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The endotoxin lipopolysaccharides (LPS), secreted from gram-negative bacteria, has direct effects on
synaptic transmission independent of systemic secondary cytokine responses. High concentration of LPS
(500 wg/mL) from Serratia marcescens increased synaptic efficacy at glutamatergic low-output synapses
more than for high-output synapses. Over an hour of exposure was not toxic to the preparation and
continued to enhance synaptic transmission. A small but significant rapid hyperpolarization of the post-
synaptic cells occurred, in addition to a slower enhancement of in the amplitude of evoked excitatory
junction potentials. LPS may promote reserve pool vesicles to the readily releasable pool for low-output
synapses. The action of LPS at the glutamatergic synapses of the crayfish neuromuscular junction is
unique in promoting synaptic transmission as compared to other glutamatergic synapses in Drosophila
and mammals, where synaptic transmission is depressed.

© 2020 Elsevier B.V. and Japan Neuroscience Society. All rights reserved.

1. Introduction

The cascade in the immune response induced by gram-negative
bacterial strains, such as Escherichia coli, Pseudomonas aeruginosa
and Serratia marcescens, is initiated in part by the bacterial secre-
tion of endotoxins in the form of lipopolysaccharides (LPS). When
circulating in the blood stream, in the case of sepsis, a series of
immunological responses, such as the release of proinflammatory
cytokines (TNF-a, IL-1, or IL-6) into the circulation (Costamagna
et al., 2015), can occur. Treating bacterial sepsis with antibiotics
results in lysing the bacterial load which can release a surge of LPS;
thus, adding to an enhanced response by cytokines (D’Elia et al.,
2013; Cavaillon, 2018).

To block the initial step induced by bacteria, a better under-
standing of the action of LPS and its receptor mediated responses is
needed. In addition, understanding the direct action of LPS in vari-
ous animal and tissue models provides a more complete view of the
potential mechanism induced by LPS so that targeted therapeutic
approaches can possibly be used to block downstream responses.

The action of LPS on the central nervous system in mammalian
models, such as hippocampal slices, is complex due to the mixed
cell types present. The proposed mechanism of cytokines, such
as TNF-a, have direct effects on neurons and glia, but the direct
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action of LPS on neurons, independently from glial cells, are dif-
ficult to address in intact and CNS slice preparations. It has been
reported that hippocampal neurons in culture did show a response
to LPS (Olson and Miller, 2004). In this report it was demonstrated
that LPS (1 pg/mL, Escherichia coli) increases neuronal cytosolic
Ca2* and promotes cell death in older cultures. Surprisingly, direct
action of LPS on glutamatergic synapses at the crayfish neuromus-
cular junction (NM]) enhances synaptic transmission (Saelinger
et al., 2019; Ballinger-Boone et al., 2020). The action of LPS at these
NM]s appears to be presynaptic in promoting synaptic transmis-
sion. However, these NMJs previously examined contain low output
synapses (Cooper et al., 1995) and only acute exposure (10 min
responses) to LPS were examined. One earlier report examined
what appears to be a higher output NM]Js in the crayfish abdomen;
however, the muscle was not identified, and it appears only one
observation was reported (Parnas et al., 1971). One can record the
responses from a single excitatory high output motor neuron in
an abdominal muscle, depending on the stimulation and record-
ing arrangement. Whereas the opener muscle in the walking leg
of crayfish possesses substantially lower output synapses and the
entire muscle is innervated by a single excitatory motor neuron.
Both preparations were used in the study herein. Thus, direct action
of LPS on synaptic transmission of high- and low-output gluta-
matergic synapses are addressed in these two models.

Muscles in crustaceans are generally innervated by either a pha-
sic or a tonic motor neuron, although some single fibers can be
innervated by both phasic and tonic excitatory motor neurons.
Through selective stimulation of one or the other motor neuron,
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Fig. 1. Anatomical and physiological measures of a high- and low-output preparation. (A) The muscles on the dorsal aspect of the abdomen are shown and labelled. The
deep extensor lateral 1 (DEL1), deep extensor lateral 2 (DEL2), and deep extensor medial (DEM) muscles are fast phenotype muscles. The superficial extensor lateral muscle
(SEL) is shown to the lateral edge. The arrangements for stimulating the segmental nerves within A3 and recording responses from DEL1 muscles in A4 are illustrated. The
recording in DEL1 of the next caudal segment to the one being stimulated is innervated by only a single phasic neuron within the nerve. A typical response is shown. (B)
The opener muscle in the 1st walking leg is innervated by a single excitatory motor neuron. The distal muscle bundles provide facilitated responses with a train of stimuli. A
response to a 40 Hz train of 25 stimuli is shown. The amplitudes of the 15th and 25th responses were used as a measure (as shown between the two arrows).

physiological differences in the EJPs can be measured. Normally
phasic motor neurons are silent, but when active, they can drive
rapid twitching of muscle fibers and evoke EJPs on the order of
10-40 mV. The phasic response depresses rapidly with 5-10-Hz
trains of stimulation. Tonic motor neurons, however, have a higher
intrinsic activity. They give rise to smaller EJPs that can be facili-
tated in the presence of a high stimulation frequency (10-50 Hz)
(Atwood, 1973,1976; Cooper et al., 1998). The tonic muscle con-
traction is often slower and graded when compared to the phasic
response. Structurally, the presynaptic phasic and tonic terminals
are different. The synaptic structures also vary between the two
types of terminals with tonic terminals having more synapses per
length of the nerve terminals and more reserve pool vesicles than
the phasic terminals (Atwood and Cooper, 1995, 1996a,b; Bradacs
et al., 1997; Cooper et al., 1998; Johnstone et al., 2008).

Crayfish are readily maintained at 21 °C and dissected prepara-
tions are stable in minimal physiological saline at 21 °C for several
hours for prolonged studies. Considering that the amplitude of the
spontaneous quantal EJPs does not increase while the evoked EJPs
do when exposed to LPS (Saelinger et al., 2019), it would appear LPS
has a presynaptic action in promoting an enhanced evoked vesicu-
lar fusion. Because the lower output synapses have a larger leeway
in enhancing synaptic efficacy as compared to the phasic higher
output synapses, we tested the hypothesis that the tonic lower out-
put synapses will show a more pronounced effect in enhancing the
evoked EJP when exposed to LPS.
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Reports state that LPS at high concentrations are toxic to cells,
but the reports do not differentiate if it is the direct effect of LPS or
the secondary effect of the cytokine storm on the tissues (Loppnow
et al, 1990; Wassenaar and Zimmermann, 2018). Recently, the
direct effect of a high concentration of LPS for 20 min showed a
pronounced hyperpolarization followed by a depolarization of the
skeletal muscle and reduction in synaptic transmission at the larval
Drosophila NM]J (Cooper et al., 2019; Istas et al., 2020). After the pro-
longed exposure, the membrane potential and synaptic responses
did not recover after removing the LPS and thoroughly flushing
the preparation with saline free of LPS (Istas et al., 2020). Thus, in
this present study, an examination of long-term exposure over an
hour with high concentration of LPS (500 pg/mL) while stimulating
the low output NMJs was performed to determine if such exposure
was toxic to the crayfish NMJ preparation. In addition, a compar-
ison in responses to LPS at low- and high-output synapses was
made to help elucidate potential mechanism of action in altering
transmission.

2. Methods
2.1. Animals
Experiments were performed using Red Swamp Crayfish (Pro-

cambarus clarkii). They were obtained from a distribution center in
Atlanta, GA, USA and delivered to a local supermarket in Lexing-
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ton, KY, USA, where they were purchased. Throughout the study,
midsized crayfish measuring 6—10 cm in body length were used.
Each animal was housed in individual standardized plastic contain-
ers with weekly exchanged dry fish food and aerated water (20—-21
°C). It was observed that the crayfish had ectoparasites (branchiob-
dellids) in their gill chambers, but these crayfish were the only ones
available for the study (Cooper, 1998). Crayfish are obtained from
the wild for most all experimental studies worldwide in which they
are used.

2.2. Dissection and electrophysiology

2.2.1. Abdominal muscle preparation

To make intracellular muscle recordings, the ventral surface
of the deep extensor was exposed by removing the ventral side
of the abdomen after cutting along the length of the abdomen
approximately at the midline on each side. The dorsal half was
pinned down on a Sylgard coated dish and residual flexor mus-
cle removed. This allowed for excellent visual identification of the
deep extensor muscles (DEL1, DEL2, and DEM) and the superfi-
cial lateral extensor muscle (SLE) (Fig. 1). Details of the dissection
and anatomical descriptions are provided in earlier reports (Cooper
etal., 1998; Griffis et al.,2000; Sohn et al., 2000 and in video formats
Leksrisawat et al., 2010 and Baierlein et al., 2011). The DEL1 mus-
cle fibers are of a phasic muscle phenotype (Mykles et al., 2002).
Dissected preparations were maintained in crayfish saline, a mod-
ified Van Harreveld’s solution (in mmol/L: 205 NaCl; 5.3 KCl; 13.5
CaCl,-2H,0; 2.45 MgCl,-6H,0; 10 glucose; 0.5 HEPES adjusted to
pH 7.4).

Intracellular recordings were taken from DEL1 muscle fibers of
the fourth abdominal segment. These fibers were innervated in
part by a descending branch of the motor neuron that innervates
the DEL1 muscle of the third segment (Parnas and Atwood, 1966;
Lnenicka and Atwood, 1989; Mercier and Atwood, 1989; Sohn et al.,
2000). This allowed recordings from fibers innervated by a single
identified motor neuron (Cooper et al., 1998; Griffis et al., 2000).
Suction electrodes made from plastic tips were used to stimulate
the cut nerves (details of making the suction electrodes is provided
in Baierlein et al., 2011). The nerve was stimulated with supramax-
imal pulses using a suction electrode and Grass S-88 stimulator to
elicit EJPs. The stimulation paradigm consisted of providing stim-
ulation at 0.5 Hz (Fig. 2A1). An average of 5 responses in each of
the conditions was used for measuring the amplitude of the EJP.
Responses were recorded with an AxoClamp 2B (Axon Instruments,
USA), converted with a PowerLab, 4SP (ADInstruments, USA), and
analyzed with LabChart 7.0 (ADInstruments, Colorado Springs, CO,
USA)which were recorded onacomputerata 10 or 20 kHz sampling
rate.

2.2.2. Opener muscle preparation

The opener muscle for studying synaptic transmission has been
historically reviewed (Cooper and Cooper, 2009). The use of the
most distal muscle fibers in the preparation provides a refer-
ence for consistency among preparations (Cooper et al., 1995). The
tonic phenotype of the innervation of these fibers is low output
and fatigue resistant but has pronounced facilitation (Crider and
Cooper, 1999, 2000). The most distal muscle fibers on the opener
muscle of the first and second walking legs are of a tonic muscle
phenotype (Mykles et al., 2002). The dissection to expose and selec-
tively stimulate the excitatory motor neuron of the opener muscle
is described in textual and video format (Cooper and Cooper, 2009).
In brief, the excitatory neuron was isolated from the inhibitor neu-
ron and stimulated in the meropodite segment. The stimulation
paradigm consisted of providing a train of 25 pulses at 40 Hz with
10sor 100 s between trains (Fig. 2B1). An average of 2 trains in each
of the conditions was used for measuring the amplitude of the 15th
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Fig. 2. The stimulation paradigm for the abdominal and opener preparations along
with typical synaptic responses before and during exposure to LPS. (A1) The
paradigm used to stimulate the high-output neuron to the DEL1 muscle is illus-
trated. A 0.5 Hz stimulation rate for 50 pulses in saline followed by 50 min more
while exposed to LPS. A 5 min incubation time in LPS was then followed with resum-
ing a 0.5 Hz stimulation. The measures used were in saline prior to LPS exposure,
and after the 5 min LPS exposures after 2 min at 0.5 Hz stimulation. The arrows at 1
and 2 illustrate the time the measures used and are shown in the synaptic responses
for the saline (1) and during the LPS (2) exposure (A2). (B1) The paradigm used to
stimulate the low-output neuron to the opener muscle is illustrated. Stimulation
trains at 40 Hz for 25 pulses were given every 10 s for 5 min in saline followed by
another 5 min after exposure to LPS. This was followed by the trains given every 100
s for 50 min, and then train intervals of 10 s for 5 more minutes. The preparations
were then rinsed with fresh saline and continued to be stimulated with trains every
10 s. The measures of the15th and 25th EJP within the trains occurred where the
arrows are shown (1, 2, 3 and 4). (B2) The synaptic responses for a single preparation
are shown before LPS exposure and after 5 min as well as after 55 more minutes in
the stimulation paradigm. The dotted line is the response after 5 min being back in
a saline after flushing away the LPS.

and 25th EJP. The rationale for using 25th pulses in a train is that
by the 25th pulse, a plateau in the amplitude of the EJP was usually
reached for the opener NMJs when at room temperature (Wu and
Cooper, 2012a). The periods in time chosen for obtaining the EJP
amplitudes inillustrated in Fig. 2B1 as #1, #2, #3 and #4 demarked
by arrows. This provided measures in saline, after 5 min of LPS
exposure and after 55 min as well as after 5 min after removing the
LPS by flushing the saline bath with fresh saline. LPS exposure was
obtained by exchanging the untainted saline with LPS containing
saline three times while maintaining intracellular recording. The
same paradigm was used as a control with only changing saline
with saline not containing LPS. A suction electrode was used to
stimulate the excitatory nerve. The saline used and the recording
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of electrical responses were the same as mentioned above for the
abdominal preparation.

2.2.3. Chemicals

Commercial LPS from Serratia marcescens (S. m.) was dissolved
in physiological saline the day of experimentation. This LPS may
also contain some associated peptidoglycans from S. marcescens. A
concentration of 500 pg/mL of LPS was used to compare to earlier
studies used at the crayfish and Drosophila melanogaster NM]Js. All
chemicals for the saline and LPS were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

3. Results
3.1. High output terminals

The high output NMJs of the DEL2 show depression within two
minutes upon repetitive stimulation at 20 Hz (Cooper et al., 1998)
but little depression at a 0.5 Hz stimulation frequency for 10 min;
thus, this low frequency of stimulations was used for these studies.
The stimulation paradigm used for the DEL1 NM] provided time to
obtain an average amplitude of the EJP prior to exposure of LPS.
Since the amplitude of the EJP did not rapidly increase with the
exposure, the stimulation at 0.5 Hz was continued for 2 more min-
utes, followed by a period of incubation to LPS for 5 min, then 2
more minutes of stimulation at 0.5 Hz was performed. At the end of
the last stimulation, an average amplitude of the EJP was obtained
(Fig. 2A1 and A2).

The low output of the NM]Js on the distal fibers of the walking leg
opener muscle showed marked facilitation with a train of stimuli.
The 15th and 25th facilitated EJP responses were used for index-
ing the effect of LPS. Note the first few stimuli in the train barely
induced a measurable EJP response (Fig. 2B2). Since the NMJs of the
opener muscle did not show rapid depression with prolonged stim-
ulation, a prolonged time of exposure and stimulation was used to
examine the consequences of long term LPS exposure at a high con-
centration. During the incubation with LPS, a lower occurrence in
the stimulation train (i.e., 50 min with 100 s between stimulation
trains) was used followed by a stimulus train every 10 s for 5 min to
compare to the initial 5 min of LPS exposure as the same stimulation
frequency and train interval (Fig. 2B1 and B2).

To know if the EJP responses were depressing or enhancing over
the time frames used in the different paradigms, saline-only expo-
sures were used with the same stimulation paradigms. The bathing
solutions were exchanged at the same increments of time as when
the LPS containing saline would have been introduced (Fig. 2A1,
B1).

The effect of LPS on the membrane potential was slight (~5 mV),
but there was some drift in the membrane potential when changing
the bathing media and with maintaining intracellular recordings of
the preparations over time. The saline to saline changes helped to
account for experimental variability and effects on the membrane
potential over time to compare to the effects of LPS exposure. To
illustrate the rapid effect on the membrane potential on the opener
muscle, an enlarged view of the trace upon switching the media is
shown in Fig. 3A1. A raw trace of one train during the saline expo-
sure is illustrated to note that the EJPs are small and need to be
facilitated to note their presence. Here, only the last 20 EJPs of the
25 stimulations are obvious. To illustrate the prolonged effect on
the membrane potential a trace over the period is shown (Fig. 3B).
The middle section of the 50 min period is removed. Note the hyper-
polarization continues during the LPS exposure and upon removal
of the LPS the membrane depolarizes slightly. However, the mem-
brane potential is still more negative than during the initial saline
exposure prior to LPS treatment. This trend was consistent in all six
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Fig.3. The membrane potential of the muscles hyperpolarizes when exposed to LPS.
(A1) A trace illustrating the response for an opener muscle before and during expo-
sure to LPS. (A2) One of the responses to a stimulation train is shown. Each deflection
shown in A1 is a response train. However, only the last 20 or the 25 stimuli resulted
in a measurable EJP. (B) The membrane potential for the opener muscle prepara-
tion is shown over the experimental paradigm. There is a rapid hyperpolarization
upon exposure to LPS and continues over time. When removing the LPS there is a
slight depolarization, but the potential is still more negative than the initial starting
potential.

preparations and is shown in the percent changes in the membrane
potentials among the preparations (Fig. 4).

Exchanging the saline to LPS produced hyperpolarizing
responses in the DEL1 muscles within preparations (p < 0.05, paired
Student’s t-test, N = 6, Fig. 4A). The saline-to-saline exchanges were
not significant for the DEL1 muscle as well as for the opener muscle
(Fig. 4).

The opener preparations did not show significant differences in
the membrane potentials for the control saline to saline exchanges
for all the four sampling points (1, 2, 3 and 4 shown in Fig. 2B1)
(Friedman repeated measures analysis of variance on ranks, all
pairwise multiple comparison procedures with a Bonferroni t-test).
However, the LPS treatment resulted in hyperpolarized membrane
potentials from saline to 5 min after exposure to LPS (period 1 to
period 2, see Fig. 2B1), also saline to LPS exposure after the 55 min
of exposure (period 1 to period 2) and saline to the saline wash out
(period 1 to period 4) (Fig. 4A) in the last comparisons. These were
all compared by Friedman repeated measures analysis of variance
on ranks with an all pairwise multiple comparison procedures with
a Bonferroni t-test (p < 0.05, N = 6). The other time periods for the
raw membrane potentials of 2, 3 and 4 were not significant to each
other.

A percent change in the membrane potentials were used, as this
normalized the differences among preparations in the various raw
membrane potentials (Figs. 3 and 4). A percent change within each
preparation was calculated and the mean (+SEM) of the percent
changes are shown in Fig. 4A for the membrane potentials. A per-
cent change within each preparation was calculated and the mean
(£SEM) of the percent changes are shown in Fig. 4B. To compare the
same percent changes, such as period 1-2, the values are compared
for the saline-to-saline change to the saline-to-LPS change. These
equivalent periods for comparisons in the percent changes in the
membrane potentials for the saline controls to LPS paradigm were
significantly different by t-test (1-2, 2-3 as well as 1-4 in Fig. 2B1)
(p < 0.05, data was not normally distributed, so a Mann-Whitney
Rank Sum Test was performed, t-test, N = 6). The percent change



A. Greenhalghetal.

Opener walking leg

A Low output
Saline
LPS
—_ DEL1 Control .
© 4 — paradigms
= Abdomen
c - i
B 2 =1High output
-t %*
o 0 -
& 2 3
—_— — —
@5 2 o e 4 e
© W A - 2 hat [T ®
1™ — - — Ay T
nw 1 ~ () @ e [y
€L 65— @ g o £ = -
+ o = © ©
[ p=dPN S & o 2 —_ 0
EG8- 2 o o 2 2§ & @ ¢
cQ 0 S o 2 s 2 2 2 =z o
g0+ o 2 £ o £ 2 £ ¢ 5
g = 2@ $ 2 82 5 0
12 -~ = £ o g g
c 8 . © b -} <
g 4 5 ” 9 2 2
) n =
(8] e 9 b
=) = - b
N ] =
2] ©
[77]
=
(1]
£
®
B ]
LPS
g paradigms
k-] 300 —
3
=
3 = 250 -
£ E Opener walking leg
: »n 200 — Low output
1
-~
w + 150 o pEL1 S
c < Abdomen aline
= & 100 4 Control
%E High output
S~ 50~ «
£
(&) 0 -
°\° gg 15 25 1525 1525 15 25 1525 1525 1525 15 25
= 8 o T T 8 & %
oo e 8 £ £ e 2 £ 8
Lo T @ @ T - 9 o c
o =
g5 fzzz gg e
©
3 34388 332 8 &
e 2 o = ° o 2 2
e 2 2 £ § -4 8 £
= 5 3 B ) ar S —
8 & 8 8 &

Fig. 4. The changes in the membrane and EJP amplitudes for the high- and low-
output neurons for saline to saline (sham control) as compared to saline to LPS
(experimental group). (A) The DEL1 phasic like muscles significantly hyperpolarized
with exposure to LPS as compared to saline and between saline to saline controls
of exchanging the media. The opener muscle also showed significant hyperpolariz-
ing within preparations for LPS exposure but not for saline control paradigm. The
percent change for the periods 1 to 2 and 3 to 4 as well as 1 to 4 showed signifi-
cant differences for the same period of comparison for the saline to saline controls
except for the percent changes from 3 to 4 periods (see Fig. 2B1). (B)The high-output
neurons had a larger amplitude in the EJP by within preparation comparisons; how-
ever, the average percent increase when exposed to LPS as compared to the saline
only controls was not significantly different. The low-output opener NM]J for saline
to saline did trend to drift to larger responses in the first 5 min (1 to 2) and after
the 55 min of stimulation when compared to just after the 5 min of exchanging
the bathing solution (2 to 3), but within preparation comparisons did not reveal
significant differences, nor did the percent changes among the different periods of
time (see Fig. 2B1). The raw amplitudes in the EJPs among the different periods, 2, 3
and 4 were significantly different from the initial saline. The percent change in the
amplitudes of the 15th and 25th EJP responses between the periods only showed
differences for periods 1 to 2, and 2 to 3 as well as 1 to 4 but not the periods of 3 to
4 (B; see Fig. 2B1 for the defined periods).

of 3-4, which is the effect of wash out of LPS did not show any
significant difference from saline controls in the percent changes,
although the raw membrane potentials were different within the
LPS paradigm from the initial saline to the periods at 3 and 4, as
mentioned above.

The within experiments of LPS exposure showed a difference in
the amplitudes for the 15th and 25th EJP amplitudes from saline to
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after 5 min of exposure to LPS (period 1 to period 2; see Fig. 2B1),
also saline-to-LPS exposure after the 55 min of exposure (period 1
to period 2) and the saline-to-saline wash out (period 1 to period 4)
(Fig. 4A and B) in the last comparisons. These were all compared by
Friedman repeated measures analysis of variance on ranks with an
all pairwise multiple comparison procedures with a Bonferroni t-
test (p < 0.05, N = 6). The other time periods for the raw amplitudes
of 2, 3 and 4 were not significant to each other.

The percent change in the amplitudes of the 15th and 25th EJP
responses in the trains were used as this normalized the differences
among preparations in the various raw amplitudes (Fig. 4). A per-
cent change within each preparation was calculated and the mean
(£SEM) of the percent changes are shown in Fig. 4B. The percent
changes in the 15th and 25th EJPs were compared to the saline
controls for the percent changes in saline controls. To compare the
same percent changes, such as period 1-2, the values are compared
for the saline-to-saline change to the saline-to-LPS change. These
equivalent periods for comparisons in the percent changes in the
amplitudes for the saline controls to LPS paradigm were signifi-
cantly different by t-test (1-2, 2-3 as well as 1-4 in Fig. 2B1) (p <
0.05, data was not normally distributed, so a Mann-Whitney Rank
Sum Test was performed, t-test, N = 6). The percent change of 3-4,
which is the effect of wash out of LPS, did not show any significant
difference from saline controls in the percent changes; although,
the raw amplitudes were different within the LPS paradigm from
the initial saline to the periods of 3 or 4, as mentioned above.

4. Discussion

The effect of LPS on the high output phasic type of NM]s did show
a significant increase when compared as a before and after effect;
however, when compared to controls of saline only exchanges,
there was not a significant difference. The low output tonic-like
NM]Js showed a substantial increase in the synaptic responses over
time due to exposure of LPS within preparations and when com-
pared to saline only controls. The muscle fibers of the opener muscle
showed a hyperpolarization when compared to saline controls. The
long term exposure in LPS at a high concentration of an hour did
not result in the loss of membrane integrity or a decrement to the
amplitude of the EJP. The opposite occurred, in that the membrane
remained hyperpolarized and EJP amplitudes remained larger than
saline controls over the same period of experimental time. The
comparison of the initial values of membrane potential and the
amplitudes of the EJPs before the LPS and after wash out of the LPS
were in a healthy range indicating that the LPS exposure was not
damaging to the crayfish NM] as it is for the larval Drosophila NM]Js
(Istas, et al., 2020).

The mechanisms of action to increase synaptic transmission is
assumed to be presynaptic, since an earlier study had demonstrated
no effect on the amplitude of individual quantal responses on cray-
fish muscle (Saelinger et al., 2019). One mechanistic possibility is
an increase in Ca2* within the presynaptic motor nerve terminal.
However, no increase in the frequency of quantal responses were
observed in an earlier study of crayfish NMJs (Saelinger et al., 2019)
as well as for larval Drosophila NM]Js (Cooper et al., 2019; Istas et al.,
2019) when exposed to LPS. One early study which appears to have
measured response from a single preparation of an unidentified
abdominal muscle of the crayfish showed an increase in the fre-
quencies of quantal events with LPS (Parnas et al., 1971). Thus,
the effect on the opener muscle may be to promote evoked Ca2*
channels to stay open or to open at a lower threshold if any resting
inactivation of voltage gated Na* channels within the motor neuron
may be removed with potential hyperpolarization. This would lead
to altering the evoked amplitude and duration of the action poten-
tial in the neurons. Since the muscle hyperpolarizes in both larval
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Drosophila (Istas et al., 2019; Cooper et al., 2019) and opener mus-
cle in crayfish, it may also be feasible that the motor nerve terminal
hyperpolarizes. Thus, if inactivation of voltage-gated ion channels
occurs at normal resting membrane potential, then removing the
inactivation would lower the threshold of activation. This remains
to be examined with intracellular recording of the axons of the
motor neurons. Imaging the nerve terminals with Ca2* indicators
would address if there is an increase in the evoked Ca?* load.
In addition, the small (~10 mV) hyperpolarization increases the
driving gradient for the inotropic glutamate receptors at these neu-
romuscular junctions (Titlow and Cooper, 2018) can contribute in
part to the increased amplitude of the EJP. To account for the larger
increase in the amplitude for the EJPs of the tonic NMJs, there is
likely a contribution of recruiting a larger reserve pool of vesi-
cles around the synapses of the tonic NM]Js than for the synapses
of phasic NM]Js (Bradacs et al., 1997; Johnstone et al., 2008). This
would increase the probability of vesicle fusion if more vesicles
were docked for release upon Ca%* entry in the presynaptic ter-
minal. A larger increase in the amplitude of EJPs also occurs in the
presence of serotonin for tonic NM]Js than for phasic NM]Js of in crus-
taceans. This is probably due to the synaptic structural differences
and population of the vesicle pools among the readily releasable
pool and reserve pools between these types of terminals (Cooper
et al., 2003; Logsdon et al., 2006; Wu and Cooper, 2012a, b,2013).
LPS also behaves similarly to serotonin in enhancing evoked EJPs
but it was shown recently that a high concentration of LPS does
not appear to diminish the effects of serotonin when given concur-
rently. This would suggest that LPS might not be competing for the
same receptors as serotonin or the affinity for the receptors to LPS
and serotonin are substantially different (Bernard et al., 2020a).

There has yet to be a mechanistic explanation to account for the
LPS induced hyperpolarization observed in crayfish opener mus-
cle or in larval Drosophila muscle (Ballinger-Boone et al., 2020).
As stated in a previous report, the hyperpolarization response is
not due to an induction of a calcium-activated potassium conduc-
tance, a TEA sensitive potassium channel, or mediated through
nitric oxide synthase (NOS) as each of these possibilities have been
addressed (Cooper et al., 2019; Ballinger-Boone et al., 2020). In
addition, the response is not due to the opening of a chloride
channel as the equilibrium potential for CI~ in larval Drosophila
body wall muscles is more depolarized than the resting membrane
potential (Rose et al,, 2007; Stanley et al., 2019). One potential
mechanism which could explain the phenomenon is activation of
the Na-K ATP pump as the response occurs rapidly in both crayfish
opener muscle as well as larval Drosophila muscle (Cooper et al.,
2019; Ballinger-Boone et al., 2020).

Receptors for LPS on muscle and neurons in crustacean and
insects remains to be thoroughly investigated. The toll-like recep-
tor 4 (TLR4), as in mammals (Yoshida et al., 1996; Steiner, 2004),
does not appear to be the sole receptors for the gram-negative LPS
induced response in Drosophila nor is it likely that the Immune
deficiency (Imd) signaling pathway is the key. Peptidoglycan recog-
nition proteins (PGRPs) are known to mediate an immune response
in Drosophila. The three PGRPs (i.e., PGRP-SA, PGRP-LC, and PGRP-
LE), out of the 13 identified in the genome of Drosophila, were
linked with the immune response (Werner et al., 2000; Leclerc
and Reichhart, 2004). PGRP-LC and PGRP-LE have been shown to
respond to gram negative bacteria (Gottar et al., 2002; Takehana
et al, 2002). Using RNAi constructs of PGRP-LC and PGRP-LE
for expression in larval Drosophila body wall muscles as well as
neurons did not alter the responses to direct exposure of LPS
(Ballinger-Boone et al., 2020). Thus, the LPS receptors have yet
to be identified to account for the responses at the larval NM] of
Drosophila as well as for the crayfish NMJs. There is mounting evi-
dence from neuronal responses in Drosophila and mammals that the
gram-negative bacterial endotoxin lipopolysaccharide (LPS) binds
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to TRPA1 receptors (Meseguer et al., 2014; Boonen et al., 2018).
Recently, the the TRPA1 receptors were knocked down with RNAi
in Drosophila muscle and neurons (Bernard et al., 2020b). Thus, sug-
gesting the TRPA1 receptors do not mediate the responses to LPS
in Drosophila. The TRPAT1 receptors are one form of thermal detec-
tors, but it is unknown if these receptors are expressed in crayfish
skeletal muscle.

Future comparative studies examining various cell types and
species would be beneficial to determine the direct mechanism of
action by LPS which could help in addressing therapeutic actions
of various cell types and animal species.
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