahmi, H., Chaby, R., 1993. Desensitization of macrophages to endotoxin effects is not
correlated with a down-regulation regulation of lipopolysaccharide-binding sites.
Cell. Immunol. 150, 219-229.

Feketa, V.V., Marrelli, S.P., 2015. Induction of therapeutic hypothermia by
pharmacological modulation of temperature-sensitive TRP channels: theoretical
framework and practical considerations. Temperature (Austin, Tex.) 2 (2), 244-257.

Gho, M., Mallart, A., 1986. Two distinct calcium-activated potassium currents in larval
muscle fibres of Drosophila melanogaster. Pflug. Arch. 407, 526-533.

Goto, J., Suzuki, A.Z., Ozaki, S., Matsumoto, N., Nakamura, T., Ebisui, E., Fleig, A.,
Penner, R., Mikoshiba, K., 2010. Two novel 2-aminoethyl diphenylborinate (2-APB)
analogues differentially activate and inhibit store-operated Ca(2+) entry via STIM
proteins. Cell Calcium 47 (1), 1-10.

Ikeda, K., Ozawa, S., Hagiwara, S., 1976. Synaptic transmission reversibly conditioned by
single-gene mutation in Drosophila melanogaster. Nat. Lond. 259, 489-491.

Istas, O., Greenhalgh, A., Cooper, R.L., 2020. Repetitive exposure to bacterial endotoxin
LPS alters synaptic transmission. J. Pharmacol. Toxicol. 15, 65-72. https://doi.org/
10.3923/jpt.2020.65.72.

Iwaya, A., Nakagawa, S., Iwakura, N., Taneike, I., Kurihara, M., Kuwano, T.,

Gondaira, F., Endo, M., Hatakeyama, K., Yamamoto, T., 2005. Rapid and
quantitative detection of blood Serratia marcescens by a real-time PCR assay: its
clinical application and evaluation in a mouse infection model. FEMS Microbiol.
Lett. 248 (2), 163-170.

Kamuene, J.M., Xu, Y., Plant, L.D., 2021. The pharmacology of two-pore domain
potassium channels. Handb. Exp. Pharmacol. 267, 417-443.

Keshavaprasad, B., Liu, C., Au, J.D., Kindler, C.H., Cotten, J.F., Yost, C.S., 2005. Species-
specific differences in response to anesthetics and other modulators by the K2P
channel TRESK. Anesth. Analg. 101, 1042-1049.

Kim, D., 2005. Physiology and pharmacology of two-pore domain potassium channels.
Curr. Pharm. Des. 11 (21), 2717-2736.

Kim, Y., Bang, H., Kim, D., 2000. TASK-3, a new member of the tandem pore K(+)
channel family. J. Biol. Chem. 275 (13), 9340-9347.

Komatsu, R., Sengupta, P., Cherynak, G., Wadhwa, A., Sessler, D.I., Liu, J., Hurst, H.E.,
Lenhardt, R., 2005. Doxapram only slightly reduces the shivering threshold in
healthy volunteers. Anesth. Analg. 101 (5), 1368-1373.

Lalevee, N., Monier, B., Senatore, S., Perrin, L., Semeriva, M., 2006. Control of cardiac
rhythm by ORK1, a drosophila two-pore domain potassium channel. Curr. Biol. 16
(15), 1502-1508.

Lee, L.M., Miintefering, T., Budde, T., Meuth, S.G., Ruck, T., 2021. Pathophysiological
role of K2P channels in human diseases. Cell. Physiol. Biochem. 55 (S3), 65-86.

Lin, E., Lowry, S.F., 1998. The human response to endotoxemia. Sepsis 2, 255-262.

Littleton, J.T., Ganetzky, B., 2000. Ion channels and synaptic organization: analysis of
the drosophila genome. Neuron 26 (1), 35-43.

Ma, H.T., Patterson, R.L., van Rossum, D.B., Birnbaumer, L., Mikoshiba, K., Gill, D.L.,
2000. Requirement of the inositol trisphosphate receptor for activation of store-
operated Ca2+ channels. Science 287 (5458), 1647-1651.

Ma, H.T., Venkatachalam, K., Parys, J.B., Gill, D.L., 2002. Modification of store-operated
channel coupling and inositol trisphosphate receptor function by 2-aminoethoxydi-
phenyl borate in DT40 lymphocytes. J. Biol. Chem. 277, 6915-6922.

Comparative Biochemistry and Physiology, Part C 266 (2023) 109571

Meng, J., Lien, E., Golenbock, D.T., 2010. MD-2-mediated ionic interactions between
lipid a and TLR4 are essential for receptor activation. J. Biol. Chem. 285,
8695-8702.

Park, D., Griffith, L.C., 2006. Electrophysiological and anatomical characterization of
PDF-positive clock neurons in the intact adult Drosophila brain. J. Neurophysiol. 95
(6), 3955-3960 (Erratum in: J. Neurophysiol. 2007. 97(3), 2575).

Patel, A.J., Honore, E., Lesage, F., Fink, M., Romey, G., Lazdunski, M., 1999. Inhalational
anesthetics activate two-pore-domain background K channels. Nat. Neurosci. 2,
422-426.

Plant, L.D., Goldstein, S.A.N., 2015. ISBN 9780429193965. In: Zheng, J., Trudeau, M.C.
(Eds.), Two-Pore Domain Potassium Channels, Handbook of Ion Channels, , 1st
edition2015. CRC Press.

Potter, R., Meade, A., Potter, S., Cooper, R.L., 2021. Rapid and direct action of
lipopolysaccharide (LPS) on skeletal muscle of larval drosophila. Biology (Basel) 10
(12), 1235.

Prakriya, M., Lewis, R.S., 2001. Potentiation and inhibition of Ca2+ release-activated
Ca2+ channels by 2-aminoethyldiphenyl borate (2-APB) occurs independently of IP
3 receptors. J. Physiol. 536, 3-19.

Rajan, S., Wischmeyer, E., Xin Liu, G., Preisig-Muller, R., Daut, J., Karschin, A., Derst, C.,
2000. TASK-3, a novel tandem pore domain acid-sensitive K+ channel. An
extracellular histiding as pH sensor. J. Biol. Chem. 275 (22), 16650-16657.

Rose, U., Derst, C., Wanischeck, M., Marinc, C., Walther, C., 2007. Properties and
possible function of a hyperpolarisation-activated chloride current in drosophila.

J. Exp. Biol. 210, 2489-2500.

Salkoff, L.B., Wyman, R.J., 1983. Ion currents in drosophila flight muscles. J. Physiol.
337, 687-709.

Schild, A., Bhardwaj, R., Wenger, N., Tscherrig, D., Kandasamy, P., Derni¢, J., Baur, R.,
Peinelt, C., Hediger, M.A., Lochner, M., 2020. Synthesis and pharmacological
characterization of 2-aminoethyl diphenylborinate (2-APB) derivatives for inhibition
of store-operated calcium entry (SOCE) in MDA-MB-231 breast cancer cells. Int. J.
Mol. Sci. 2020 (21), 5604. https://doi.org/10.3390/ijms21165604.

Shimazu, R., Akashi, S., Ogata, H., Nagai, Y., Fukudome, K., Miyake, K., Kimoto, M.,
1999. MD-2, a molecule that confers lipopolysaccharide responsiveness on toll-like
receptor 4. J. Exp. Med. 189, 1777-1782.

Song, S.S., Lyden, P.D., 2012. Overview of therapeutic hypothermia. Curr. Treat. Options
Neurol. 14 (6), 541-548.

Stanley, C.E., Mauss, A., Borst, A., Cooper, R.L., 2019. The effects of chloride flux on
drosophila heart rate. Methods Protoc. 2, 73.

Stewart, B.A., Atwood, H.L., Renger, J.J., Wang, J., Wu, C.F., 1994. Improved stability of
drosophila larval neuromuscular preparation in haemolymph-like physiological
solutions. J. Comp. Physiol. A. 175, 179-191.

Ugur, B., Chen, K., Bellen, H.J., 2016. Drosophila tools and assays for the study of human
diseases. Dis. Model. Mech. 9 (3), 235-244.

Vacassenno, R.M., Haddad, C.N., Cooper, R.L., 2023. The effects on resting membrane
potential and synaptic transmission by doxapram (blocker of K2P channels) at the
drosophila neuromuscular junction. Comp. Biochem. Physiol. C 263 (2023), 109497.

Vliegenthart, R.J., Ten Hove, C.H., Onland, W., van Kaam, A.H., 2017. Doxapram
treatment for apnea of prematurity: a systematic review. Neonatol. 111 (2),
162-171.

Wright, S.D., Ramos, R.A., Tobias, P.S., Ulevitch, R.J., Mathison, J.C., 1990. CD14, a
receptor for complexes of lipopolysaccharide (LPS) and LPS binding protein. Science
249, 1431-1433.

Yamaguchi, M., Yoshida, H., 2018. Drosophila as a model organism. Adv. Exp. Med. Biol.
1076, 1-10.

Yost, C.S., 2006. A new look at the respiratory stimulant doxapram. CNS Drug Rev. Fall-
Winter. 12 (3-4), 236-249.


http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321479976
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321479976
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321479976
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321494816
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321494816
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321494816
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321504616
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321504616
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321504616
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321510426
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321510426
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321510426
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316110338
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316110338
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316120148
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316120148
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316120148
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316120148
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316127818
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316127818
https://doi.org/10.3923/jpt.2020.65.72
https://doi.org/10.3923/jpt.2020.65.72
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321517066
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321517066
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321517066
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321517066
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321517066
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322064516
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322064516
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322202096
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322202096
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322202096
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322209246
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322209246
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322220666
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322220666
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322239996
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322239996
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322239996
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322247976
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322247976
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322247976
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322290976
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030322290976
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316146918
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323093046
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323093046
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316159838
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316159838
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316159838
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323472885
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323472885
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323472885
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323237235
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323237235
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323237235
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030319264787
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030319264787
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030319264787
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323246006
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323246006
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323246006
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321308897
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321308897
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030321308897
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316189108
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316189108
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316189108
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323253176
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323253176
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323253176
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316196938
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316196938
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316196938
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323490435
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323490435
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323490435
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316210078
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316210078
https://doi.org/10.3390/ijms21165604
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323266896
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323266896
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323266896
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323277615
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323277615
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323303296
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323303296
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323347695
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323347695
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323347695
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323416845
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323416845
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316229788
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316229788
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316229788
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316240248
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316240248
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316240248
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323521675
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323521675
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323521675
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323529675
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030323529675
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316258488
http://refhub.elsevier.com/S1532-0456(23)00026-1/rf202302030316258488

	Bacterial lipopolysaccharide hyperpolarizes the membrane potential and is antagonized by the K2p channel blocker doxapram
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Neuromuscular junctions of larval Drosophila
	2.3 Statistical methods

	3 Results
	3.1 Effects of LPS and 2-APB

	4 Discussion
	Funding
	Declaration of competing interest
	Data availability
	References


