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Abstract

Gram-negative bacteria produce endotoxins in the form of lipopolysaccharides (LPS). The direct effect of LPS itself has not been well studied.
Peptidoglycan recognition proteins (PGRPs) are potential receptors for LPS in Drosophila and likely other arthropods whereas in mammals the
Toll receptors mediate a response by LPS. In larval Drosophila the myogenic heartbeatis dampened by LPS. The LPS exposure at larval Drosophila
glutamatergic neuromuscular junctions (NMJ) depresses the amplitude of evoked and spontaneous release, potentially blocking glutamate
receptors on the muscle. In contrast, LPS increases evoked response but not quantal events at the crayfish glutamatergic NMJ. In both mentioned
invertebrate NMJs, the muscle transiently hyperpolarizes to exposure of LPS and effects on evoked release are reversible with short exposures
to LPS. No effects of LPS on primary sensory neurons of crab or crayfish occur. Evoked responses at the cholinergic frog NMJs were depressed but
spontaneous quantal events were not. No hyperpolarization of the muscle was observed for frog or rat skeletal muscle from exposure to LPS. The
hippocampus of the rodent displayed a rapid depression in evoked responses but is reversible with short exposures. This was also mimicked for
sensory-CNS-motor nerve evoked responses in crayfish and larval Drosophila. The RNAi expression for PGRP-LC and PGRP-LE in Drosophila did
not alter the responses to LPS. The same dosage of LPS (500 pg mL™") from Serratia marcescens was used in all animal models. Thus, the effects
of LPS on synaptic function and skeletal/cardiac muscle is species and receptor subtype specific but not transmitter subtype specific.
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INTRODUCTION

Bacteria infect both animals and plants alike; thus,
organisms have developed various mechanisms to protect
themselves from infection and combat bacteria once beyond
the initial protective barriers or the first line of defence of the
body. The gram-negative bacterial strains, such as £scherichia
colj, Pseudomonas aeruginosa and Serratia marcescens are
linked to septicemia (i.e., blood or hemolymph borne
infections) in animals from invertebrates to humans'>. One
common mode of infection is consumption of plants and
animals, which can introduce various types of bacteria into a
diet; thus, due to the widespread presence of bacteria in
nature, various strains can be amplified and passed through
the food chainS. Different forms of bacteria have different
effects on a host’s immune system. Gram-negative bacteria
produce and release endotoxins in the form of
lipopolysaccharides (LPS)’. The different forms of LPS elicit
varying immune responses from a host. In mammals, the
induced immune responses results in raising levels of
circulating cytokines. The higher levels of cytokines amplify
the immune response and generate abnormal neural and
cardiac function that are almost always harmful to the
host®'".

The LPS-induced response of sepsis is well established
and results in degradation of skeletal muscles of mammals',
This is mediated by the release of cytokines into the systemic
circulation, as well as activation of cellular responses within
muscle exposed to endotoxins. Understanding these cellular
responses could potentially lead to treatments of pathological
aliments associated with systemic infection. Blocking
pathways, such as for NF-kB expression, in cultured muscle, as
well as muscles in rodents decreases the induced atrophy’s.
Activation of NF-kB and TNF-a induced by sepsis also inhibits
myogenic differentiation, which could impact muscle growth
and repair'. In addition to skeletal muscle being impacted by
sepsis, cardiac function can be severely impaired, with effects
ranging from muscle atrophy to electrical dysfunction in
mammals'>2,

Not only do the induced cytokines act on tissues, but LPS
itself can act directly on cells independently of the secondary
immune induced responses. The induction of the immune
response from gram-negative bacteria is caused by LPS, as
well as other associated peptidoglycans?'. Considering that
commercially obtained LPS is a mixture of LPS and associated
peptidoglycans, the effects of this mixture parallels the effects
induced on a tissue or in whole animal responses that are

exposed to gram-negative bacteria. Thus, it is essential to
understand the action of LPS and the associated
peptidoglycans released by gram-negative bacteria on cellular
function.

The LPS binds to a Toll-like receptor 4 (TLR4) known as the
CD14/TLR4/MD2 receptor complex in mammals?2%. These
receptors are conserved from insects to mammals?%. Despite
Toll receptors being discovered in Drosophila melanogaster,
the immune response does not appear to be mediated by
these receptors, but instead by the Immune deficiency (Imd)
signaling pathway®?%. The LPS and the peptidoglycan
layer in gram-negative bacteria trigger these Imd receptors,
yet the expression levels, locations and density of these
receptors in insects have not been fully identified. Likewise,
the physiological actions of activating these receptors on
tissues (heart, body wall muscles and nervous system)
have not been comprehensively investigated. The LPS has
recently been examined for direct effects on the larval
heart of Drosophila melanogaster and medicinal blow fly
(Phaenicia sericata) in a dose-dependent manner?, However,
responses varied between these two species of insects to the
same type of LPS%.

Recent studies have examined the acute effects
of LPS on cardiac function in insects and crayfish,
as well as on sensory-CNS-motor neuron responses in
crustaceans and Drosophila. Studies on the direct focus of
LPS have targeted the evoked synaptic transmission and
spontaneous quantal responses at the neuromuscular
junctions of amphibian, crayfish and larval Drosophila with
opposite effects. Thus, if one model preparation is
emphasized for the effects of LPS on synaptic transmission
at the NMJs, an incorrect generalization of responses may
occur.

This comparative review highlights not only the effectson
synaptic transmission at NMJs, but also the odd occurrence of
hyperpolarizing the membrane potential on the skeletal
muscles of some animals (i.e., invertebrates) but not others
(i.e., rodent). In addition, the effects on central circuits of
invertebrate and vertebrate models are examined and
discussed. Since the IMD receptors are assumed to be the
targeted mediators of LPS in Drosophila, preliminary
investigations embarked on using RNAi transgenic lines to
address the mechanism of action for the direct effects on
physiological functions. The novel results of these studies are
presented to help in addressing future studies. Lastly, this
review discusses potential future topics of interest to advance
this field of study.
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AMPHIBIAN NMJ: A CHOLINERGIC
JUNCTION

The NMJs of the frog skeletal muscle have been used as
a model for understanding synaptic transmission®®. An
additional benefit is that the synaptic properties mimic
mammalian skeletal NMJs in pharmacological and
electrophysiological properties®34, although there are
synaptic structural differences®**”. The neurotransmission
utilizes acetylcholine (Ach) as the transmitter and
nicotinic receptors on muscle. The commonly used frog
preparations (Rana ‘genus’, Lithobates pipiens. Xenopus
Jlaevis) are viable at a variety of temperatures since the
frogs are ectothermic and live in temperate
environments, making easy for laboratory
experimentation. In addition, a very basic physiological
saline maintains the synaptic preparation and muscle
function for up to 8 h.

Direct application of LPS from £ co/i and Sa/lmonella
typhimurium has been investigated for altering synaptic
function by Person®®*° on frog NMJs (species not identified).
LPS of different strains of £ coli (10 mg mL™") causes
different effects on the frequency of spontaneous quantal
events, also known as miniature excitatory junction
potentials (mEJPs). The effects are dependent of the
presence of extracellular Ca**. Two of the three £ colf
strains cause an increase in the frequency of the mEJPs.
Over time the frequency is severely reduced®.
The LPS from Sa/monella typhimurium (10 and 50 mg mL™")
increases the frequency of mEJPs and is followed by a
reduction in the frequency of mEJPs by 45% within an hour.
The amplitude of the evoked EJPs is rapidly reduced with
exposure to LPS, but the mEJPs are still present. Over an hour,
the frequency of the mEJPs did decrease substantially.
Thus, LPS from Sa/imonella typhimurium did not block the
Ach receptors. No effect of the resting membrane
potential was reported®“, Given the evoked EJPs decrease
gradually in amplitude, it is unlikely there is a failure in
blocking the induction of action potentials in the motor nerve.
Person*4% proposed that LPS is sticky and cannot be washed
off the preparation since he could not get recovery of the
evoked EJPs by exchanging the saline. Person4° therefore,
suggested that the voltage-gated Ca?* channels may be
compromised by LPS in the motor neurons of the frog, but at
the same time there maybe be a leak of Ca?* across the
membrane resulting in an increase in the frequency of the
mEJPs.

them

Saline

Fig. 1(a-c): Intracellular recording of evoked excitatory
junction potentials (EJPs) and spontaneous
miniature EJPs (mEJPs) in the cutaneous pectoris
muscle before, during and after exposure to
500 pg mL~! lipopolysaccharides (LPS) endotoxin,
(a) Evoked EJP and mEJPs are readily observed.
The stimulus artifact precedes the EJP, (b) Evoked
EJP does not occur with exposure to LPS after
10 min, however, the mEJPs are still present at a
low frequency and (c) After exchanging the saline
and removing LPS the evoked EJPs partially return

and mEJPs are still present
Source: Reproduced from McNabb er a/*

Repeating these studies with Northern leopard frogs
(Lithobates pipiens) and using the cutaneous pectoris
muscle* with LPS from Serratia marcescens (500 pg mL™"),
the evoked EJP amplitude is reduced rapidly to not being
measurable*?, However, even after 10 min of incubation in LPS,
theresponses return after exchanging the bathing media with
a saline not containing LPS (Fig. 1). Thus, it is unlikely this
strain of LPS is sticky. In addition, the frequency of the mEJPs
is not altered over the 10 min of LPS exposure*. Perhaps a
longer incubation time with LPS would have resulted in a
decrease in the frequency in the mEJPs, however, one must
also account for rundown in the frequency in the occurrence
with time in control preparations not exposed to LPS.
Thus, McNabb et a/* propose that LPS may directly block
voltage-gated Ca%* channels on the presynaptic motor nerve
terminal. The evoked responses can recover with short
exposure to LPS. The high concentration of 500 ug mL~" does
not result in a leaky presynaptic membrane for Ca?*, as no
substantial alteration on the frequency of the mEJPs was
observed within the 10 min exposure.
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CRAYFISH NMJ: A GLUTAMATERGIC
JUNCTION

Crustacean NMJs are still relevant as model synaptic
preparations to  address  structure-function  and
physiological properties of synapses. The availability of
freshwater crayfish in most locations and ease in
maintaining the isolated /n situ synaptic preparations at
room temperature with minimal salts to maintain
physiological viable preparations are likely the reasons for
the early use of crayfish for teaching physiology and
conducting experiments®*, The opener muscle in the
walking leg of the crayfish has been a focus for many years
due to the graded nature in EJPs and inhibitory junction
potentials (LJPs) within the muscle. Many discoveries occurred
using this preparation, such as presynaptic inhibition and
demonstrating short-and long-term facilitation synaptic
facilitation*-*2, In fact, the neural innervation of the muscle
was described very early in identified NMJs as compared to
other preparations®?. As with the frog NMJ, synaptic
transmission on the opener NMJ was recognized to be
quantal in nature®**, An interesting aspect of the opener
muscle is that it is innervated by a single excitatory motor
neuron; however, there are regional differences in muscle
fiber type and synaptic properties®*®°. Since the evoked
EJPs on the opener muscle are not spiking, as they do not
generate action potentials on the muscle, the graded nature
of synaptic transmission can be examined without having to
reduce the Ca?* or raising the Mg?* levels in the saline to
remain below a threshold of the action potential as for frog
preparations®,

As for synaptic
physiology using a crayfish NMJ, only one report has been
identified®’. In this report the muscle used was a deep
abdominal extensor which is a high-output phasic like NMJ
and is innervated by multiple excitatory motor nerve
terminals®2. In this study, LPS from Serratia marcescens
(2 ug mL=") was exposed to the NMJ. In contrast to the frog
NMJ, the amplitude of the EJPs increase within 3 min and
continued to increase for up to 10 min, at which time the
preparation was rinsed with fresh saline. The amplitude
of the EJPs decrease back to the initial amplitude prior to
exposure to LPS. In addition, the mEJPs increased in
frequency from 0.21-0.73 over 75 sec of exposure to LPS.
The mEJPs were obtained from the claw closer muscle. It
appears that the reported effects of LPS are from a single
preparation in the abdomen and a single closer muscle

the effect of endotoxins on

preparation in the claw as no sample size or statistical
analysis is reported in this study®’. By the shape of
the EJP in the trace shown in Parnas et a/®, it appears a
second EJP is riding on the increased amplitude of the
initial EJP after the exposure to LPS. Thus, one cannot be sure
that an additional excitatory motor neuron was recruited or if
a delay in vesicular recruitment occurred, promoting latency
jitter of the evoked response of the initial motor neurons
recruited.

In addressing the effects of LPS on the amplitude of
evoked EJPs and the frequency of mEJPs with a preparation
innervated by a single excitatory motor neuron, the
well-defined opener NMJ of the walking was utilized in a
report by Saelinger et a/*'. Exposure to LPS of Serratia
marcescens (500 ug mL™") increases the amplitude of the
evoked EJPs on average by 100% (p<0.05, Paired t-test,
n = 12) within 10 min of exposure. However, not all the
preparations demonstrate an increase in amplitude. Oddly,
there is no significant increase in facilitation of the evoked
EJPs within a train of 25 EJPs delivered at 40 Hz (Fig. 2a, b). In
addition, no significant change in the frequency of mEJPs or
amplitude of the mEJPs occur overall. Only one preparation of
six showed an increase in the amplitude of the mEJPs. Thus,
for the opener muscle LPS increases the evoked EJP
amplitude without increasing synaptic facilitation or having
any effect on the frequency or amplitude of the mEJPs within
10 min of exposure to LPS (Fig. 2c). It would appear LPS
promotes Ca%* entry with evoked transmission but not
enough toresultin afacilitation oranincrease in spontaneous
quantal events.

Saelinger et a/*! reported a novel finding for crustacean
muscles regarding the effects of LPS exposure on the resting
membrane potential (Fig. 3). Upon exposure to LPS, the
membrane potential rapidly hyperpolarizes and slowly
depolarizes back to the initial value over the 10 min of
exposure. Thus, the hyperpolarization of the muscle increases
the driving gradient for the evoked EJP and is likely partially
responsible for the increased amplitude of the EJPs. This
is not necessarily due to solely increased vesicular fusion
events, but more likely there is a combination of effects. The
large variation in the amplitudes of the mEJPs before and
during LPS exposure may have masked slight increases in the
driving gradient for producing larger quantal events.
Flushing away the LPS recovers the resting membrane
potential and this the driving gradient. This could also be a
reason for the amplitude of the evoked EJPs to return to their
initial values.
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Fig. 2(a-c): Effect of LPS exposure on the amplitude of the excitatory junction potentials (EJPs) measured in the opener muscle
of the crayfish first walking leg, (a) Stimulation at 40 Hz of the opener excitatory motor nerve induces an EJP train of
responses which facilitate, (b) Amplitudes of the 15th and 25th EJPs within a train increase with exposure to LPS
(500 uyg mL=") and (c
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DROSOPHILA NMJ: A GLUTAMATERGIC JUNCTION

The relative recent surge in use of the Drosophila NMJ for
investigating synaptic transmission has come about with
development of physiological salines and learning how to
expose and record from the NMJs in larvae and adults®*%, The
powerful amenable genetic attributes of Drosophila have
increased the drive to utilize this preparation®". Interestingly,
the pharmacology of the glutamatergic NMJ is similar to that
of the crayfish and the general anatomical properties of
low and high-output synapses (number of active zones and
proximity to each other) are similar to those of the crayfish’276,
The larval NMJ is readily accessible for measures in synaptic
transmission and like the crayfish opener NMJ, the muscle is
non-spiking in normal physiological conditions. Thus, quantal
analysis of synaptic transmission in measures of evoked EJPs
and mEJPs is obtained with intracellular recording or loose
patch recordings over defined regions of the nerve
terminals to relate to synaptic function with wild type and
strains containing mutational synaptic relevant proteins or
ones with reductions or over expression of normally functional
proteinss066.77.78,

The exposure of LPS to the larval Drosophila was first
reported by Cooper et a/’. Even though there are many
similarities in synaptic properties to the crayfish NMJ the
synaptic responses to LPS are in stark contrast. Exposure to
LPS from Serratia marcescens (500 pg mL™") rapidly
(within 1-2 sec) decreases the amplitude of evoked EJPs and
mEJPs (Fig. 4). Upon removal of the LPS, within 10 min of
exposure, the responses recover. Like for the crayfish muscle,
the larval muscle rapidly hyperpolarizes and slowly regain the
potential over 10 min of LPS exposure. The membrane
potential recovers quickly with removal of the LPS. The rapid
hyperpolarization can be as much as an additional 20 mV from
resting membrane potential of-60 mV (Fig. 5a). Thus, there is
an increase in the ionic driving gradient for the producing
larger amplitude evoked EJPs and mEJPs, but the rapid yet
graded decrease in evoked EJPs and mEJPs would imply that
the glutamate receptors are being blocked by LPS while the
muscle is hyperpolarizing (Fig. 5b). It is not likely the
presynaptic voltage-gated calcium channels are being
blocked, as the evoked and mEJPs gradually decrease in
amplitude. As for the explaining the mechanism for the
hyperpolarization there is no definitive answer except possibly
the Na-K pump or by a yet unknown mechanism. The cell
membrane potential slowly recovers by use of pumps and
exchangers to the initial state in the presence of LPS.

Inaddressing potential mechanisms, such asaninduction
of a calcium-activated potassium conductance, a Ca?* free
saline was used in the presence of LPS and the same response
occurred. Considering that the known TEA sensitive channel

LPS Serratia marcescens

Saline
500 ug mL~*

Saline

@

5mv

5mv

IR, WA R ST CHETRL, R R . A B

Fig. 4(a-c): Representative trace for exposure to LPS from
Serratia marcescens at 500 ug mL~" and enlarged
segments to highlight the changes in amplitudes
of the EJPs, (a) Overview of the evoked amplitude
of the EJPs and the muscle membrane potential
before, during and after removal of LPS, (b) Initial
EJP amplitudes and the spontaneous mEJPs are
readily observed and measurable and (c) During
the exposure to LPS the amplitude of both the EJPs
and mEJPs decrease and the mEJPs became so
small they are lost in the background noise and
(d) After removal of LPS the mEJPs and EJPs

gradually reappear upon removing the LPS
Source: Reproduced from Cooper et al”®

in larval muscle might be activated, a 20 mM TEA incubation
and then exposure to LPS with TEA was provided. Again, no
difference in the response to LPS was noted. Lastly, given LPS
can induce nitric oxide synthase (NOS) and induce
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Fig. 5(a-b): Representative effects on resting membrane
potential and EJP amplitude to exposure of LPS
from Serratia marcescens at 500 pg mL7,
(a) Resting membrane potential of the body wall
muscle hyperpolarizes with LPS exposure and
(b) LPS depresses the EJP amplitudes rapidly
during the hyperpolarization and is maintained

depressed even after 10 min of exposure

During the saline wash, removing LPS, the EJP amplitude starts to
increase, p<0.001, paired t-test to the initial depressed EJP
amplitude, Source: Reproduced from Cooper et a/”®

hyperpolarization in the membrane potential of rodent
cardiac muscle, L-NAME incubation, to inhibit NOS at 1 mM
along with TEA (20 mM) for 20 min prior to treatment with
saline containing L-NAME+TEA+LPS (500 ug mL™") was used,
but the response to LPS remain the same’. If a chloride
channel were to be opened in the muscle, the membrane
would depolarize as the equilibrium potential for ClI=in larval
Drosophila body wall muscles is more depolarized than the
resting membrane potential®®', Whatever the mechanism is
to account for the hyperpolarization of the body wall muscle
in larval Drosophila it may also be a similar mechanism to
account for the same response in the crayfish muscles
described above as the responses are just as rapid and the
slowly recovering of the potential during the exposure of LPS

is similar. Oddly, though the glutamate receptors are similar
pharmacologically in the crayfish and larval Drosophila NMJ,
the same concentration and batch of LPS from the supplier
(Sigma-Aldrich) appears to block the receptors at the
DrosophilaNMJ but not the crayfish NMJ.

RODENT SKELETAL MUSCLE-EFFECT OF LPS ON
MEMBRANE POTENTIAL

Considering the crayfish and Drosophila muscle had a
pronounced hyperpolarization but the frog skeletal muscle did
not upon exposure to LPS, it was important to examine what
would happen upon exposure of LPS to the membrane
potential of rat skeletal muscles. Since these have not been
previously reported, the methodology in the experimentation
needs to be presented.

Methods and results: All animal procedures were conducted
in accordance with guidelines for the care and use of
laboratory animals as approved by the Institutional Animal
Care and Use Committee of the University of Kentucky.
Rats were housed in a temperature and humidity-controlled
room and maintained on a 14:10 h light-dark cycle with
food and water ad /ibitum. Brown Norway/Fischer 344 rats
(10 months/450-550 g) were used. The extensor digitorum
longus were rapidly removed after the animals were
euthanized and maintained in physiological saline
(Lily’s solution®). The membrane potential was measured
with sharp glass microelectrodes (30 megaOhm resistance)
filled with 3 M potassium acetate. A 1% agar bridge with the
physiological saline was constructed using a micropipette
plastic tip. This prevented DC changes on the ground wire
located within the agar when changing the bathing media.
The membrane potentials were obtained within the
mid-region (i.e., endplate region) in the length of the fibers
before and during exposure to LPS from Serratia marcescens
(500 pg mL™"). The membrane potentials did not show any
significant differences before and during LPS exposure
(p>0.3, n =6, paired t-test).

The values for the resting membrane potentials, before
exposure to LPS (Mean=®SEM, 80.2£2.4 mV, n = 6), obtained
are similar to those reported previously (-76.6+0.4 mV) for
recording under the endplate of soleus muscle from male
Wistar rats (180-230 g). Thus, it appears the rodent and frog
skeletal muscle do not undergo hyperpolarization, unlike the
body muscles of crayfish and larval Drosophila, when exposed
to LPS from Serratia marcescens (500 ug mL=") within 5 min
of exposure.
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RODENT CNS-SLICE PREPARATION OF THE HIPPOCAMPUS

Previous literature has demonstrated the role of LPS
as a potent pro-inflammogen with the ability to induce
neuroinflammation and recruit proinflammatory cytokines
like interleukin-1 (IL-1) and tumor necrosis factor alpha
(TNF-ax)8+%8, A high density of IL-1 receptors has been observed
in the hippocampus, where activation inhibits long-term
potentiation (LTP) and reduces associated calcium influx®,
These authors, as well as others, have proposed a mechanism
whereby reduction in calcium flux through ryanodine
receptors®', NMDA and voltage-gated receptors® may mediate
the impact of LPS under chronic cerebroventricular exposure.
Other mechanisms proposed to mediate the negative impact
of LPS on hippocampal function have unmasked the role of
astrocytic calcium oscillations® and microglial activation®*%,
While neuroinflammation has been recognized as a key
promoter of neurodegeneration, almost all previous work
has been conducted using chronic exposures to neurotoxins
/n vivo. Thus, it was important to characterize the impact of
acute LPS exposure on rodent central neurons using the
hippocampal slice preparation. The same LPS was utilized
(at concentrations used in the experiments presented
throughout this review) to determine the effects of LPS on
synaptic activation using field recordings.

Materials and methods

Slice preparation and sharp electrode electrophysiology:
Eight adult (10 months) male and female wildtype mice
(C57BL6.5XFAD-/- and C57BL6.ALDH2-/-) were used in this
study. Brains were removed and incubated in ice cold low
calcium (0.1 mM), high magnesium (8 mM) artificial cerebral
spinal fluid (ACSF). The 350 um thick coronal slices from the
dorsal hippocampus were sectioned and incubated in normal
calcium ACSF of the following composition (in mM): 114 Nadl,
3KCl, 10 glucose, 1.25 KH,PO,, 26 NaHCO,, 2 CaCl, and
2 MgCl,. Incubation was accomplished at 32°C in an
interface-type chamber providing humidified oxygenation
(95% 0,/5% CO,) for at least 2 h. Each slice was placed in a
recording chamber (RC-22, Warner Instrument) capable of
maintaining the tissue under static or flow (perfusion)
conditions. A bipolar stimulating electrode and an SD9
stimulator (Grass) were used to stimulate the Schaffer
collaterals and a recording electrode was placed in Stratum
pyramidale to record population spikes. The recording
electrode was filled with 1 M potassium methyl sulfate
(KMeSO4) and 10 mM HEPES. Signals were amplified and
digitized (~5-10KHz), AxoClamp-2BAxonTM; Digidata® 15508.
Data was processed and analyzed through Clampex V10.7.

(@ [ Exampleof 1/0

Population spike measurement

Fig. 6(a-b): Example of population spikes and measurement,
() Increases in stimulation intensity give rise to
larger population spikes and (b) Amplitude of the
population spike for each trace was measured from
the middle of the top diagonal dashed line (top of
EPSP) to the apex of the peak

A total of 15 hippocampal slices were recorded and used to
conduct these experiments. The n’s reported reflect the
number of slices recorded under each condition. Two slices
were removed from the analysis (based on>2SD) due to
hyperexcitability.

Synaptic excitability and 1/0 measures: To determine the
synaptic excitability of each slice, synaptic activation was
elicited with increasing voltage (I/0) ranging from 5-36 V
(every 10 sec). This protocol produces a reliable increase inthe
EPSP and the population spike amplitude as more axons are
recruited (Fig. 6a). The I/O curves were repeated once every
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Fig. 8: Effect of vehicle and LPS on synaptic activation

Means of I/Oslopes across both groups (vehicle, n =6, LPS, n =7) were
compared every three minutes over 3 recording conditions (flow, static
and flow). Synaptic activation was significantly attenuated in the LPS
group. Impact of LPS on synaptic communication was relatively
reversible in the time frame studied Mean=SEM are shown, *Significant
differences between the control and LPS groups at p<0.001, pound
signs indicate trends at p = 0.0536

3 min for 24 min (9 measurements). All data were acquired
under 3 different conditions: (1) During ACSF perfusion
(1 mLmin~") with no drug added, (2) with either LPS or vehicle
administration under static condition and (3) During ACSF
washout. The LPS (Serratia marcescens) was made daily in
fresh oxygenated ACSF at 50 mg mL~! and diluted 100X
in the recording chamber to yield a final concentration of
500 ug mL~". The amplitude of each population spike was
measured (Fig. 6b) for each voltage and the slope of the

resulting 1/0 from the different voltages used was
extracted using a linear fit (Fig. 7). Only the linear portion
of the I/0 was fit to derive the R? and the slope of the
relationship for each slice. To investigate the stability of our
recordings across time, given that each experiment lasted
approximately 30 min, 1/0 slopes were measured of the
population spike at time 0 and 6 min later (Fig. 7). All
values of R? were greater than 0.9 and no difference in the
slopes were noted.

Results: |/0 slopes determined across ~25 min of recording
under perfusion and static conditions were averaged for each
treatment group (Fig. 8). A strong and rapid synaptic
depression (~65-75%) occurred upon LPS administration
and persisted throughout the duration of the LPS exposure
[F1.125=19.820, p<0.001, asterisk Fig. 8]. Neither time, nor flow
conditions altered the 1/O slope across groups. Washout
experiments provide evidence for small recovery of the
synaptic communication (indicated as a trend in Fig. 8).

Discussion: In summary, LPS depressed the evoked field
potentials within 9 min of exposure and a trend for recovery
upon removal of the LPS was seen. This partial recovery is
similar to that seen at the NMJs of the crayfish, Drosophila and
frog models (chapters 2-4). The mechanisms underlying the
synaptic depression seen at the hippocampal synapse may
well depend on a glial involvement (i.e., astrocytes, oligo)
including the release of cytokines (TNF-a and IL-1) through
activated nuclear factor kappa B (NF-xB)*1%2,

Unfortunately, few, if any, studies have investigated the
impact of acute LPS on synaptic excitability and
communication in the hippocampus. Using
synapse-associated protein levels to infer on synaptic
function (e.g., SYN and PSD-95), several groups have found
that LPS could reduce SYN and PSD-95, perhaps highlighting
the phenomenon reported here. This effect could be rescued
by pretreatment with the cholinergic drug galantamine'®,
Similar ~ findings were also shown when the
anti-inflammatory/anti-oxidative ~ drug  juglanin  was
administered in a mouse model of parkinsonian-like
symptomsinduced by LPSand an increase in synaptic markers
SYP, PSD-95 and SNAP-25 was observed'®. Further, the
anti-inflammatory drugs anthocyanins and ferulic acid
appear capable of upregulating pre-and post-synaptic
proteins that were initially reduced by LPS exposure!%51%,
It remains to be determined if the acute reduction in synaptic
communication reported here relied on alterations in similar
synaptic proteins.
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It should be noted, however, that other reports have
indicated opposing actions of TNF-a in models of neuronal
injury associated with cell death. In these studies, TNF-a
appearsas a potent up-regulator of AMPA receptor trafficking,
perhaps initiating excitotoxicity following injury®197-1% Similar
inflammation-mediated mechanisms have been proposed to
interact with glial and neuronal excitotoxicity in models of
clinical depression'®. Whether these proposed mechanisms
are direct effects of TNF-a on neurons or glia, or are
dependent on both cell types is still unknown. However, it
seems unlikely that LPS may have had a direct effect on
neurons independently from glial cells in our experiments, as
both cell types express various associated inflammatory
cytokine receptors'®, In fact, TLR4 receptors are located on
microglia, astrocytes and oligodendrocytes, as well as
neurons'®M [t should be noted that direct effects on
neurons, independent from those on glial cells, have been
reported in hippocampal neurons in culture'. In this work,
the authors showed that LPS (1 ug mL™", Escherichia col))
increases neuronal cytosolic [Ca?*] and promote cell death in
older cultures without alterations in surrounding glial cells.
These responses were only partially reduced by blocking
NMDA receptors with high concentrations of MK801,
suggesting NMDA receptors may not be critical to
LPS-mediated cell death.

In conclusion, while it cannot be directly addressed the
mechanism of the synaptic depression presented here, the
acute and semi-reversible effect of LPS appears to be
independent of excitotoxicity and cell death. The results
associated with acute exposure of the hippocampal slice to
LPS could help elucidate new signaling pathways and
highlight worthwhile techniques for understanding the
mechanism underlying clinical depression.

DROSOPHILA AND CRAYFISH CNS-SENSORY
TO CNS TO MOTOR NEURONS

In addressing the sluggish sensory responses in larval
Drosophila consuming food tainted with LPS, an evoked
sensory-CNS-motor neuron circuit was examined before and
during exposure of the circuit acutely to LPS'®. Exposure of
LPS (Serratia marcescens) at 100 or 500 pug mL~" rapidly
depressed the evoked neural circuit (Fig. 9a). This action
potentially explains the reduced responsiveness in the intact
larvae to sensory stimuli when fed LPS. The effects on the in
situ central circuit are reversible with short (10 min) exposures
and flushing with fresh saline. Thus, this suggests some direct
actions on neurons and synaptic transmission within the
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neural circuit. It is known the sensory neurons in larval
Drosophila are cholinergic with both muscarinic and
nicotinic receptors residing in the larval CNS but exactly where
the receptors are in the circuitry used in this study are
unknown'7-121 The nicotinic-cholinergic receptors at the frog
neuromuscular junction showed no responsiveness to LPS, as
spontaneous quantal responses were present while evoked
responses where depressed (see above section on frog NMJ).
This indicates nicotinic-cholinergic receptors are spared by
direct influence by LPS during acute exposures. However,
the presynaptic nerve terminals may not respond to
depolarization as it appears for the frog NMJ.

Since the neural circuitry of Drosophila share some
similarities with the crayfish in that sensory neurons are also
cholinergic and there are local segmental circuits, an
established sensory-CNS-motor neuron circuit'?>'2 was also
examined in the crayfish model to access the effects of LPS
exposure, Like for the larval Drosophila CNS preparation, the
direct exposure to LPS (Serratia marcescens) on an in situ
sensory-CNS-motor circuit produces a decrease in recruiting
of the motor neurons at 500 ug mL~" (Fig. 9b, c). No effect was
noted at 100 ug mL~" over a 10 min exposure. The depressed
neural circuit continued to be reduced with longer
exposure of 20 min. Activity does not recover with removal
of the LPS and extensive flushing with fresh saline*'. It is not
established where the site of action for LPS is within this
sensory-CNS-motor neuron circuit. However, given the
reduced activity of the motor nerve over the 10 and 20 min, it
is likely not blocking cholinergic receptors within the circuit or
blocking the ability to evoke action potentials in the
stimulated sensory neurons. Potentially, there may be
alterations in membrane potential of the neurons or slowly
mediated responses to LPS altering membrane resistance of
the various neurons within the circuit.

PRIMARY SENSORY NEURONS OF CRAYFISH AND CRAB

Given that the sensory-CNS-motor neuron circuits
examined in the larval Drosophila and crayfish mentioned
above demonstrated a depressed response with acute
exposure to LPS it was important to examine if primary
sensory neuron are affected by LPS. Stanback et al'?*
addressed, in well-established electrophysiological models of
primary sensory neurons of a freshwater crayfish and a marine
crab, if LPS altered sensory transduction and electrical activity.
The blue crab (Callinectes sapidus) offered another
crustacean model to examine for the potential effects of LPS
On sensory neurons.
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Fig. 9(a-c): Effect of LPS exposure on

the evoked sensory-CNS-motor neural circuit and synaptic transmission at the
neuromuscularjunctionin 3rd instar Drosophila larvae and of a crayfish, (a) A stimulus train delivered to sensory roots
of larval Drosophila every 10 sec before and during LPS exposure evoked a motor nerve recruitment which was
indicated by the evoked EJPs measured in muscle 6. Average percent change in EJP frequency in response to 10 min
of LPS exposure for 100 and 500 ug mL=". The mean (=SEM) percent changes are shown as bars along with the
changes in the individual preparations. The individual preparations are offset from each other in order to prevent
overlap. The outlier at 400% increase for the 100 ug mL~! was removed for additional analysis of a mean (=SEM) as
seen in the hatched bar graph, (b) 500 ug mL~" exposure to the neural circuit in the crayfish abdomen while providing
sensory stimulation resulted in depressed neural activity. The average number of spikes recorded for each preparation
for each condition over 10 min is shown and (c) Percent changes in sensory to motor nerve activity prior and after to
LPS exposure. The 500 ug mL~" resulted in depressed activity 10 min after flushing of the preparation with saline not
containing LPS (p<0.05, ANOVA)

Lines represent individual preparations and different symbols are depicted to separated out the various preparations. Source: Reproduced from
Istas et a/''® (a), Saelinger et al*' (b, )

The sensory neurons utilized in the crab were of the
joint proprioceptor in the distal walking leg segment. This
proprioceptive chordotonal organ, referred to as the
propoditedactylopodite (PD) chordotonal organ, monitors
joint activity by the rate of movement and static position of
the joint between the propodite and dactylopodite leg
segments. This proprioceptive organ contains both
dynamically sensitive neurons, meaning that they fire only
throughout the primary movement and statically sensitive
neurons, which fire during the held various joint
positions'?1%, In the crayfish, the abdominal muscle receptor
organ (MRO), which is analogous to the human muscle
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spindle, was utilized. In the MRO there are also two main types
of sensory neurons, similarly to the crab PD organ. There are
rapidly adapting and slow adapting sensory neurons, but each
are associated with their separate muscle fibers™0131, In
contrast, the sensory endings for the crab PD organ are
embedded in a single chordotonal strand. The cell bodies
are in close proximity to the sensory endings in these
preparations. Thus, the sensory endings, cell bodies and axons,
along with the locations where the site of spike initiation
occur, are exposed to the bathing saline. The activity of the
neurons was measured with suction electrodes of the cut
nerves while moving and holding the various joints in
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Fig. 10(a-b): Activity of the PD organ before and during

exposure to LPS from Serratia marcescens

(a) Activity of the initial displacement within 1 sec. The dynamic
displacementwas significant n=7,p<0.05 non-parametric sign
test, the effect of 500 ug mL~" for 6 preparations are shown.
The activity decreased as a result of LPS exposure. (b) Overall
percent changes of the averaged (+=SEM) values for activity in
saline to LPS, source: Reproduced from Stanback et a/'**

positions before and during exposure to LPS. In these set of
experiments conducted by Stanback et a/'*, two form of LPS
were examined. Application of LPS from Serratia marcescens
(500 pg mL™") and Pseudomonas aeruginosa (500 ug mL=")
were examined individually as well as in a cocktail of the two
combined (each at 500 ug mL™").

There was no effect of either strain of LPS or the cocktail
on sensory transduction and overall activity for the crayfish
MRO preparation over 10 min of exposure. However, the
activity of the dynamic sensory neurons of the crab PD organ
did decrease in activity for Serratia marcescens (Fig. 10), but
not for Pseudomonas aeruginosa or the cocktail of the two.
The sample size of these studies was relatively low
(n=6for each condition) and the effects were not drastic, but
still convincing due to the trends. Longer incubation time
and inducing evoked activity during exposure may relieve a
different outcome. The discovery that LPS has a greater effect
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on the dynamic sensing neurons than the static position
sensitive neurons may have to do with the slight changes in
the bursting activity during the one second movement as
compared to the static neurons firing over 8 sec. Minor
changes in a smaller number of recorded extracellular spikes
may be accentuated in the calculated percent changes to the
effects of LPS.

CARDIOVASCULAR EFFECTS-DROSOPHILA AND CRAYFISH

The heart of Drosophila is used as a developmental and
physiological model in research as it is myogenic and
electrically paces as well as the organism is amenable to
genetic manipulation21%, Interestingly, the larval Drosophila
heart tube is myogenic in a late stage of embryogenesis and
by the late 3rd instar becomes neurally innervated''. In the
adult, the heart is neurally influenced. Due to the ability to
regulate what s expressed in cardiac tissue in the larval heart,
it has served as the experimental model to understand
mechanisms that control physiological function and provide
a unique opportunity to evaluate novel experimental
techniques, such as with expression of light sensitive ion
channels and pumps to provide optogenetic techniques to be
implemented and tested?'%, Since the myogenic heart of
mammalsis also altered inits electrical function in septicemia,
it is of interest to investigate how the larval heart rate and
physiology is altered by bacterial infection and exposure to
LPS directly'#'46, The larval heart tube circulates hemocytes,
which act as the innate immune defense system, as well as
bacteria and LPS present™. A recent study® compared the
effects of application of LPS from two common bacterial stains
(Pseudomonas aeruginosa and Serratia marcescens), known
to be a cause septicemia in humans and other mammals'&'31,
directly on the exposed heart tube. In addition to
investigating Drosophila melanogaster, the larvae of a
blow fly (Phaenicia sericata) was used in comparison since it
is used in medical therapy for debriding dead tissue, which
can be exposed to high levels of bacterial endotoxins. There is
a dose-dependent effect with LPS exposure on heart rate in
Drosophila, but not for the blow fly. Additionally, the effects of
a cardiac modulator (i.e., serotonin'?'>3) was examined for
differential function of serotonin alone or in combination with
LPS?%, Since the heart rate in larval Drosophila is very sensitive
to the extracellular free calcium concentration lowering the
concentration reduces heart rate. If LPS exposure resulted in
a leaky membrane to Ca?* ions a change in the heart rate
would be more apparent with a lower rate than when it is
beating at a fast rate with a higher concentration of calcium
levels. This experimental approach was also examined in the
study by Anyagaligbo et a/®.
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forms of LPS

Heart rate (HR) is reported as beats per minute (BPM), source: Reproduced from Anyagaligbo et a/?®

In this past study, it was demonstrated that direct
exposure to LPS from two common strains of Gram-negative
bacteriais able toinduce changes on the heart rate of the fruit
fly (Drosophila melanogasten and blowfly (Phaenicia sericata)
larvae. The effects of LPS on HR are dosage and time
dependent (Fig. 11). In addition, the extracellular [Ca?*] alters
theresponsiveness to LPS. The HR of Drosophila melanogaster
is very sensitive to very low extracellular [Ca?*] and cannot be
electrical induced to contract; however, the blow fly heart
continues to function in very low extracellular [Ca**] and can
be electrical stimulated to beat. The LPS induces a small
transient hyperpolarization in cardiac muscle. The heart of
larval Drosophila melanogaster remains sensitive to
modulation by 5-HT with exposure to high levels of LPS,
indicating that LPS does not likely deplete internal stores of
Ca?* from the ER and that the LPS does not block the 5-HT
receptors or the 5-HT activated second messenger
cascade (Fig. 12).

Since serotonin activates phospholipase CB (PLC),
which results in the release of internal Ca** from the
sarcoplasmic/endoplasmic reticulum™”'> it does not appear
the exposure to LPS blocked this response as the exposure to
serotonin, in the presence of LPS, still lead to substantial
increases in the heart rate. The LPS exposure in a bathing
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media low in free Ca?* ions, lead only to slight further
reductions in heart rate as compared to the presences of a
higher extracellular Ca?* concentration. Since only a slight
reduction in heart rate occurred with exposure to LPS with
lowered Ca?*, as compared to a substantial decrease in rate
with higher extracellular Ca?*, this implies that LPS may
block Ca?* entry as a mechanism to maintain the higher
heart rate or that LPS promotes a Cl-influx or a K+efflux from
the heart muscle. It is not known if the equilibrium potential
for CI~ is more depolarized than the resting membrane
potential in the larval heart as it is for the larval skeletal
muscle®.In general, a hyperpolarization or blocking Ca?* entry
induced by direct action of LPS would result in a slowing of
the heart rate.

As for investigating the /n situ sensory-CNS-motor unit
function mentioned above for the crayfish, addressing intact
cardiac function and survival of the crayfish allows for an
integrative approach on the whole animal to the effects
of LPS exposure. Since the heart of the adult crayfish is
neurogenic, requiring neural control for beating, any
alterations in the neural circuitry involved with pacing the
heart will be noted in recording of the heartbeat. The heart
rate in crayfish is relatively easy to measure with an
impedance technique'’ and the influence of an injection of
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Fig. 12(a-b): Effect of LPS on heart rate and a combination of LPS with serotonin in two species of larvae, (a) Drosophila
melanogaster and (b) Phaenicia sericata. In both species a saline with reduced Ca?* from 1-0.1 mM is used to slow
down heart rate but only Drosophila melanogaster showed a reduction. In the presences of low Ca?* LPS continued
to reduce the Heart rate for the most of the Drosophila larvae but had little effect on Phaenicia sericata.
With 0.1 mM Ca?* combined with serotonin (5-HT, 100 nM) and LPS, heart rate increased for (a) Drosophila

melanogaster but not (b) Phaenicia sericata
Source: Reproduced from Anyagaligbo et a/*

LPS into the hemolymph on heart rate acutely or over days
can be obtained. Saelinger et a/*' conducted such
experiments on the red swamp crayfish with two
concentrations (500 and 5,000 ug mL™") of estimated
circulating levels of LPS from Serratia marcescens.

The injection of the vehicle control (saline only) and
500 pg mL~" did not have a greater effect on heart rate,
however, the 5,000 ug mL~" produce a rapid increase in heart
rate within 5 min and was maintained at a high rate over*' the
next 12 h. The crayfish injected to a level of 5,000 ug mL~" died
within 24 h, whereas, the saline and lower level LPS-injected
crayfish were still alive after 2 weeks at which point, they were
not observed any longer (Fig. 13).

Since the effect of LPS exposure of the in situ
sensory-CNS-motor unit in crayfish (mentioned above)
resulted in a depression in activity, it does not appear that the
neural circuit controlling the heartbeat was depressed.
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However, it is feasible that an inhibitor branch of the cardiac
neural circuit was depressed more than the excitatory input
which would lead to a heighten heart rate. A necropsy of the
crayfish would have been beneficial to examine if the
hemolymph may have clotted due to the innate immunity of
crustaceans and horseshoe crabs'. If this were the case, then
potentially the gills could be clogged resulting in a reduction
in oxygen carrying capacity. If there is a cardiovascular
compensation to potentially deliver oxygenated hemolymph
then heart rate may increase. Crayfish have well-established
neural control of the autonomic nervous system for
integrating respiratory and cardiac function in various
physiological states'>', It remains unknown at this time why
the crayfish exposed to high concentration of LPS exposure
died but it is possible that other systemic effects induced by
endotoxins such as cytokines, not yetidentified in crustaceans,
could be a factor.
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CURRENT STUDIES UNDERWAY TO ADDRESS
THE MECHANISM OF ACTION BY LPS

Genome analysis of Drosophila revealed 13 PGRPs with
only three of the identified linked with the immune
response’'®®16!, Of these three PGRPs (PGRP-SA, PGRP-LC and
PGRP-LE), PGRP-LC and PGRP-LE have been shown to respond
to Gram negative bacteria'®'®3, The location and function of
these proteins in various tissues of larval Drosophila has not
yet been fully characterized. However, RNAi expressing lines
have been developed by the Drosophila Transgenic RNAI
Project (TRiP) at Harvard Medical School to knock down the
protein expression of both PGRP-LC and PGRP-LE'®*, This will
allow for the examination of physiological tissues of interest
and their response or lack of response to direct exposure to
LPS to determine functional significance of these PGRPs to
LPS. The signaling pathways of these PGRP receptors are being
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addressed specifically in how they potentially alter functionin
the presynaptic terminal to effect synaptic transmission'®.
It is known that the immune deficiency (IMD) pathway is
involved in the downstream cellular cascade activated by
PGRP-LE and PGRP-LC receptors'ss,

Research findings of this study examined the effects of
knocking down expression of peptidoglycan recognition
proteins (PGRPs) PGRP-LC and PGRP-LE of body wall muscle,
cardiac muscle, as well as, motor neurons via RNAi-mediated
genetic approach. This will help to determine if this will block,
in part or all, the direct acute actions of LPS and associated
peptidoglycans from Serratia marcescens as previously
reported. This present study is significant in aiding to identify
the direct actions of LPS on targeted tissues in understand the
actions independent of initiating an acquired or innate
immune response. This may lead to potentially better
approaches to combat bacterial infections in a wide range of
organisms as well as understanding the basic physiological
responses induced by LPS. Since this is a novel set of
experiments and results, detailed methodology and results
sections follow.

Methods

Larval Drosophila melanogaster. The RNAi knockdowns
of PGRPs were accomplished in muscle by crossing
homozygous virgin females bearing the mesoderm driver
24B-Gal4 (Bloomington Drosophila Stock Centre or BDSC
stock # 1767) to the males of dsRNA for RNAi of PGRP-LC
({TRiP.HMS00259} BDSC #33383) or PGRP-LE ({TRiP.HMC05031}
BDSC #60038). The motor neuron driverD42-Gal4
(BDSC # 8816 was crossed with the same dsRNA stocks to
address the potential actions of LPS on motor neurons.
These studies were conducted in May-August, 2019 at
University of Kentucky, USA.

Electrophysiology in 3rd instar larvae: Fly saline
hemolymph-like 3 (HL3)%'%” was used: (in mmol L=") 70 Nadl,
5KCl, 20 MgCl,, 10 NaHCO;, 1 CaCl,, 5 trehalose, 115 sucrose,
25N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonicacid (BES)
and pHat 7.1

The early 3rd instar larval body wall muscle m6 was used
to monitor the transmembrane potentials with sharp
intracellular electrode (30-40 megaOhm resistance) filled with
3 M K-acetate. An Axoclamp 2B (Molecular Devices,
Sunnyvale, CA, USA) amplifier and 1 X LU head stage was
used. The EJPs and spontaneous mEJPs were collected and
analyzed with LabChart 7.0 (ADInstruments, USA) as
previously detailed”.
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The LPS was dissolved in saline prior to use and was
readily exchanged over the dissected preparations during the
recording of evoked EJPs and mEJPs. Exposure to LPS for
10 min was used followed by changing the bathing saline 3 or
4 times with fresh saline not containing LPS. The total volume
of the chamber is only 1 mL which is fully exchanged when
switching the media. The LPS from Serratia marcescens was
used. The LPS and chemicals used for saline were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Acute 10 min
direct exposure of /n situ NMJs to saline containing LPS
(Serratia marcescens) at 500 ug mL=" was used to compare to
previous published reports for comparison in the action of
LPS. Data were recorded as percent change from a saline
solution to a saline solution containing the compound to
normalize among preparations.

Heartrate measuresindissected larvae: Only early 3rd instar
larvae were used (50-70 h post hatching). This stage was easily
identified due to the small size of the Drosophila larvae
(~5 mm) and the dissection to expose the heart tube is
relatively feasible without damage. All larvae were maintained
at room temperature ~21°C in vials partially filled with a
cornmeal-agar-dextrose-yeast medium.

The general larval dissection technique to expose the
larval heart tubes has been previously reported'. In brief, the
larvae were dissected ventrally and pinned on four corners.
The visceral organs were removed keeping the heart tube
intact. This dissection technique was previously used to
directly assess pharmacological agents on the heart of
Drosophila larvae®”199170 The dissection time was roughly
3-6 min and the muscles were allowed to relax while bathed
in saline for 3-5 min after dissection. The heart rate was
monitored and recorded after the initial dissection, after
bathing 30 secin LPS, after T min in LPS, after 5 min in LPS and
lastly after 10 min in a saline wash as previously performed for
monitoring actions of LPS on DO. melanogaster, Canton-S
strains®.

Statistical analysis: SigmaPlot (version 13.0) was used for
graphing and statistical analysis. The electrophysiological
analysis is presented as raw values and percent change from
control (saline) or from LPS exposure to washout. There is
considerable variation among baseline heart rates from
preparation to preparation. Thus, raw values as well as percent
changes are used. The paired t-test and non-parametric sign
test were used for statistical analysis. A p<0.05 was considered
as statistically significant.

16

Results

Effects of LPS on heartrate: The transit increases in HR noted
in Canton S with exposure to LPS also occurs for RNAi of
PGRP-LE and PGRP-LC in the crosses with 24B (Fig. 14). The
increase is short lived with just 1-2 min before the rate
decreases. Control experiments of exchanging saline with
saline as well as a dose-response (1, 100 and 500 pg mL~") of
LPS from Serratia marcescens exposure to the Canton-S strain
were reported earlier?. As previously reported, an exchange
of saline to saline does not result in a rapid rise in heart rate.
Individual preparations are shown over time, as well as, an
average (=SEM) of all preparations for each strain. As shown,
there was individual variation in the HRs. However, a general
trend in the response to LPS exposure was seen to be the
same among individual preparations and indicated by
significant increases in HR within the initial 1 sec after
changing the bathing saline to one containing LPS for
Canton-S (Fig. 14a), RNAi-PGRC-LE (Fig. 14b) and
RNAI-PGRC-LC (Fig. 14c) (paired t-test, p<0.05, n = 10).

Effects of LPS on synaptic transmission and membrane
potential with RNAi expressed in muscle: The wild type
Canton Sstrainis known to show a transient hyperpolarization
in the membrane potential of the body wall muscle and a
decrease in the amplitude of the evoked EJP”. To examine
if the PGRC-LC and PGRC-LE receptors mediate the
hyperpolarization of the body wall muscles, RNAi was targeted
for these receptors in the body wall muscles using the 24B
line. Just as LPS (500 pug mL~") results in the transient
hyperpolarization in the body wall muscle (Fig. 15a, b, paired
t-test p<0.05, n = 6) and depression of the evoked EJP
amplitude (Fig. 15¢, paired t-test p<0.05, n = 6) for Canton S
(Fig. 15a), the same trends are also observed in the transit
hyperpolarization in the body wall muscle (Fig. 16a, b
(paired t-test p<0.05, n = 6) and depression of the evoked
EJP amplitude (Fig. 16¢, paired t-test p<0.05, n = 6) for
RNAI-PGRC-LE (Fig. 3a) and transit hyperpolarization in the
body wall muscle (Fig. 17a, b (paired t-test, p<0.05, n = 6) and
depression of the evoked EJP amplitude (Fig. 17¢, paired t-test
p<0.05, n = 6) for RNAi-PGRC-LC (Fig. 17a).

Effects of LPS on synaptic transmission and membrane
potential with RNAi expressed in motor neurons: In
examining if the decrease in the evoked EJP amplitude
induced by LPS was a result of a response mediated by the
PGRC-LC and PGRC-LE receptors on the motor neurons, the
RNAi lines were expressed in the D42 strain which targeted
motor neurons. Just as for the RNAi lines targeted in body wall
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Fig. 14(a-f): Changes in heart rate with exposure to LPS (500 ug mL~") over time. (a, b) Individual preparations are shown with
a line and different symbols in the left panels and a mean value (=SEM) of HR among all preparations in the right
panel for Canton-S, (c, d) RNAi-PGRC-LE and (e, f) RNAIi-PGRC-LC. In all Drosophila strains LPS resulted in a rapid
increase in heartrate upon adding LPS and over time heart rate decreased. (*Paired t-test p<0.05, n = 10for the saline

to the first second of LPS exposure)

muscles, LPS (500 ug mL~") results in similar responses with a
transit hyperpolarization in the body wall muscle and
depression of the evoked EJP amplitude (Fig. 18a, 19a).
Transit hyperpolarization in the body wall muscle (Fig. 18a, b,
paired t-test p<0.05, n = 6) and depression of the evoked EJP
amplitude (Fig. 18c, paired t-test p<0.05, n = 6) occurred for
the RNAI-PGRC-LE and for RNAi-PGRC-LC (Fig. 19a-c, paired
t-test p<0.05, n = 6).

Since there was some variation among preparations, a
percent change in the initial values in saline to the maximal
response by LPS was obtained. The average percent changes
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(£SEM) among the strains are shown (Fig. 20). There were no
significant differences among the strains for changes in
membrane potential or the changes in the amplitude of the
EJPs (One way analysis of variance p>0.05).

Discussion: The use of the RNAi lines for the peptidoglycan
recognition proteins (PGRPs) PGRP-LC and PGRP-LE in body
wall muscle, cardiac muscle and motor neurons did not reveal
any differences in responses to the commercial LPS from the
RNAi lines for PGRP-LC and PGRP-LE expressed in either 24B or
D42 or responses in the Canton S strain.
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of the larval body wall muscle in Canton S, (a) A representative trace illustrating the transit hyperpolarization of the
muscle and reduction in the EJP amplitudes with exposure to LPS, (b) Transit hyperpolarization in the body wall
muscle is shown for each preparation with different lines before and after application of LPS (Paired t-test p<0.05,
n = 6) and (c) Depression of the evoked EJP amplitude before and acutely after LPS when the membrane potential

is the most negative (Paired t-test p<0.05, n = 6)

From the genomic analysis 13 PGRPs receptors were
identified, but in previous studies only three (ie. PGRP-SA,
PGRP-LC and PGRP-LE) demonstrated an immune
response’®1® |t was established that only the PGRP-LC
and PGRP-LE responded to exposure of Gram-negative
bacteria’2'%, The RNAI expressing lines constructed by the
Drosophila Transgenic RNAi Project for both PGRP-LC and
PGRP-LE were used for specific expression in mesoderm
(body wall and cardiac muscle) and motor neurons. Since it
was shown that there were not any differences in the acute
responses to LPS, it is feasible that the peptidoglycans
associated with Serratia marcescensused in this study are not
acting through PGRP-LC and PGRP-LE receptor subtypes.
Alternative explanations for the lack of differencesin response
are that the RNAi knockdown larvae may retain sufficient
activity to mediate a normal response or that the two
receptors are redundant in interacting with LPS.
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The depressed amplitudes from evoked EJPs and quantal
responses (i.e. single vesicular events) on the body wall
muscles are indicative that LPS exposure is blocking the
glutamate receptors. The gradual decrease in the evoked EJPs
and single quantal responses is strong evidence for this
explanation. Furthermore, washing out the LPS containing
saline partially recovers the evoked EJPs and quantal
responses in a gradual manner, which aids in support of this
notion. The glutamate receptor subtype at the NMJs of larval
Drosophila melanogaster and crayfish are similar in their
pharmacological profile’>’¢,  The glutamate subunits
partially resemble vertebrate AMPA and kainate receptors
at the amino acid sequence level but do not share the
same pharmacological profile as they do not respond well to
AMPA, kainate or NMDA but are highly sensitive to
quisqualate’7s,
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Fig. 16(a-c): LPS (500 pg mL™") depresses the amplitude of evoked EJPs and transiently hyperpolarizes the membrane potential
of the larval body wall muscle of the RNAI-PGRC-LE x 248B strain, (a) A representative trace illustrating the transit
hyperpolarization of the muscle and reduction in the EJP amplitudes with exposure to LPS, (b) Transit
hyperpolarization in the body wall muscle is shown for each preparation with different lines before and after
application of LPS (Paired t-test p<0.05, n = 6) and (c) Depression of the evoked EJP amplitude before and acutely
after LPS when the membrane potential is the most negative (Paired t-test p<0.05, n = 6)

It also appears the LPS induced transient
hyperpolarization of the body wall muscles, which is not
mediated by the PGRP-LC and PGRP-LE subtypes since there
was still a large degree of hyperpolarization induced in the
24B-RNAi lines. The rationale to explain the mechanism
behind the hyperpolarization remains elusive. The suggestive
mechanisms of immune responses on tissues were
previously examined. The effect does not appear to be
due to calcium-activated potassium channels or activated
nitric oxide synthase (NOS) or opening of Cl-channels”.
It was postulated that if the Na-K ATPase pumps were
transitory  hyperactivated, this could explain the
phenomenon in the large hyperpolarization phase of the
LPS response’. However, no experimental evidence has
been forth coming to substantiate this suggestion, so
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experiments are currently underway to address this by
inhibiting the pump and examining the effects of LPS
exposure.

The D42 strain was used to express the RNAi for PGRP-LC
and PGRP-LE to examine if the effects induced by LPS might
also be accompanied, in part, to the actions within the motor
nerve terminal on vesicle docking and fusion machinery
known to be linked with the IMD pathway’%'6>. However, if the
blocking of the glutamate receptors on the muscle is a more
pronounced effect than any slight actions in altering vesicular
fusion kinetics, the actions would be masked. Given the
induced LPS depression and effects of washing out LPS in
depressing the amplitude of the quantal events and
reappearance are so rapid, the acute actions do not appear to
be long lasting on the vesicle docking or fusion machinery.
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Fig. 17(a-c): LPS (500 pg mL™") depresses the amplitude of evoked EJPs and transiently hyperpolarizes the membrane potential
of the larval body wall muscle of the RNAI-PGRC-LC x 24B strain, (a) A representative trace illustrating the transit
hyperpolarization of the muscle and reduction in the EJP amplitudes with exposure to LPS, (b) Transit
hyperpolarization in the body wall muscle is shown for each preparation with different lines before and after
application of LPS (Paired t-test p<0.05, n = 6) and (c) Depression of the evoked EJP amplitude before and acutely
after LPS when the membrane potential is the most negative (Paired t-test p<0.05, n = 6)

The effects of LPS on the larval heart rate in these two
RNAI lines were the same as previously reported for CS lines.
As with the hyperpolarization in the body wall muscles, the
mechanisms that causes a transient change in heart rate are
not known. Although, it appears it is not from the release of
internal stores of Ca?* from the ER since even after the heart
rateis depressed with low external bathing Ca%, the heartrate
did not increase with exposure to LPS and remained sensitive
to serotonin. As with the body wall muscles, there is a slight
hyperpolarization of the cardiac tissue with LPS exposure?.

Current studies are underway to image the nerve
terminals with Ca?* indicators, which will address if the motor
nerve terminals and/or body wall muscles show any transient
differences in Ca?* loading with exposure to LPS. Future
studies should continue to address the potential mechanisms
to explain the presented acute observations, as it appears the
PGRP-LC and PGRP-LE are not responsible for the effects.
However, these receptors likely account for chronic responses
previously reported due to exposures of Gram-negative
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bacteria'”'. It would be of interest to know if the acute actions
presented in this study play some role in the chronicimmune
responses or if they are independent. Specifically, a basic
understanding may help in treatment of septicemiain humans
and other mammals.

In considering the NMJ, muscle and CNS preparations of
Drosophila, crayfish and rodents preparations are bathed in a
saline with a much larger volume of saline than the localized
environments would not provide support for trophic factors
being released from surrounding supportive cells, activated by
LPS to influence the cell of interest. Also given that many the
responses presented are within seconds of LPS application
(i.e., muscle hyperpolarization and blocking of larval glutamate
receptors at the NMJ) it would appear the effects are directly
due to LPS on the muscle. If PGRPs are activated by LPS and
the IMD pathway is used for nuclear translocation of Relish
(a cytoplasmic protein) to trigger a response in the cell of
contact this would to require minutes rather than seconds?”'72,
It is feasible within the CNS models presented herein (above)
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Fig. 18(a-c): LPS (500 pg mL~") depresses the amplitude of evoked EJPs and transiently hyperpolarizes the membrane potential
of the larval body wall muscle of the RNAi-PGRC-LE x D42 strain, (a) A representative trace illustrating the transit
hyperpolarization of the muscle and reduction in the EJP amplitudes with exposure to LPS, (b) Transit
hyperpolarization in the body wall muscle is shown for each preparation with different lines before and after
application of LPS (Paired t-test p<0.05, n = 6) and (c) Depression of the evoked EJP amplitude before and acutely
after LPS when the membrane potential is the most negative (Paired t-test p<0.05, n = 6)

that other cell types besides neurons are responsive to LPS
and mediate some signal to influencing the neuronal activity,
but with the speed of action it is unlikely to involve protein
synthesis via IMD pathway used for nuclear translocation and
excretion of a product. There are several antimicrobial
peptides (AMPs) in the hemolymph of insects and
crustaceans?. These AMPs may also reside between cells
within the CNS and effect function if they rapidly aggregate,
but the recovery of the responses would not be expected to
be so rapid upon washing away the LPS response if this were
the case.

Conclusion: The comparative studies with the same
concentrations, types and stock of LPS have provided an
informative approach for addressing commonalties in the
direct effects of LPS. However, there are many puzzling effects
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in the different experimental models. One of the most
puzzling findings, unknown before last year, is the fact that
LPS in skeletal muscles of Drosophila and crayfish have a
large transient hyperpolarization (i.e., 10-20 mV) with an
unidentified underlying mechanism. A second result
presented within this past year is the apparent blocking of
glutamate receptors at the Drosophila NMJ, but not for the
glutamatergic receptors at the crayfish NMJ. Enhancing
synaptic transmission at the crayfish NMJ may be due to the
hyperpolarization of the muscle and/or enhancing evoked
release within the presynaptic neuromuscular junction.
Considering the Drosophila and crayfish skeletal muscle
contract due to Ca** entry through plasma membrane
voltage gated calcium channels, the hyperpolarization
might be related in these 2 species to this commonality.
The frog and rodent muscle do not demonstrate the
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hyperpolarization with exposure to LPS. Contraction of these
muscles are not dependent on extracellular entry of Ca?*
during contraction, but instead, intracellular release from
sarcoplasmic/endoplasmicreticulum. Likewise, the Drosophila
larval heart is very dependent on extracellular Ca* and is also
sensitive to direct exposure to LPS. Perhaps there is a link with
Ca?* entry and the effect of LPS.

The rapid effects on the larval Drosophila and crayfish
sensory-CNS-motor neuron evoked neural circuits, as well as
the hippocampal slice, is also likely due to direct effects on
neurons. It is not likely that these fast effects are due to
activating microglial orinvading cells that then release factors
in the saline bath to alter synaptic transmission as the actions
are very rapid and upon upon exchanging the bathing media
to remove LPS the effects are rapidly reversed. Knowing that
LPS did not have an effect of the primary sensory neurons of
the crayfish and only slight effects on the a subset of sensory
responses on the crab PD sensory organ, this would suggest
that these sensory neurons may have a low density of
receptors or ion channels that LPS effects on these other
tissues.

POTENTIAL FUTURE STUDIES TO UNDERSTAND THE
DIRECT ACTIONS OF LPS ON PHYSIOLOGICAL FUNCTIONS

Considering that gram negative bacteria also are known
to release other toxins besides LPS, such as repeats-in-toxin
(RTX)'”3 and it has been demonstrated that a RTX toxin form
from Bordetella pertussis, which interacts with adenylate
cyclase, canresultin a rapid K+efflux from sheep erythrocytes
and Jurkat cells, a human T cell leukemia line'’* it could be
possible that with the commercially obtained LPS that some
RTX toxin maybe a contaminate in the preparation. Itis known
that Serratia marcescens does possess an RTX toxin'’>, This
possibility needs to be addressed by chemical analysis.
However, since the same batch of LPS and concentration was
used in the studies presented herein, there is still the mystery
why the crayfish and insect muscle hyperpolarized while the
frog and rodent muscle did not. This might mean that a
possible contaminant of RTX works differently on frog, rodent
and invertebrate muscles.

Suggestions for future investigations in order to learn
more about the direct effects of LPS on tissues are to examine
the commercially obtained LPS from the same manufacturer
and screen for any repeats-in-toxin (RTX) contaminates.

It would be of use to express IMD receptors in someinsect
line (i.e. S2) at high levels to see electrophysiological effects
when exposed to LPS. RNAi expression in the cultured cells to
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depress protein expression of any the endogenous IMD
receptors or to demonstrate if there are non-IMD effects by
LPS on these cell lines would be beneficial. Use bacteria or
other cells to express high levels of IMD receptor proteins, in
order to purify and develop antibodies in host animals would
provide a means of staining the receptors on various tissues in
insects and potentially crustaceans as well as to be used in
Western blots. Isolation of rodent/frog heart in a perfusion
system to examine the influence of LPS on evoked vagal or
sympathetic neural drive, as well as the effect of LPS on the
electrical properties of the myogenic properties of the hearts
in the absence of circulating body cytokines from non-cardiac
tissue.

It would also be helpful to know if LPS has an effect on
force development in rodent/frog muscle independent of the
synaptic input. Indirectly electrically stimulating the muscle
with cholinergic blockers would allow one to determine if LPS
has and effects on the contractile properties of skeletal muscle
independent of neural input and to examining cultured
primary mammalian neurons without a glial substrate would
provide a means to assessing more of the direct effects of LPS
on them such as membrane potential and ionic fluxes.

SIGNIFICANT STATEMENT

This review and primary research is significant toillustrate
a better understanding in the potential effects of LPS in
humans and indicates that one animal model or tissue type is
not necessarily representative of the effects of LPS in other
animal and tissue models.
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