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Investigating the effects of homocysteine as an agonist on invertebrate
glutamatergic synapses
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Hyperhomocysteinemia (HHcy) in mammals can produce neurological deficits, such as memory
loss. The cause of the neurological issues is assumed to be due to homocysteine (HCY) binding to
glutamatergic receptors in the central nervous system (CNS). High levels of HCY in the CNS are
also associated with Amyotrophic Lateral Sclerosis (ALS) and Parkinson’s disease. Thus,
understanding the detailed mechanisms of HCY in model preparations could be useful in
developing potential treatments to neurodegenerative diseases with overlapping symptoms to
HHcy. The aim of this study is to investigate the efficacy of HCY as an agonist at glutamatergic
synapses in invertebrates. The glutamatergic synapses of the larval Drosophila melanogaster (D.
melanogaster) and Procambarus clarkii (P. clarkii) neuromuscular junctions (NMJs) were utilized
to examine the effects of applying HCY. Measurements of evoked synaptic transmission in both
preparations revealed that 100 mM of HCY did not have any consistent effect. The expectation
was that the acute action of HCY would have activated the glutamate receptors and then
desensitized them so evoked transmission would be blocked. The pharmacological receptor profile
of these NMJ receptors are of a quisqualate subtype and not a kainate, a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) or N-methyl-D-aspartate receptor (NMDA) subtype.
Consequently, HCY may not have any action on quisqualate glutamate receptor subtypes. The
findings of this experiments could provide clinical implications regarding relevant
pharmacological treatments in neurodegenerative diseases such as amyotrophic lateral sclerosis
(ALS) and Parkinson’s disease.

Abbreviations: ACURE— authentic course-based undergraduate research experience; AMPA—
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic ~ acid  receptor; EPSP—  excitatory
postsynaptic potential; HCY— homocysteine; HHcy— Hyperhomocysteinemia; NMDA— N-
methyl-D-aspartate receptor; NMJ— neuromuscular junction

Keywords — ACh, glutamate, Homocysteine, Drosophila melanogaster, invertebrate,
pharmacology, Procambarus clarkii, receptor

(HHcy), in part, revolve around the actions of
HCY on glutamatergic receptors (Lipton et al.,
1997; Poddar and Paul, 2013; Abushik et al.,

Introduction

Homocysteine (HCY) is an amino acid

intermediate produced in the central nervous
system (CNS) in the metabolism of methionine to
cysteine. The actions of HCY in mammals and
the associated pathological state of high plasma
HCY levels, known as hyperhomocysteinemia

2014; Bukharaeva et al., 2015). Glutamate is an
excitatory  neurotransmitter that acts at
glutamatergic receptors, particularly N-methyl-
D-aspartic acid (NMDA) receptors. HCY is
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produced in the CNS and can act as an excitatory
transmitter activating both NMDA and non-
NMDA glutamate receptors in mammalian
models. In this study we examined the potential
action of HCY on the non-NMDA glutamate
receptors. In particular, we tested the action of
HCY on the quisqualate receptor subtype which
is of a non-NMDA subtype Even at the
acetylcholine (Ach) transmitting neuromuscular
junctions (NMJs) of mammals, it has been
established that there are NMDA receptor
subunits which are affected by HCY (Bukharaeva
etal., 2015).

Glutamate receptors are defined as
NMDA (N-methyl-D-aspartic acid) and non-
NMDA subtypes (i.e., AMPA, kainate, 6 and
quisqualate) based on their pharmacological
sensitivity (Lee et al., 2009). The importance of
the receptor subtypes is in understanding the
action of the cells expressing them. NMDA
receptors are ionotropic and allow an influx of
Ca?" ions when open, which can lead to a number
of cellular responses and even cell death
(Verdoorn et al., 1991). Kainate receptors in
mammals are of a metabotropic subtype and work
through second messenger cascades. They are
even known to be present on presynaptic nerve
terminals to reduce evoked transmitter release via
autoreceptors on the presynaptic terminals (Park
et al., 2006). NMDA and kainate subtypes
produce a lower percentage of desensitization
than the quisqualate receptor subtype (Thio et al.,
1991). The compounds kainate, NMDA and
AMPA do not activate the glutamate ligand gated
ion channels at the larval Drosophila
melanogaster (D. melanogaster) NMJ but
quisqualate does (Bhatt and Cooper, 2005; Dudel
etal., 1992) (

The action of HCY at the mammalian
NMJs can be blocked by application of the
glutamate  competitive  antagonist ~ AP-5
(Bukharaeva et al., 2015). Additionally, there is a
strong correlation with HHcy in mammals with
high plasma and cerebrospinal fluid levels of
HCY to the motor neuronal disease, amyotrophic
lateral sclerosis (ALS) (Bukharaeva et al., 2015;
Veeranki and Tyagi, 2013). Over-activation of
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glutamatergic drive on motor neurons has been
shown to facilitate the disease state of ALS
through subsequent degradation of the motor
neurons (Vucic and Kiernan, 2009). Riluzole, a
glutamatergic antagonist within the central
nervous system (CNS), works as an effective
treatment in ALS patients through reduction of
glutamatergic activation on motor neurons
(Mucic and Kiernan, 2009; Miller et al., 2012;
Doble, 1996). As highlighted by Yohay et al.,
(2014), Riluzole also doubles as an effective
treatment in rodent models of CNS injury as well
as neurodegenerative states such as Parkinson’s
disease. Thus, HCY has the potential to maybe
act similarly to Riluzole for potential treatments.

HCY has also been shown to restore
sensitization of glutamatergic receptors in rodent
neurons, which may account for the larger ionic
currents of the glutamate receptors (Bolton et al.,
2013). It has been demonstrated that an enzyme
deficiency in rodents of
methylenetetrahydrofolate reductase leads to an
increase in neuronal damage by HCY and results
in an increase in y-aminobutyric acid (GABA)
within the CNS which is assumed to compensate
for the higher HCY levels (Jadavji et al., 2015).
Also, HCY has an antagonistic action on GABA
receptors (Tyagi et al., 2005). The actions on
GABA receptors could, in part, account for the
effect of HCY and the resulting pathologies in
mammals exhibiting HHcy (Tyagi et al., 2005).
GABA is an inhibitory receptor subtype,
conducting actions via G-proteins to limit Ca?*
within the cell during synaptic transmission
(Olsen and DeLorey, 1999). Antagonistic actions
of HCY on GABA receptors could result in
prevention of inhibition of glutamatergic receptor
action. Therefore, the result of such an interaction
could be the production a summative excitatory
response that would contribute to neuronal death
and subsequent blood brain barrier degradation
experienced in the presence of excess HCY.

How the precise mechanisms of action of
HCY on various neurotransmitter receptors and
synaptic transmission may be altered are still
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being investigated. It is established that HCY can
act on both NMDA and non-NMDA receptors in
rodent models (Yuzaki and Connor, 1999). The
glutamatergic NMJs of larval D. melanogaster
and Procambarus clarkii (P. clarkii) are of a non-
NMDA subtype. Given that HCY is known to be
synthesized in D. melanogaster (Caggese et al.,
1997), it is likely it is present in other arthropods
such as the crayfish P. clarkii. The investigations
to date are primarily focused on mammalian CNS
models; however, some aspects of precise quantal
measures of synaptic transmission are more
challenging in mammalian models compared to
those at invertebrate NMJs. This difference is
due to the ability to record at synaptic sites in
invertebrate models. Furthermore, the potential
effects of HCY on synaptic facilitation and
synaptic depression have not been thoroughly
investigated in mammalian models.

However, such information could
provide clinical implications regarding diseases
that have been shown to exhibit relationships
with HCY pathology, such as Parkinson’s disease
and ALS. Thus, the purpose of this experiment is
to gain insight into the mechanisms of action of
HCY at the NMJs of model organisms. These
experiments were designed to test the prediction
that application of HCY to model systems would
produce an initial  overstimulation  of
glutamatergic receptors followed by quick
desensitization.

P. clarkii NMJs have served as a classic
model in glutamatergic synaptic facilitation and
depression (Richet, 1879; Katz, 1949; Sherman
and Atwood, 1971; see recent reviews Cooper
and Cooper, 2009; Titlow and Cooper, 2018). D.
melanogaster NMJs have also been utilized for
the same purpose due to their utility as a genetic
model for mutational defects in synaptic
transmission afflicting humans (Jan and Jan
1976a,b; Usherwood, 1977; DiAntonio, 2006;
see recent review Titlow and Cooper, 2018). In
addition, the P. clarkii NMJs have both
glutamatergic and GABA-ergic innervation
profiles, (Bazemore et al., 1956; Van Harreveld
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and Mendelson, 1959; Dudel and Kuffler, 1961a;
Florey, 1961) which are used for assays of
pharmacological agents (Van Harreveld
1959,1980; Shinozaki and Ishida, 1981a,b,c;
Shinozaki et al., 1982; Bhatt and Cooper, 2015;
Lee et al., 2009). Alterations in both quantal
amplitudes and area of quantal shapes are
indicative of action on fundamental synaptic
properties by neurotransmitters. These are readily
measured at P. clarkii and larval D. melanogaster
NMJs (Cooper et al., 1995).

Both preparations produced graded
evoked responses which are related to the
synaptic efficacy of multiple quantal fusion
events and spontaneous single quantal events.
These are readily obtained with intracellular and
extracellular recordings on identifiable muscle
fibers (Dudel and Kuffler, 1961b; Pawlu et al.,
2004). Thus, these two model synaptic
preparations were utilized in this study to further
assess the effects of HYC on synaptic
transmission. Any changes in the amplitude of
evoked excitatory postsynaptic  potentials
(EPSPs) were investigated for HYC effects on
glutamate receptors at these two model NMJs. To
investigate any potential presynaptic
contributions by HYC and the influence of Ca?
on facilitation and depression, varied
concentrations of Ca?" in bathing saline were
used with exposure to HYC. This study was
designed and executed with the intention of
progressing understanding of the mechanistic
actions of HCY on glutamatergic non-NMDA
receptors. Such information could be utilized to
provide improved treatment of HHcy pathologies
and symptoms, including difficulty forming new
memories, therefore providing a deeper
understanding of neuropathologies such as
Alzheimer’s disease and Parkinson’s disease.

Material and Methods

Animals

Both P. clarkii and D. melanogaster
glutamatergic were utilized. These synapses are
commonly used to assay pharmacological agents.
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The graded EPSPs of the P. clarkii opener NMJ
are easier to measure reliably when the responses
are facilitated to obtain an amplitude of the
synaptic responses above the noise level. Thus,
ten stimuli delivered at 40 Hz produces a
reasonable EPSP response for the 10" response to
measures (Figure 1A). The changes over time
were measured by change in response of the 10%"
EPSP during exposure to HCY (100 uM). A
representative preparation in which the EPSPs
were monitored over time is illustrated (Figure
1B).

Experiments were performed using P.
clarkii, measuring six— eight cm in body length
(obtained from Atchafalaya Biological Supply
Co., Raceland, LA, USA). Six P. clarkia were
individually stored in an aquatic facility at room
temperature (20-21°C) and were fed commercial
fish food pellets (Aquadine) for at least two
weeks prior to experimentation.

The general maintenance in culturing
Drosophila as well as staging of instars and the
developmental cycle are described in Campos-
Ortega and Hartenstein (1985). All animals were
maintained in vials partially filled with a
cornmeal-agar-dextrose-yeast medium  as
described in Cooper and Cooper (2004). Wild
type Canton S (CS) flies were used for analyses
via the semi-intact method. This method involves
cutting along the dorsal midline to expose the
body wall muscles and the nervous system
(Stewart etal., 1994). This Drosophila strain has
been isogenic in the lab for several years and was
originally obtained from Bloomington Fly Stock.
To obtain 3" instar staged larvae, the larvae were
held at 25 °C ina 12 h light/dark incubator before
being selected.

Electrophysiological recordings of NMJs in P.
clarkii

In brief, the excitatory neuron is isolated
from the inhibitor neuron and stimulated in the
meropodite segment. The most distal fibers of the
opener were always used for recording synaptic
responses (Figure 2A). The stimulation paradigm
consisted of providing a train (series of electrical
pulses) of 20 pulses at 40 Hz with ten seconds
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between trains. An average of 20 trains in each of
the conditions was used for measures of EPSPs.
Preparations were not stimulated during control
periods to obtain spontaneous quantal events.
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Figure 1: The effects of homocysteine (HCY) on the
glutamatergic synaptic responses at the P. clarkii
neuromuscular junction. (A) The amplitude of tenth EPSP
produced by 40Hz stimulation is used as an index of
synaptic transmission. (B) A representative response from
a preparation in which the tenth EPSP is monitored before
and during the exposure to HCY (100 pM). The box
outlines indicate the time period used to obtain a mean
amplitude of the EPSPs to be used to calculate percent
differences in amplitude due to exposure to HCY. (C) The
mean amplitude of the EPSPs before and during exposure
to HCY for each of the six preparations. (D) The mean
percent difference in the six preparations obtained before
and during exposure to HCY. No significant effect in EPSP
amplitude was noted due to exposure to HCY.

Dissected preparations were maintained
in saline; a modified van Harreveld’s solution (in
mM: 205 NaCl, 5.3 KCl, 13.5 CaCl,-2H0, 2.45
MgCl;-6H,0, and 5 HEPES adjusted to pH 7.4).
All the experiments were performed at room
temperature. Intracellular recordings were made
with a sharp glass electrode filled with 3.0 M
KCI, and both recorded and analyzed via Scope
and LabChart software (AD Instruments). The
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Figure 2: The P. clarkii and larval D. melanogaster
preparations. (A) The most distal muscle fibers of the P.
clarkii opener muscle in the first walking leg provides a
common target among preparations. The opener muscle
does show regional differences in amplitudes of EPSPs.
The excitatory motor neuron is selectively stimulated in
a more proximal segment of the leg while monitoring the
EPSPs produced. (B) The body wall muscle named m6 of
the third or fourth segments in the dissected early third
instar larvae are used to measure the evoked EPSP. Body
wall muscle m6 and m7 are shown in each segment. The
segmental nerve to the segment of interest is stimulated
with a suction electrode which contains the segmental
nerve.

amplitudes of the EPSPs spontaneous quantal
events (MEPSPs) elicited by the motor nerve
were recorded. Intracellular responses were
recorded with a 1 x LU head stage and an
Axoclamp 2A amplifier (Molecular Devices,
Sunnyvale, CA, USA). HCY was made fresh in
the  physiological saline the day of
experimentation. All chemicals were obtained
from SIGMA-Aldrich (St. Louis, MO, USA).

Electrophysiological recordings of NMJs in
larval Drosophila

The synaptic responses at the larval D.
melanogaster NMJs were recorded by standard
procedures (Lee et al., 2009) with stimulation at
0.5 Hz (Figure 2B). The modified HL3 saline was
used for physiological measures (Stewart et al.,
1994) at a pH of 7.1 (de Castro et al., 2014).
Saline solution (in mM): 1.0 CaCl,-2H20, 70
NaCl, 20 MgCl,, 5 KCI, 10NaHCOs;, 5 trehalose,
115 sucrose, 25 5N,N-bis(2-hydoxyethyl)-2-
aminoethanesulfonic acid (BES)) was utilized.
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HCY (100 pM) was made fresh in the
physiological saline the day of experimentation.
All the experiments were performed at room
temperatures (20-21-C). EPSPs were measured
by intracellular recordings with a sharp glass
electrode (3 M KCI) and AxoClamp-2 B
amplifier (Molecular Devices, Sunnyvale, CA,
USA). Stimulations were made with a Grass S88
dual stimulator (Natus Neurology Incorporated,
Middleton, WI, USA). Preparations were used
immediately after dissection. Electrical signals
were recorded online to a computer via a
PowerLab/4s interface (AD  Instruments,
Colorado Springs, CO, USA). Seven larval D.
melanogaster preparations were dissected as
previously described (Li et al., 2001) for early
third instars. Each D. melanogaster preparation
was used to measure EPSPs in the same muscle
fiber in both saline and in the presence of HCY,
therefore giving a baseline control for that
individual preparation. All chemicals were
obtained from Sigma-Aldrich (St. Louis, MO).
All measures were made in muscle six of
segments three or four.

Statistical analysis

All data are expressed as an average
value along with the standard error of the mean
(i.e., + SEM). The rank sum pairwise test or a sign
test was used to compare the differences in
responses before and after exchanging a solution
with saline containing the compounds. This
analysis was performed with Sigma Stat
software. P of < 0.05 is considered to be
statistically significant.

Results

To examine for an effect due to exposure
to HCY, the mean amplitude of the tenth EPSP
from an average of at least 20 responses was
compared during saline exposure and during
HCY exposure (Figure 1C). The percent
difference in each of the six preparations before
and during exposure to HCY revealed no
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significant trend (P > 0.05, sign test) to an effect
on the EPSP amplitude at the P. clarkii NMJ
(Figure 2D). The mean percent difference was
1.33 (4.8+/- SEM).
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Figure 3: The effects of homocysteine (HCY) on the
glutamatergic synaptic responses at the larval D.
melanogaster neuromuscular junction. (A) The
amplitude of the EPSP used as an index of synaptic
transmission. (B) A representative response from a
preparation in which the EPSP is monitored before and
during the exposure to HCY (100 uM). The box outlines
indicate the time period used to obtain a mean amplitude
of the EPSPs to be used to calculate a % differences in
amplitudes due to exposure to HCY. (C) The mean
amplitude of the EPSPs before after during exposure to
HCY for each of the seven preparations. (D) The mean
percent difference in the seven preparations with before
and during exposure of HCY. No significant effect is
noted due to exposure of HCY.

The graded evoked response at the larval
D. melanogaster NMJ on muscle 6 produced a
large enough EPSP that facilitation of the
synaptic response was not necessary as for the P.
clarkii opener NMJs (Figure 3A). The amplitude
of the EPSPs over time for a representative
preparation illustrated that no large changes
occurred upon exposure to HCY (100 pM)
(Figure 3B). The blocked regions in the trace
indicated the region of time used to calculate the
mean EPSP amplitude used for quantification in
determining a percent change due to HCY
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exposure. The mean amplitudes for each of the
seven preparations before and during exposure to
HCY is shown (Figure 3C). The percent
difference in the seven preparations before and
during exposure to HCY revealed no significant
trend (P > 0.05, sign test) in an effect on the EPSP
amplitude at the larval D. melanogaster NMJ
(Figure 3D). The mean percent difference was
0.13 (4.2+/- SEM).

Discussion

In this study, we demonstrated that HCY
at 100 uM did not have any effect on synaptic
transmission at the NMJs of the P. clarkii and
larval D. melanogaster. This differed from our
hypothesis  that application of HCY to
glutamatergic synapses in D. melanogaster and
P. clarkii would be inhibited by a high HCY
concentration via competition for the release of
glutamate at the NMJ. Despite these
glutamatergic synaptic preparations having non-
NMDA receptor subtypes postsynaptically, and
that it was established that HCY could influence
non-NMDA receptors in mammalian CNS
preparations (Yuzaki and Connor, 1999), no
detectable differences in the amplitude of the
evoked EPSPs could be ascertained. It is likely
the extracellular domain of the quisqualate
subtype glutamate receptors of the P. clarkii and
larval D. melanogaster NMJs is significantly
divergent such that they are unreceptive to HCY
(Lee et al., 2009). It is known that the GIUN2A
subunit of the NMDA receptors is key to HCY
having an effect (Sibarov et al., 2016).
Potentially, the extracellular domains of the
different receptor make up could be compared
with bioinformatics to estimate the 3-dimensional
configuration required for HCY sensitivity. It is
known that exposure to the P. clarkii or larval D.
melanogaster NMJs to 100 uM of glutamate that
depolarization ~ will occur followed by
desensitization and a reduce amplitude in the
evoked EPSP (Lee et al., 2009; Titlow and
Cooper, 2018). So, if HCY was to act as an
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agonist we would have expect some alteration in
response at a similar concentration.

The lack of an acute or longer term effect
by HCY at such high concentration is most likely
explained that the glutamate receptors on both
preparations is not sensitive to HCY. If one was
interested in knowing the precise structural
elements required for HCY to have an action,
various glutamate receptors subunits, with
sequence alterations, could be expressed in a cell
line or frog oocytes and examined for responses
to HCY.

In mammals, HCY acts on the CNS to
alter various functions such as sympathetic
activity, and may even be related to inducing
cardiovascular pathologies (Zhong et al., 2017).
The physiological profiling of the glutamatergic
receptors within the CNS or the equivalent
ventral nerve cord of larval D. melanogaster and
P. clarkii has not been performed. Perhaps there
may be actions of HCY on the central
glutamatergic synapses in these invertebrate
preparations as for mammals. Further studies will
need to be conducted to determine if these
invertebrate  models have similar central
responses to HCY as mammals.

Since D. melanogaster are known
synthesize HCY, (Caggese et al., 1997) it is
probable other insects and crustaceans synthesize
it as well due to physiological and biochemical
similarities between species of arthropods. The
crustaceans are similar to insects in many ways
related to neural function. At this point,
investigations have yet to be conducted to
determine if HCY is present in the CNS of
crustaceans. However, one of the proposed long-
range treatments by health food supplement aids
for HHcy in humans is to have a diet high in
marine crustaceans (Tou et al., 2007; Naushad et
al., 2017) as it has been shown that a diet of Arctic
krill for rodents reduces HCY levels in the blood
(Bjegrndal et al., 2015). We could not find any
scientific studies using humans to directly show
that a diet of marine crustaceans was beneficial
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for human treatment of HHcy pathologies. The
mechanisms in the rodents for reducing HCY is
most likely due to the n-3 polyunsaturated fatty
acids in the muscle and vitamins B12, B6, and
folate in krill (Bjgrndal et al, 2015;
Krajcovicova-Kudlackova and Blazicek, 2002).

Future studies would be of interest to
determine any potential central effects of HCY in
invertebrates, particularly D. melanogaster, as
genetic models of degradation of HCY could
potentially be utilized to look at long term
consequences on neural development with raised
HCY as it relates to consequences in mammals.
As a comparative investigation, it would be of
interest to know if crustaceans also produce HCY
in the CNS. This could be determined through
analysis of HCY levels in varied areas of interest
within the CNS, such as the hippocampus and
blood-brain barrier both at baseline neural
stimulation and in differing states of stimulation.
Also of interest would be to determine if an
altered diet, such as with vitamin B complexes,
would lower HCY in the CNS of D.
melanogaster, thus furthering implicating a
relationship in diet, HCY levels, and possible
resultant neuroprotective or neurodegenerative
responses. The understandings that would be
provided by these further elaborations of this
experiment could translate to development of
treatments of aforementioned diseases such as
Parkinson’s disease and ALS at a much later
point.

The results of this experiment lead to
several possible implications regarding the
clinical relevance of using P. clarkii and D.
melanogaster as models for HHcy and diseases
with similar pathologies. However, utility of
these preps remains useful for establishing a basic
understanding of HCY action at glutamatergic
receptors, but subsequent experiments attempting
to draw conclusions regarding clinical
application would require a model with a subtype
of glutamatergic receptors that is more similar to
those found in mammals.
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Endnotes

Many of the authors were students in a
neurophysiology lab based class who addressed
authentic scientific based questions in regard to
the topic of examining pharmacological agents
known in other models to block stretch activated
ion channels. This course project is part of a trend
in teaching science to undergraduates (Linn et al.,
2015). Course-based undergraduate research
experiences (CUREs) are an approach being
adopted by science educators in high schools and
colleges (Bakshi et al., 2016). Our hope is to
present a new acronym for authentic course-
based undergraduate research  experience
(ACURE).

Acknowledgments

Funded by student laboratory fees Dept. of
Biology, Univ. of KY. The -course is
neurophysiology lab (Bio446, Bio650) and
personal funds (RLC).

Corresponding Author

Dr. Robin L. Cooper

Dept. of Biology, 675 Rose Street.

University of Kentucky, Lexington, KY 40506
Phone: 859-559-7600; Fax: 859-257-1717
Email: RLCOOP1@uky.edu

References

Abushik PA, Niittykoski M, Giniatullina R,
Shakirzyanova A, Bart G, Fayuk D, et al.
(2014) The role of NMDA and mGIuR5
receptors in calcium mobilization and
neurotoxicity of homocysteine in trigeminal
and cortical neurons and glial cells. J
Neurochem 129:264-274.

Bakshi A, Patrick LE, Wischusen EW (2016) A
framework for implementing course-based
undergraduate research experiences
(CUREs) in freshman biology labs. The
Amer Biol Teacher 78(6):448-455.

Bazemore A, Elliott KA, Florey E (1956) Factor
I and gamma-aminobutyric acid. Nature
178(4541):1052-1053.

2018

Bhatt D, Cooper RL (2005) The pharmacological
and physiological profile of glutamate
receptors at the Drosophila larval
neuromuscular junction. Physiol Entomol
30(2):205-210.

Bolton AD, Phillips MA, Constantine-Paton M
(2013) Homocysteine reduces NMDAR
desensitization and differentially modulates
peak amplitude of NMDAR currents,
depending on GIuN2 subunit composition. J
Neurophysiol 110(7):1567-1582.

Bjerndal B, Ramsvik M, Lindquist C,
Nordrehaug J, Bruheim I, Svardal A, Nygard
O, Berge R (2015) A phospholipid-protein
complex from antarctic krill reduced plasma
homocysteine levels and increased plasma
trimethylamine-n-oxide  (TMAO)  and
carnitine levels in male Wistar rats. Marine
Drugs 13(9):5706-5721.

Bukharaeva E, Shakirzyanova A,
Khuzakhmetova V, Sitdikova G, Giniatullin
R (2015) Homocysteine aggravates ROS-
induced depression of transmitter release
from motor nerve terminals: potential
mechanism of peripheral impairment in
motor neuron diseases associated with
hyperhomocysteinemia. Front Cell Neurosci
9:391.

Caggese C, Ragone G, Barsanti P, Moschetti R,
Messina A, Massari S, Caizzi R (1997) The
S-adenosyl-L-homocysteine hydrolase of
Drosophila  melanogaster: Identification,
deduced amino acid sequence and cytological
localization of the structural gene. Mol Gen
Genet 253(4):492-498.

Campos-Ortega JA, Hartenstein V (1985) The
Embryonic development of Drosophila
melanogaster. Springer-Verlag, Berlin.

Cooper AS, Cooper RL (2009) Historical view
and demonstration of physiology at the NMJ
at the crayfish opener muscle. J Vis Exp
JoVE. 33.
http://www.jove.com/index/details.stp?id=1
595

Cooper AS, Cooper RL (2004) Monitoring
activity of Drosophila larvae: Impedance &
video microscopy measures. Drosophila
Infor Ser 87:85-87.

Cooper RL, Stewart BA, Wojtowicz JM, Wang S,
Atwood HL (1995) Quantal measurement



Page 9 of 10

Impulse: The Premier Journal for Undergraduate Publications in the Neurosciences

and analysis methods compared for crayfish
and Drosophila neuromuscular junctions, and
rat hippocampus. J Neurosci Methods 61(1-
2):67-78.

DiAntonio A (2006) Glutamate receptors at the
Drosophila neuromuscular junction. Int Rev
Neurobiol 75:165-179.

Doble A (1996) The pharmacology and
mechanism of action of riluzole. Neurology
47(6 Suppl 4):S233-241.

Dudel J, Franke C, Hatt H (1992) Rapid
activation and desensitization of transmitter
liganded receptor channels by pulses of
agonists, In: lon Channels (Narahashi T. ed),
pp. 207-260. 3rd ed. New York, Plenum
Press.

Dudel J, Kuffler SW (1961a) Presynaptic
inhibition at the crayfish neuromuscular
junction. J Physiol 155:543-562.

Dudel J, Kuffler SW (1961b) The quantal nature
of transmission and spontaneous miniature
potentials at the crayfish neuromuscular
junction. J Physiol 155:514-529.

Florey E (1961) A new test preparation for bio-
assay of factor I and gamma -aminobutyric
acid. J Physiol 156:1-7.

Jadavji NM, Wieske F, Dirnagl U, Winter C
(2015) Methylenetetrahydrofolate reductase
deficiency alters levels of glutamate and y-
aminobutyric acid in brain tissue. Mol Genet
Metab Rep 3:1-4.

Jan LY, Jan YN (1976a) Properties of the larval
neuromuscular  junction in  Drosophila
melanogaster. J Physiol 262(1):189-214.

Jan LY, Jan YN (1976b) L-glutamate as an
excitatory transmitter at the Drosophila larval
neuromuscular  junction. J  Physiol
262(1):215-236.

Katz B (1949) Neuro-muscular transmission in
invertebrates. Biol Rev Camb Philos Soc

24(1):1-20.
Krajcovicova-Kudlackova M, Blazicek P (2002)
[Nutritional determinants of

homocysteinemia].[Article in Slovak] Cas
Lek Cesk 141(13):417-420.

Lee JY, Bhatt D, Bhatt D, Chung WY, Cooper
RL (2009) Furthering pharmacological and
physiological assessment of the
glutamatergic receptors at the Drosophila
neuromuscular junction. Comp Biochem

2018

Physiol C Toxicol Pharmacol 150(4):546-
557.

Li H, Harrison D, Jones G, Jones D, Cooper RL
(2001) Alterations in development, behavior,
and physiology in Drosophila larva that have
reduced ecdysone production. J.
Neurophysiol 85:98-104.

Linn MC, Palmer E, Baranger A, Gerard E, Stone
E (2015) Undergraduate research
experiences: Impacts and opportunities.
Science 347(6222): 1261757.

Lipton SA, Kim WK, Choi YB, Kumar S,
D’Emilia DM, Rayudu PV, et al. (1997)
Neurotoxicity associated with dual actions of
homocysteine at the N-methyl-D-aspartate
receptor. Proc Nat Acad Sci USA 94:5923—
5928.

Miller RG, Mitchell JD, Moore DH (2012)
Riluzole for amyotrophic lateral sclerosis
(ALS)/motorneurondisease (MND).
Cochrane Database Syst Rev 3:CD001447.
10.1002/14651858.CD001447.pub3

Naushad SM, Rama Devi AR, Nivetha S,
Lakshmitha G, Stanley AB, Hussain T,
Kutala VK (2017) Neuro-fuzzy model of
homocysteine  metabolism. J  Genet
96(6):919-926.

Olsen RW, LeLorey TM (1999) GABA receptor
physiology and pharmacology. American
Society for Neurochemistry. In Basic
Neurochemistry: Molecular, Cellular and
Medical Aspects. 6™ edition.

Park Y, Jo J, Isaac JT, Cho K (2006) Long-term
depression of kainate receptormediated
synaptic transmission. Neuron 49:95-106.

Pawlu C, DiAntonio A, Heckmann M (2004)
Postfusional control of quantal current shape.
Neuron 42(4):607-618.

Poddar R, Paul S (2013) Novel crosstalk between
ERK MAPK and p38 MAPK leads to
homocysteine-NMDA receptor-mediated
neuronal cell death. J Neurochem 124:558—
570.

Richet C (1879) Contribution a la physiologic des
centres nerveux et des muscles de I'ecrevisse.
Arch de Physiol 6(262-299):522-576.

Sherman RG, Atwood HL (1971) Synaptic
facilitation: Long term neuromuscular
facilitation in crustaceans. Science 171:1248-
1250.



Page 10 of 10

Impulse: The Premier Journal for Undergraduate Publications in the Neurosciences

Shinozaki H, Ishida M, Mizuta T (1982)
Glutamate inhibitors in the crayfish
neuromuscular junction. Comp Biochem
Physiol C 72(2):249-255.

Shinozaki H, Ishida M (1981a) The recovery
from desensitization of the glutamate
receptor in the crayfish neuromuscular
junction. Neurosci Lett 21(3):293-296.

Shinozaki H, Ishida M (1981b)
Electrophysiological studies of kainate,
quisqualate, and ibotenate action on the
crayfish  neuromuscular junction. Adv
Biochem Psychopharmacol 27:327-336.

Shinozaki H, Ishida M (1981c) An attempt at an
analysis of the factors determining the time
course of the glutamate response in the
crayfish ~ neuromuscular  junction. J
Pharmacobiodyn 4(7):483-4809.

Sibarov DA, Abushik PA, Giniatullin R, Antonov
SM (2016) GIuN2A subunit-containing
nmda receptors are the preferential neuronal
targets of homocysteine. Front Cell Neurosci
10:246. eCollection 2016.

Stewart BA, Atwood HL, Renger JJ, Wang J, Wu
CF (1994) Improved stability of Drosophila
larval ~ neuromuscular  preparations in
hemolymph-like physiological solutions. J
Comp Physiol A- Sens Neural Behav Physiol
175(2):179-191.

Thio LL, Clifford DB, Zoumski CF (1991)
Characterization of quisqualate receptor
desensitization in  cultured  postnatal
hippocampal neurons. J Neurosci
11(11):3430-41.

Titlow JS, Cooper RL (2018) Glutamatergic
Synthesis, Recycling, and  Receptor
Pharmacology at Drosophila and Crustacean
Neuromuscular Junctions. In: Parrot S,
Denoroy L (eds) Biochemical Approaches
for  Glutamatergic  Neurotransmission.
Neuromethods, vol 130. Humana Press, New
York, NY, pp. 263-291.

Tou JC, Jaczynski J, Chen Y-C (2007) Krill for
human consumption: Nutritional value and
potential health benefits. Nutrition Rev
65(2):63-77.

Tyagi SC, Lominadze D, Roberts AM (2005)
Homocysteine in microvascular endothelial
cell barrier permeability. Cell Biochem
Biophys 43(1):37-44.

2018

Usherwood PN (1977) Glutamatergic synapses in
invertebrates [proceedings]. Biochem Soc
Trans 5(4):845-849.

Van Harreveld A (1959) Compounds in brain
extracts causing spreading depression of
cerebral cortical activity and contraction of
crustacean muscle. J Neurochem 3(4):300-
315.

Van Harreveld A (1980) L-proline as a glutamate
antagonist at a crustacean neuromuscular
junction. J Neurobiol 11(6):519-529.

Van Harreveld A, Mendelson M (1959)
Glutamate-induced contractions in
crustacean muscle. J Cell Comp Physiol
54:85-94.

Veeranki S, Tyagi SC (2013) Defective
homocysteine metabolism: potential
implications for skeletal muscle malfunction.
Int J Mol Sci 14:15074-15091.

Verdoorn TA, Burnashev N, Monyer H, Seeburg
PH, Sakmann B (1991) Structural
determinants of ion flow through
recombinant glutamate receptor channels.
Science 252:1715-1718.

Vucic S, Kiernan MC (2009) Pathophysiology of
neurodegeneration in familial amyotrophic
lateral sclerosis. Curr Mol Med 9(3):255-272.

Yohay K, Tyler B, Weaver KD, Pardo AC,
Gincel D, Blakeley J, Brem H, Rothstein JD
(2014) Efficacy of local polymer-based and
systemic delivery of the anti-glutamatergic
agents riluzole and memantine in rat glioma
models. J Neurosurgery 120(4):854-863.

Yuzaki M, Connor JA (1999) Characterization of
L-homocysteate-induced currents in Purkinje
cells from wild-type and NMDA receptor
knockout mice. J Neurophysiol 82(5):2820-
2826.

Zhong MF, Zhao YH, Xu H, Tan X, Wang YK,
Wang WZ (2017) The cardiovascular effect
of systemic homocysteine is associated with
oxidative stress in the rostral ventrolateral
medulla. Neural Plast 2017:3256325.



	Introduction
	Animals
	Statistical analysis
	Results
	Endnotes
	Acknowledgments
	Corresponding Author
	Dr. Robin L. Cooper
	References

