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Abstract

Background and Objective: The physiological responses to Gram-positive and negative bacterial toxins are diverse and complex. The
rapid effects of cells within seconds to minutes are also diverse depending on the type of Lipopolysaccharides (LPS) and Lipoteichoic acid
(LTA). This research aims to elucidate how these microbial components influence neurophysiological responses at the cellular level,
thereby contributing to a better understanding of host-pathogen interactions and innate immune signaling in invertebrate systems.
Materials and Methods: The early third-instar larval body wall muscle m6 was used to monitor transmembrane potentials with sharp
intracellular electrodes. The membrane potential was measured while exposing the preparation to different forms of LPS and LTA. Evoked
and synaptic excitatory synaptic potentials were monitored before and during exposure to the compounds. Statistical analysis was
conducted using paired t-test and Sign test, considering p<0.05 as significant. Results: Strains of LPS from Serratia marcescens and
Pseudomonas aeruginosa result in rapid and acute hyperpolarization of muscle, while LPS from £ colj commercially obtained
Salmonella enterica, and ultra-pure LPS from Sa/monella enterica, as well as LTA from Staphylococcus aureus have little to no acute
response on membrane potential on the same cell type. Conclusion: These novel findings in the differential effects of strains of LPS and
LTA on membrane potential may aid in selective treatments for bacterial septicemia depending on the bacterial strain.
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INTRODUCTION

Bacterial septicemia is a worldwide problem for animals,
including humans'2. To a large extent, bacteria are not the
direct cause of the pathological responses but rather the
host's immune response to the toxins released from bacteria.
A focus on treating septicemia depends on the severity and
the organs affected, and there is primarily an emphasis on
dampening the effects of the cytokines triggered by the
immune response. However, if the initial reaction to the toxins
could be blocked, then the amplified immune response would
be lessened. This is the crux of the problem because there are
no selective blockers to the various toxins released by bacteria.

The majority of bacterial septicemic cases are from
Gram-negative bacteria, and Gram-negative strains of bacteria
release various compounds such as Lipopolysaccharides (LPS)
and repeats-in-toxin (RTX)**. Low levels of LPS are normally
detected in the blood of mammals after the consumption of
high-fat meals because of the microbiota in the intestine.
However, there are also increased levels of LPS in disease
states where the gastrointestinal tract is compromised. Other
forms of bacterial infection, such as entry via the pulmonary
system (a common route for Pseudomonas aeruginosa) or a
compromised skin barrier, allow whole bacteria to enter and
proliferate, releasing LPS systemically. This can result in the
therapeutic use of high doses of antibiotics, leading to
bacterial lysis, which can cause a surge of LPS, potentially
producing a cytokine storm*>?.In such cases, if the receptors to
LPS could be temporarily blocked before a bolus of antibiotics,
this could be advantageous in preventing a cytokine storm as
well as any direct effects of LPS on the cells.

Similarly, bacterial septicemia caused by Gram-positive
bacteria is also due to a compound (i.e.to lipoteichoic
acid- LTA) from the bacterium leading to an immune and
cytokine response. Like for Gram-negative bacteria, lysing
due to antibiotics will result in a systemic surge of LTA.
Recently, it has been shown that LPS from A. aeruginosa and
S. marcescens can result in rapid hyperpolarization followed
by a slower depolarization of the membrane in Drosophila
larval muscle'®'2, In addition, purified LPS from S. marcescens
had a more pronounced effect than P. aeruginosa for the
given concentrations. It was also previously shown that LPS
from P. aeruginosaand S. marcescensresulted in a reduction
in the postsynaptic glutamatergic excitatory junction
potentials (EJPs) as well as smaller spontaneous quantal
events. This was previously demonstrated to be due to
blocking of glutamate receptors on the muscle fiber'®'3, Even
glutamatergic synaptic responses in hippocampal slices of
rodents are rapidly blocked by LPS from S. marcescens, which
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likely involves a mix of AMPA, kainate, and NMDA glutamate
receptor subtypes'®'%'> The precise mechanism resulting in
the synaptic depressionin the hippocampal slice has not been
established, as the responses have not been isolated from
indirect glial involvement (i.e., astrocytes, oligo). Responses
also have not been isolated from the potential release of
cytokines (TNF-a and IL-1) through activating Nuclear Factor
Kappa B (NF-kB), as well as neurons themselves'®'®. The
receptor complex for LPS binding in mammals involves TLR4,
and TLR4 proteins are located on microglia, astrocytes, and
oligodendrocytes, as well as neurons®2. Hippocampal
neurons in culture without the presence of glia have shown a
response to LPS (1 ug/mL, £ cofi), such as increased neuronal
cytosolic Ca?* leading to cell death?,

The immune response in Drosophila to Gram-positive
and Gram-negative bacteria is different than that for
mammals. The response to Gram-positive bacteria is nicely
reviewed by Bangham et a/?°. Gram-negative bacteria are
known to mediate cellular response through the PGRP-
LE/PGRP-LCreceptorsand the Imd cascade through the NF-«B
factor Relish for the genomic response to produce
antimicrobial peptides (AMPs). However, the use of RNAi
expression for PGRP-LC and PGRP-LE did not alter the
acute responses to LPS on the larval Drosophila body
wall muscles™. Thus, the rapid cellular responses, <1
second, on membrane potential by LPS from P. aeruginosa
and S. marcescens are mediated by a different mechanism.

Thus, it is essential to develop an understanding of the
mechanisms behind the rapid effects in membrane potential
in larval Drosophila muscle, as well as whether LPS and LTA
from various strains of bacteria have similar effects as for LPS
from P. aeruginosa and S. marcescens. There are no prior
reports examining the different effects on membrane
potential for the various forms of LPS compared to the
responses from P. aeruginosaand S. marcescens. Thus, in this
brief report, the effects previously observed for P. aeruginosa
and S. marcescens and compared to the responses obtained
when LPS from Escherichia coli; Salmonella enterica, ultra-pure
LPS from Salmonella enterica, as well as LTA from
Staphylococcus aureus are exposed to the same types of
cells. As demonstrated in this investigation, the most
prominent responses on membrane potential occur for LPS
from S, marcescens. Thus, a companion manuscript
specifically addresses the mechanistic details in the
responses caused by LPS from S. marcescens'. This brief
report compares the differences in the effects on
membrane potential, evoked glutamatergic transmission as
well as the observations in occurrences in spontaneous
quantal events.
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MATERIALS AND METHODS

Study area: This research was conducted at the University of
Kentucky in Lexington, Kentucky, USA, between May, 2023
and November, 2023.

Animals: Drosophila melanogaster Canton S (CS) flies were
used in physiological assays. This strain has been isogenic
in the laboratory for several years after being originally
obtained from the Bloomington Drosophila Stock
Center (BDSC). Early third-instar Drosophila CS larvae were
used (50-70 hrs) post-hatching. The CS larvae were
maintained at room temperature, ~21°C, in vials partially
filled with a cornmeal-agar-dextrose-yeast medium.

The technique of dissecting larvae and measuring
membrane potential?’, with the exception that all segmental
nerves were transected close to the larval brain to prevent
spontaneous evoked contractions induced from the CNS of
the larvae.

Physiological recordings: The early third-instar larval body
wall muscle mé6 was used to monitor transmembrane
potentials with sharp intracellular electrodes (30 to40 Q)
filled with 3 M KCl. An Axon clamp 2B (Molecular Devices,
Sunnyvale, CA, USA) amplifier and 1 X LU head stage were
used. The EJPs and spontaneous mEJPs were collected
and analyzed with LabChart 7.0 (ADInstruments, USA)
as previously detailed®. Standard saline is HL3 saline
(in mM):1.0 CaCl,-2H,0, 70 NaCl, 20 MgCl,, 5 KCl, 10
NaHCO,;, 5 trehalose, 115 sucrose, 25 5N, N-bis(2-
hydroxyethyl)-2-aminoethanesulfonicacid (BES) at pH of 7.1%,
All experiments were performed at room temperature
(20-21°Q). Exchanges in saline bathing media are shown
within the figures. All chemicals for saline were obtained from
Sigma-Aldrich, St. Louis, MO, USA.

The compounds used are presented in Table 1 and
highlighted with each representative trace of the changes
in the membrane potentials for the paradigm, as well as the
percent change from the initial saline for each compound
examined in the Results section.

Statistical analysis: Statistical analysis was performed as
a paired t-test for changes in membrane potential and

Table 1: Compounds used for assessment of the responses to LPS or LTA

amplitudes of the EJPs. Since some data sets were used to
examine a direct change in the membrane potential, the
non-parametric Sign test was used to compare percent
changes from initial saline to a time in the paradigm. A
significant difference is considered as p<0.05.

Ethical consideration: Invertebrate animal care was approved
by the Institutional Animal Care and Use Committee.

RESULTS

In order to compare the effects of LPS for the
different strains, the responses from AP. aeruginosa and
S. marcescens are reviewed and then compared to the
responses by LPS from E£scherichia coli, Salmonella enterica,
ultra-pure LPS from Salmonella enterica, as well as LTA
from Staphylococcus aureus.

Application of 100 pg/mL of S marcescens, the
membrane rapidly hyperpolarized, followed by a gradual
depolarization (Fig. 1a). The concentration was then
increased to 500 ug/mL of S. marcescens for different sets of
preparations to see whether the same effect was noted
and whether the hyperpolarization remained consistent or
occurred on a greater scale (Fig. 1b). The effect of 750 pg/mL
of 5. marcescens wasvery pronounced in a hyperpolarization
followed by rapid depolarization and muscle contraction
(Fig. 1c). Due to the strong contractions and inability to
maintain intracellular recordings for three consecutive
preparations, this high concentration was not further
examined. The blue boxes in each trace indicate the
exchange of bath solution (and potentially artifacts
accompanying the bath exchanged).

The 500 pg/mL of P. aeruginosa also caused rapid
hyperpolarization (Fig. 2a). The 750 pg/mL concentration
also resulted in a notable hyperpolarization (Fig. 2b). The
figure on the right of each trace displays the change in
membrane potential for each preparation.

After reviewing the effects of LPS from S. marcescens
and P. aeruginosa on Drosophila membrane potential,
the responses induced by LPS from £ colj S. enterica ultra-
pure LPS from, as wellas LTA from $. aureus were compared.

Conditions used

LPS 1 Serratia marcescens (Product number L6136; Sigma)

LPS 2 Pseudomonas aeruginosa 10 (product number L9143; Sigma)
LPS 3 £ co/iO111:B4 (product number L2630; Sigma)

LPS 4 Salmonella enterica Minnesota (product number 437632; Sigma)

LPS 5 Ultra-pure sa/monella enterica Minnesota S R595(product number 437628; Sigma)
LTA Staphylococcus aureus (catalog from InvivoGen (10515 Vista Sorrento Pkwy, San Diego, CA 92121 USA)
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Fig. 1(a-): Acute effects of Serratia marcescenson membrane potential, (a) On the left, 100 ug/mL of S. marcescens caused rapid
hyperpolarization upon application, (b) Trace of a higher concentration of 5. marcescens (500 ug/mL) is shown on

the left and (c) Trace of a concentration at (750 ug/mL) of S. marcescens

(a) Representative preparation began to gradually depolarize with time and washout with saline caused further depolarization. The figure on
the right shows the change in each preparation from membrane potential at the time of saline to the most negative potential after the application of
100 pg/mL of S. marcescens, (b) Rapid hyperpolarization is again seen with the application of LPS, followed by a gradual depolarization. A decrease in
evoked EJP amplitude was also noted, which reversed upon saline washout. Individual preparations are again shown on the right. Individual preparations
had alarger hyperpolarization in comparison to the 100 ug/mL S. marcescens and (c) Note the very strong hyperpolarization and rapid depolarization,
which resulted in the loss of the recording due to the electrode being dislodged. Due to the large contractions, this high concentration was not further
pursued for analysis. The blue boxes indicate where the bathing solution was exchanged.

The blue boxes in each trace indicate the exchange the effects by ultrapure S. enterica (750 ug/mL), but

of bath solutions, which sometimes lasted longer due
to individual variation in preparations. The application of
750 pg/mL of LPS from £ coli showed no significant
change in membrane potential or activity (Fig. 3a).
Commercial S. enterica (750 ug/mL) also did not cause a
significant hyperpolarization (Fig.3b). This led to examining
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there was again no notable change in membrane potential or
activity (Fig. 3c). Finally, LTA from 5. aureus (750 pg/mL)
was applied, but again, no notable change was seen
(Fig. 3d). The figure on the right of each trace
displays the change in membrane potential for each
preparation.
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Fig. 2(a-b): Acute effects of Pseudomonas aeruginosa on membrane potential, (@) Trace on the left show’s rapid
hyperpolarization upon application of 500 pg/mL P. aeruginosa and (b) Trace of a higher concentration of

P. aeruginosa (750 pg/mL)

(a) One can also note decreased evoked EJP amplitudes. The preparation gradually depolarized and activity returned with a saline washout. Figures
on the right show hyperpolarization upon application to each preparation and (b) As with the others, rapid hyperpolarization was seen immediately
upon LPS application. There is an even greater change with this concentration than with 500 pg/mL. Gradual depolarization was still noted and
membrane potential continued torise after saline washout. Figures on the right show the hyperpolarization of each preparation. The blue boxes indicate
where the bathing solution was exchanged and Rp (mV): Resting membrane potential measured in millivolts

The percent change for each condition was determined
by comparing the initial membrane potential value during
the saline condition at the start of the experiment to the
most negative potential of each preparation after
switching to the compound being tested (Fig. 4). A percent
change was determined for each preparation, and the
mean percent change for each compound is presented. A
negative percent change indicates hyperpolarization. There
was a significant difference between 100 and 500 pg/mL
for S. marcescens (two-tailed t-test, p-value=0.0072). Also,
the 500 and 750 pg/mL for P. aeruginosa were significantly
different (two-tailed t-test, p-value=0.0397). However, a two-
tailed ANOVA  revealed only a significant difference
between 5. marcescens at 100 pug/mL and P. aeruginosa
at 750 pg/mL (p=0.004, alpha=0.050: 0.816).

The histogram illustrates the change in membrane
potential as measured in initial saline prior to and after
the application of LPS/LTA. The negative values indicate
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an average hyperpolarization of the membrane.
Hyperpolarization was prominent for S. marcescens and
P. aeruginosa exposures. It is also of interest to notice that
there was a difference in response between the varying
concentrations of these two. The asterisk each bar on £SEM
indicate a statistically significant change (p<0.05, paired t-test
from saline to the compound; the bar between groups and an
asterisk was t-test between compound types; # for a
significant difference for an ANOVA).

In addition to membrane potential, changes in the
amplitude of the evoked synaptic responses and changes in
the occurrences of spontaneous quantal events were
observed. Representative traces for the effects produced by
each compound examined are shown in Fig. 5. The traces
show the response before (left side) and during exposure to
each compound. The larger defection to the left of the traces
depicts evoked EJPs. The smaller deflections are miniature
EJPs (“minis”). Theright side shows the potential changein the
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Fig.3(a-d): Acute effects of LPS from Escherichia coli, Salmonella enterica, ultra-pure LPS from Sa/monella enterica, as well as LTA
from Staphylococcus aureus, (a) On the left, the application of 750 ug/mL of LPS from £. co/i had little to no effect on
membrane potential. This is again reflected in the graph on the right, where none of the individual preparations had
a notable change, (b) The addition of 750 LPS from pg/mL S. enterica also had no significant effect on membrane
potential or the amplitudes of the EJPs. The graph on the right shows a slight variation between preparations, but still,
there was no notable change, (c) Application of 750 pg/mL ultrapure LPS from S. enterica revealed no notable
difference in membrane potential. The line graphs of individual preparations on the right reflect the membrane
potential before and during exposure to the compound without any significant changes and (d) 750 pg/mLof LTA

from S. aureus was applied to the Drosophila preparations

Once again, there was no significant change in membrane potential as seen in both the figure on the left and on the right. The blue boxes indicate where
the bathing solution was exchanged, and Rp (mV): Resting membrane potential measured in millivolts
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Fig.5(a-f): Amplified traces showing evoked excitatory junction potentials (EJPs) and miniature EJPs ("minis") before and during

exposure to various bacterial components (LPS or LTA)

(a) 5. marcescens application eliminated detectable EJPs and minis, indicating strong suppression of synaptic activity, (b) 2. aeruginosareduced the
amplitude of evoked EJPs, though minis remained faintly observable, (c) £ co/itreatment caused no significant change; both evoked EJPs and minis
persisted, (d-e) Commercial and ultra-pure S. entericahad no detectable effect on membrane activity and (f) S. aureus slightly reduced EJP amplitude
and minis frequency, but the change was not statistically significant due to variability
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evoked EJPs as well as the potential for the occurrences of
minis during exposure for each compound, Fig. 5 presents
amplified electrophysiological traces illustrating the evoked
excitatory junction potentials (EJPs) and miniature EJPs
(“minis”) recorded before and during the application of various
bacterial components, specifically lipopolysaccharide (LPS)
or lipoteichoic acid (LTA). In Fig. 5a, exposure to Serratia
marcescens led to a complete suppression of synaptic activity,
as evidenced by the absence of both evoked EJPs and minis,
indicating a profound inhibitory effect on neurotransmission.
In Fig. 5b, the application of Pseudomonas aeruginosa
resulted in a noticeable reduction in the amplitude of evoked
EJPs; however, occasional minis were still detectable,
suggesting partial synaptic disruption. In contrast, Fig. 5c
shows that treatment with £scherichia colidid notinduce any
statistically significant changes in either evoked EJPs or
minis, implying minimal or no effect on synaptic transmission.
Fig. 5(d-e) illustrate the effects of commercial and ultra-pure
preparations of Salmonella enterica, respectively, both of
which failed to produce any discernible alterations in
membrane activity or synaptic potential amplitude. Finally
Fig. 5f demonstrates that exposure to Staphylococcus aureus
led to a mild decrease in evoked EJP amplitude and a reduced
frequency of minis; however, these changes were not
statistically significant due to variability across experimental
preparations. Collectively, these traces highlight species-
specific effects of bacterial components on neuromuscular
synaptic activity.

DISCUSSION

This brief report compared various forms of LPS and a
strain of LTA to examine the acute actions (seconds to 3 min)
of LPS on membrane potential and synaptic transmission. The
larval Drosophila neuromuscular junction was used as an
assay for this study since earlier studies have addressed
some of the mechanisms of action by LPS from S. marcescens
and P. aeruginosa in this same experimental model, and
thus, direct comparisons could be made to other forms of LPS.
Since commercially available LPS is processed differently
and reported to have differences in some responses from
ultra-pure LPS3%33 both LPS forms from S. entericaMinnesota
were directly compared. No differences were detected on
the effect of membrane potential. However, there might
be a trend to enhance synaptic transmission by the
ultra-pure form LPS. Future studies specifically addressing
effects on synaptic efficacy with quantal analysis are
needed to determine if there are consistent effects
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between commercially available and ultra-pure LPS forms
and how they may play out over various incubation times and
concentrations. However, neither form showed a significant
hyperpolarization of the membrane within 3 min of exposure.
The LPS from £ colialso had no noticeable acute effects on
membrane potential or synaptic transmission. Since LPS from
S.marcescensand P. aeruginosadid show pronounced acute
effects on membrane potential and synaptic transmission,
the isolated LTA from S. aureus was examined at the same
concentration, but no noticeable differences were noted
within the 3 min exposure.

It was noted by Hardy and White** that non-purified
preparations of LPS from £ coli were contaminated with
other biologically active molecules, and it was stressed that
great care should be taken when interpreting results
obtained with low-purity LPS preparations. RTX toxins are
created by Gram-negative bacteria and can directly form pores
in membranes as well as alter cellular cascades such as
adenylate cyclase*?>. The RTX toxin is, therefore, possible as a
contaminant, but it is unlikely to be in the commercial
samples differentially. Since no effects were noted on the
membrane potential for commercially available £ cofiand
S. enterica as well as ultra-pure 5. enterica, if there was
contamination in the samples, they did not influence
membrane potential. This may be more of a concern for
longer-term studies than the short time frame used in
this study.

Asforthe LPSfrom S. marcescensand P. aeruginosa, there
could be a difference in the levels of contaminated agents in
comparison to these other commercially available forms of
LPS. If so, this could potentially account for the transient
hyperpolarization and depression of synaptic transmission,
but it is unlikely Sigma-Aldrich used different isolation
procedures for LPS from these bacterial forms than for £ colf
and S. enterica. Data sheets for all the forms state a phenol
extraction procedure to isolate the LPS. These studies were
also all conducted in the same freshly made physiological
saline.

Thus, it appears the LPS from S marcescens and
P. aeruginosa are unique and similar in their biological action
on the larval Drosophila NMJ. Both forms of LPS produce a
notably rapid onset of hyperpolarization thatis transitory over
1 to 2 min, followed by a gradual depolarization. If the LPS is
not rinsed away, the depolarization continues to a greater
extent than theinitial resting membrane potential. Both forms
at 500 to 750 pg/mL will produce muscle contractions.
However, after exposure to 750 pug/mL of S. marcescens, the
body wall muscles undergo waves of contraction, making
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it difficult to maintain an intracellular recording electrode.
Thus, the reason not to test higher concentrations of
S. marcescens. Itis unusual that the contractions exist ina
saline devoid of Ca?* and even in the presence of Cd?*'3. This
also suggests that Cd?** can bind to troponin to induce
skeletal muscle contraction, asis reported in other studies®?’.
However, LPS from S. marcescensis more potent in initiating
contractions at 500 pg/mL than P. aeruginosais.Itis also
known that S. marcescensis more potent than P. aeruginosa
in inducing an immune response in mammals3¥“°; however,
this is by a different mechanism than the acute responses
reported herein.

It is potentially possible that the structural differences
inthe LPS forms can account for the actions on the membrane
potential as well as blocking glutamatergic synaptic function.
The chemical structure of the forms of LPS used in this study
have previously been reported*™-6.

Considering septicemia induced by a perforated
intestine and even a wound would potentially be due to a
mixture of bacterial strains, it would also be of interest to
examine the effects of cocktails of LPS strains to determine
whether they may block the acute action of each other or have
additive or even synergic acute effects on membrane potential
and synaptic transmission.

Since reports on the rapid actions of various forms
of LPS are scant, and some forms produce prominent acute
responses within seconds, it is of interest to survey more
forms and concentrate on a single model system for
direct comparison. Perhaps genetic and physiological
examination of larva Drosophila can continue to aid in
such future studies despite the mechanisms of the immune
systems being different than for the direct acute action
of LPS on the membrane potential. It now appears that the
hyperpolarization induced by S. marcescens is due to
activation of the K* leak channels (i.e., K2P channels) in the
membrane followed by a Na* leak promoting a delayed
depolarization'.

CONCLUSION

In conclusion, commercial LPS purified in the same
manner P. aeruginosa, S. marcescens, Escherichia colj, and
Salmonella enterica produced different direct effects on
membrane potential and reduction of glutamatergic
synaptic transmission. Both P. aeruginosaand S. marcescens
produced similar effects with membrane hyperpolarization
and blocking of glutamate receptors, with S. marcescens
producing a stronger effect than P. aeruginosa. LPS from
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Escherichia coli and Salmonella enterica, as well as LTA from
Staphylococcus aureus, had no significant direct effects on
membrane potential or glutamatergic transmission.

SIGNIFICANCE STATEMENT

These findings are significant since researchers use
commercial LPS for various studies in examining an immune
response min to hrs after exposure, but the general one does
not address the direct, within seconds, effect on membrane
potential and synaptic transmission. In addition, the varied
responses in the rapid and direct effects among strains of
LPS that were purified in the same commercial process
indicate that the structures of LPS from the various strains are
activating K2P channels and blocking glutamate receptors
differentially.
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