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Abstract

Alzheimer's disease results in neuronal cell death, accumulation of amyloid-beta plaques,
hyperphosphorylation of tau proteins, and ultimately, impairment of memory. Due to excessive
glutamate in the synaptic cleft, NMDA receptor-dependent neurotransmission may be
upregulated resulting in an excessive influx of Ca’* ions causing excitotoxicity. Currently,
memantine is the only drug approved by the FDA targeting NMDA receptor-mediated
excitotoxicity. NMDA receptors consist of combinations of two GIuN1 and GIuN2 subunits

forming a hetero-tetrameric structure.

The purpose of this research was to analyze species-specific effects of memantine inhibition
between humans and earlier research performed on rat NMDA receptors containing GluN1-1a
subunits with GIuUN2A. We also compared the inhibition by an alkaloid extract from harlequin
ladybirds containing 90% harmony (HAE), and memantine on human NMDA clones and the
earlier performed experiments on rat clones. NMDA receptors were expressed in Xenopus
oocytes and a two-electrode voltage clamp was used to measure responses to NMDA + glycine
in the absence and presence of HAE and memantine. The ICso for memantine inhibition of rat
GluN11a/GluN2A at holding potentials of -50mV, -75mV, and -100mV were 4.19uM, 1.45uM, and
1.84uM, respectively. The ICsp for memantine at the same holding potentials in
humanGIluN11a/GIuN2A were 3.4uM, 1.20uM, and 0.7uM respectively. The ICso for HAE
inhibition of rat GluN1-1a/GIluN2A at these holding potentials were 2.65ug/mL, 1.11ug/mL, and
1.75ug/mL, respectively. Whereas the ICso value for HAE inhibition of humanGIuN1-GluN2a was
2.50ug/mL (8.80uM), 1.46ug/mL (5.16uM), and 0.86ug/mL (3.06uM), respectively.

In conclusion, memantine is effective at inhibiting human and rat NMDA receptors. Moreover,
harmonine in HAE inhibits NMDA receptors with a similar mode of action as memantine.
Memantine and HAE both showed voltage dependence inhibition. Moreover, the inhibition of
HAE and memantine of NMDA receptors in rats and human NMDARs subtypes (GIuUN1-GIuN2A)

showed similarity in the terms of inhibition.



Introduction

1.1 Background of Alzheimer's disease and NMDA Excitotoxicity:

Alzheimer's disease (AD) is a leading cause of death in the growing population, and the mortality
rate has increased by 38% between 1990 and 2019 (Nichols and Vos, 2020). AD has two subtypes:
early-onset AD (EOAD) and late-onset AD (LOAD) (Bekris et al., 2010). EOAD, which accounts for
1%-6% of all cases, occurs between the ages of 30-65 years. LOAD, which is the most common
form of AD, starts after the age of 65. Around 60% of EOAD cases have familial AD, and 13% are

inherited in an autosomal dominant pattern (Bekris et al., 2010).

The genetic aspect of EOAD has an autosomal dominant inheritance pattern. Three specific
genes, including amyloid precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2),
have been linked to neuropathic changes in the brain (Schellenberg and Montine, 2012). Among
EOAD patients with onset before age 65 with an autosomal dominant pattern, 10%-15% of cases
have an APP mutation, 20%-70% of cases are due to a PSEN1 mutation, and PSEN2 mutations are

rare (Tsuang et al., 1999).

In 1984, Glenner and Wong identified a partial amino acid peptide sequence (AB peptide) on a
cerebrovascular amyloid deposit from an AD patient, which allowed for the isolation and cloning
of the APP gene by Kang et al on chromosome 21 in 1987 (Glenner and Wong, 1984). The
discovery of APP on chromosome 21 explained why patients with Down syndrome develop
amyloid deposits and AD neuropathological features at age 40 (Giaccone et al., 1989). APP is a
single-pass transmembrane protein expressed ubiquitously, with AB peptides made from the
proteolysis of APP by B-secretase and y-secretase (Glenner and Wong, 1984). AR peptides are the
main component of extracellular amyloid deposits, or plaques, that form in the brain parenchyma

and the walls of cerebral vessels, leading to neuropathological changes in AD. The Swedish



mutation of APP involves a double substitution that increases AP peptide production, leading to
the development of AD. The p. Val717lle (V7171) mutation of AR peptides alters the activity of y-

secretase cleavage and is another cause of AD (Schellenberg and Montine, 2012).

The PSEN1 and PSEN2 genes are major components of the aspartyl protease complexes
responsible for the y-secretase cleavage of APP (Bekris et al., 2010). Missense mutations in PSEN1
cause 18% to 50% of autosomal dominant EOFAD and increase the ratio of AB42 to AB40
peptides. In contrast, missense mutations in the PSEN2 gene are a rare cause of EOFAD as it

appears to be a less efficient producer of A than PSEN1 (Theuns et al., 2000).

Late-onset AD (LOAD) is the second subtype associated with AD, and it involves apolipoprotein E
(ApoE) genes. ApoE primarily functions in lipid metabolism and can act on A trafficking, synaptic
function, immune regulation, and intracellular signaling (Bekris et al., 2010). The APOE gene
encodes 299 amino acid-containing protein isoforms, which include three common alleles called
€2, €3, and €4 (Bekris et al., 2010). These polymorphic alleles are haplotypes by two SNPs located
in the coding region of the €2 allele that has a cysteine (Cys) both at amino acid positions 112 and
158. Allele €3 has a Cys at 112 and an arginine (Arg) at 158, while the €4 allele has an Arg at 112
and 158. ApoE €4 is a major risk factor for AD and has been linked to the progression of the
disease and cognitive decline (Martins et al., 2005). The risk of AD in patients with a family history
of AD increases with a higher number of €4 alleles present in the patient, especially after age 65.
Additionally, brain membranes with the ApoE €4 subtype have shown more vulnerability to AB1-
42-induced oxidative stress than brain membranes from the €2 or €3 subtypes. ApoE €4-
associated risk is also found in ethnic groups such as African Americans and Caribbean Hispanics

(Yeung et al., 2019).

Moreover, the €4 allele is the high-risk form of ApoE and developing AD, while the €3 allele is the
most common and considered a neutral allele (Romas et al., 2002). The €2 allele of ApoE is
associated with decreased risk of AD and having a genotype of €4/€4 is at higher risk than another

person with an €3/e4 or €2/e4 genotype (Mahley and Rall, 1999). Women with an ApoE €4/e4



genotype have a 45% chance of developing AD by age 73 while men have a 25% risk of developing
AD. However, the risk of AD is decreased for individuals with only one ApoE €4 allele at age 87 or
no ApoE €4 allele at age 90. ApoE €4 genotypes may also have an impact on certain onset ages in

carriers of PSEN1 or PSEN2 mutations (Romas et al., 2002; Pastor et al., 2003).

To be diagnosed with AD, two distinct pathologies must be present such as the intracellular
neurofibrillary tangles (NFTs) associated with microtubule binding tau protein and amyloid
plaques from AB peptide (Murphy and LeVine, 2010). AD is characterized by the deposition of
neurofibrillary tangles (NFTs) inside neurons. The human tau gene, located on chromosome 17,
has six isoforms in the adult human brain. In normal physiology, the phosphorylation of tau
protein maintains the cytoskeleton structure of microtubules, which plays a crucial role in the
intracellular transport system and maintaining axoplasmic flow. (Goedert, Klug, and Crowther,
2006). The equilibrium of phosphorylated tau from protein kinases and unphosphorylated tau
from protein phosphatases regulates the stability of microtubules in the cytoskeleton. However,
in AD, an imbalance of the system occurs, causing excessive tau phosphorylation, which
accumulates inside the cell and forms an insoluble aggregated pair of helical filaments (Andorfer
et al., 2003). Two protein kinases, Glycogen synthase kinase 3B (GSK-3B) and cell division protein
kinase 5 (CDK5), may be involved in the hyperphosphorylation of tau. This aggregation impairs
axonal transport and can prevent normal neuronal metabolism, causing progressive
neurodegeneration. Moreover, tau aggregation in AD has been reported to correlate with clinical

dementia and cell death (Gong and Igbal, 2008; Igbal et al., 2005).

AD is characterized by the extracellular plaque deposits of the AB peptide, which is derived from
the larger amyloid precursor protein (APP) (Kang et al., 1987). APP can be processed by two
pathways: the non-amyloidogenic pathway, created by a-secretase cleavage, and the
amyloidogenic pathway, involving - and y-secretase that create AB peptides (Schellenberg and
Montine, 2012; Chen et al., 2017). AB peptides are crosslinked by tissue transglutaminase (TTG)

and form hydrogen-bonded, parallel B-sheets to aggregate and produce amyloid plaques. The



slightly longer forms of AB, specifically AB1-42, are more hydrophobic and fibrillogenic, causing

an increase in amyloid plaque in AD patients (Murphy and LeVine, 2010).

Structural changes, such as the B-strand conformation of AB1-42 residues, allow for quicker
aggregation (Murphy and LeVine, 2010). Although a decline of cognition can occur before plaque
deposition or detection of insoluble amyloid fibrils, AB monomer's ability to aggregate into
different configurations such as oligomers and amyloid fibrils can lead to neurodegeneration and
impairment of synaptic function (Mucke et al., 2000). Soluble AB oligomers have been shown to
cause memory impairment and are a cause of neurodegeneration and impairment of synaptic
function. Studies have shown that soluble oligomer deposits, rather than the most known

insoluble amyloid plaques, show significant progression in AD (Danysz and Parsons, 2012).

APP is normally cleaved by y-secretase to form a majority of AB1-40, with smaller amounts of
AB1-42. However, APP mutations cause an increased AB1-42/AB1-40 ratio due to more AB42
production. AB1-42 is more prone to aggregate than AB1-40 and is involved in oxidative stress,
neurodegeneration, and pathological changes in the glutamatergic system in AD (Citron, 2010;
Yeung et al., 2019). AB1-42 is a peptide that can form stable tetramers and hexamers, leading to
the formation of calcium-permeable channels in lipid membranes. This dysregulates Ca?*
homeostasis and increases Ca%" which can activate NADPH oxidase and generate ROS in
astrocytes. Additionally, AR peptide oligomers can trigger neuronal damage through NMDAR-
dependent Ca?* influx by binding to or near NMDAR (Lin, Bhatia, and Lal, 2001; De Felice et al.,
2007). Chronic treatment with AP peptide oligomers can cause mitochondrial overload,
depolarization, oxidative stress, and cell death in entorhinal/hippocampal cultures. However,
NMDAR antagonists such as memantine can reduce the increasing concentration of Ca* and

delay the Ca?* - induced toxicity in the mitochondria (De Felice et al., 2007; Bieschke et al., 2011).

Recent studies have shown that AB oligomers (AB1-40, AB1-42) enhance glutamate neurotoxicity
in human cortical cell cultures, leading to compromised calcium influx and enhanced calcium

response to Excitatory Amino Acid (EAA) (Mattson et al., 1992). Soluble AB oligomers are also



involved in the phosphorylation of Tau. AB1-42 binds to forebrain synaptosomes linked with the
postsynaptic complexes of NMDAR subunits GIuN1 and GIuN2B. Under the effect of amyloid beta
treatment, the surface expression of the NMDA receptor subunit GIuN1 and GIuN2B is reduced,
either by escalating the endocytosis of NMDAR or preventing surface delivery (Lacor et al., 2007).
Some studies found that the GIluN1 mRNA was decreased in AD patients, whereas other studies
found it remained unchanged. However, mostly the mRNA of GIuN2A and GIuN2B were
decreased in AD patients, and this happened mostly in the hippocampus and the entorhinal

cortex (Hynd et al., 2004; Bi and Sze, 2002; Sze et al., 2001; Jacob et al., 2007).

Excitotoxicity resulting from excessive calcium influx can cause neuronal cell death through
glutamatergic neurotransmission (Liu et al., 2019). Under normal conditions, NMDA receptors
are activated by millimolar concentrations of glutamate, which are not sustained for long periods
(Feldmeyer et al., 2002). However, during pathological activation, NMDA receptors are activated
by lower concentrations of glutamate for longer durations. This leads to synaptic dysfunction and
an inability of neurons to communicate efficiently with each other (Liu et al., 2019). Presynaptic
glutamate release is necessary for efficient NMDA receptor transmission, as it leads to calcium
influx and long-term potentiation, a significant mechanism for memory and learning. NMDA
receptors have modulatory sites, including a voltage-dependent magnesium Mg?* block, which
regulates calcium influx. At resting membrane potential, Mg?* blocks the Ca%* channel of NMDA
receptors, inactivating them (Mayer, Westbrook, and Guthrie, 1984). However, during
depolarization, the Mg?* block is removed, and NMDA receptors are unblocked, allowing calcium
influx (Kampa et al., 2004). The duration of the Mg?* block impacts the rate of depolarization and
NMDA receptor activation. The presynaptic release of glutamate removes the Mg?* block and
allows calcium influx, which activates calcium-dependent calmodulin kinases and ultimately

induces long-term potentiation (Wang and Reddy, 2017).

Glutamate, an excitatory neurotransmitter, plays a crucial role in learning and memory. However,
maintaining the homeostasis of these neurotransmitters is equally important for proper brain

function. Excessive release of glutamate and subsequent calcium influx can cause excitotoxicity,



which disrupts the activation of enzymes and proteins involved in long-term potentiation (LTP)
(Dong et al., 2009). Different subtypes of N-methyl-D-aspartate receptors (NMDARs) serve
unique functions in neuronal physiology and excitotoxicity. Specifically, the GIuN2A and GIuN2B
subunits of NMDARs are localized at different locations due to their distinct electrophysiological
and pharmacological properties. GIuN2B subunits are preferentially located extrasynaptically, so
excessive spillover of glutamate beyond synapses can lead to excitotoxicity. As a result, GIuUN2B-

mediated death signaling is strongly favored over GIuN2A (Li and Wang, 2016).

At the resting state, the concentration of glutamate is 0.6uM. Whereas during glutamatergic
signaling and neurotransmission, it goes beyond 10uM in the synaptic cleft. Consequently, the
slight disruption in ionotropic glutamate receptors causes underlying molecular changes i.e.,
learning and memory. Such symptoms at the neuronal level are widely reported in Alzheimer’s,
Huntington’s disease, and multiple sclerosis. Therefore, this makes the ionotropic glutamate
receptors prime targets for Alzheimer’s therapy (Wang and Reddy, 2017). Moreover, amyloid
beta plaques, being one of the causes of Alzheimer’s, intervenes with excitotoxicity, cell death,
and synaptic disruption. Under normal physiological conditions, amyloid beta peptides play a
significant role in the synaptic mechanism. They stimulate presynaptic a7-nicotinic acetylcholine
receptors, whereas, under pathological conditions, it forms dimers and trimers and, therefore,

have a toxic effect on synapses causing excitotoxicity and cell death (Esposito et al., 2013).

The previous treatments for Alzheimer’s focused on targeting NMDARs excitotoxicity, but the
clinical efficacy of AChR was not efficient as in memantine. The challenge has been to inhibit the
pathological activation of NMDARs without impairing the normal physiological synaptic
transmission (Parsons, Danysz, and Quack, 1999). The only approved drug to date is memantine.
It has an IC50 of around 1uM at -70mV and increases as holding potential shifts to a more positive
value. Memantine is not always therapeutically successful and is neither a multi-ligand drug that
could efficiently act as an ACh esterase inhibitor nor an NMDR antagonist. Cholinergic neurons
that form the nucleus basalis of Meynert which are in the basal forebrain, are severely lost in AD

(Ferreira-Vieira et al., 2016). Research has shown that cholinergic synapses are particularly
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affected by AB oligomer's early neurotoxicity (Wong et al., 1999). This research focused on a drug
harmonine targeting NMDAR subunits GluN1 and GIuN2A. Moreover, the previous results

showed harmonine to be efficient on nAChRs as well which will make it a multi-ligand drug.

1.2 Role of Cholinergic Neurotransmission in Memory:

Acetylcholine plays a very significant role in neurotransmission, synaptic plasticity, and memory.
According to Ferreira-Vieira et al (2016), the cholinergic system plays a crucial role in memory
and learning. It is also responsible for executive functioning, attention, and wakefulness.
Moreover, it is also involved in making new memories and retrieval of old memories. Therefore,
the breakdown of acetylcholine by acetylcholinesterase has a severe impact on cholinergic
neurotransmission. Talesa (2001) describes that the presence of AChE is linked with neurotoxicity
and amyloid components get triggered in its presence. The acetylcholine neurotransmitter level
drops during Alzheimer’s disease. The results from Alzheimer’s patients have shown a 50%
reduction in the a4B2 subtype levels, and they are the major nicotinic acetylcholine receptor in
the brain along with a7-nAChR (Cheng, Lin, and Lane, 2021). Moreover, a7-nAChR has a specific
binding affinity to AB (1-42) and is found within the brains of AD patients with AB (1-42) (Nagele
et al.,, 2002).

According to Mufson et al (2008), there is a decline of acetylcholine-containing cell bodies as
Alzheimer’s progresses. Furthermore, the loss is seen in long projection neurons which innervate
the cerebral cortex and hippocampus. The cholinergic synapses crucial for memory and learning
are present in the brain. There is a high density of cholinergic synapses from the neocortex to the
limbic system, thalamus, and striatum (Hampel et al., 2018). This suggests the significance of the
neurotransmitter acetylcholine in memory, learning, and higher brain functions. Therefore, it
becomes evident that acetylcholine esterase inhibitors can be a prime target to increase the
levels of ACh. Thus, research suggests that AChE inhibitors limit ACh decline and help in neuronal

functioning (Sharma, 2019). Moreover, the adrenergic and cholinergic systems are localized on
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the dendritic spines and are thought to be involved in regulating glutamatergic

neurotransmission (Sharma, 2019).

As it is clear now that AD does not only target NMDA neurotransmission. But it may also target
nicotinic acetylcholine receptors as well by reducing Ach availability. a7-nAChR are somehow
related to NMDAR and have an impact on glutamatergic synaptic transmission. Recent
immunocytochemical work has shown that a7-nAChR is localized at postsynaptic asymmetric
synapses. Most of these synapses are excitatory in nature and it has been shown that NMDARs

are located on most asymmetric synapses (Nusser et al., 1998).

As discussed previously, a7-nAChR is the most significant subtype having an impact on NMDAR
currents. a7-nAChR is localized in glutamate synapses in dIPFC and required for NMDA action.
This shows the simultaneous working of a7-nAChR with NMDA in dIPFC (Yang et al., 2013).
According to Markram and Segal (1992), the relation and action of acetylcholine on NMDARs are
dependent on the region. In the CA1 region of the hippocampus, the action of acetylcholine on
NMDARs is through muscarinic receptors. AChE inhibitor like donepezil has been shown to cause

a reduction in the expression of GluN1 and NMDAR-mediated excitotoxicity (Shen et al., 2010).

Memantine also targets nicotinic acetylcholine receptors along with NMDARs. Studies have
shown that it caused a reduction in the amplitude of whole-cell currents by a7-nAChR. It was

more potent against a7-nAChR than NMDA. It had ICso of 0.34uM against a7-nAChR at -60mV.

1.3 Structure and Physiology of NMDA Receptor and Subunits:
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The NMDA receptor plays a significant role in excitatory post-synaptic potentials and neuronal
plasticity, regulating the late phase of EPSP. Voltage-dependent Mg?* blocks the NMDA channel,
which regulates activation and depolarization rate (Dravid et al., 2007). Activation of these
receptors causes alterations in synaptic plasticity through Mg?* regulation of NMDAR channels

(Berberich et al., 2007).

The receptors exhibit spatiotemporal variation, with GIuN2B and GIuN2D more abundant during
early development and GIuN2A and GIuN2C more widely expressed during late development.
NMDA receptors require glycine and glutamate/NMDA as agonists for activation. Glutamate
release in the synaptic cleft regulates NMDAR activation, as extracellular glycine is usually
present at high concentrations at the synapse. Seven genes encode NMDAR subunits, including
a single GRIN1 (encoding GIluN1), four GRIN2 (encoding GIuN2A-D), and two GRIN3 genes
(encoding GIuN3A-3B) (Hansen et al., 2018). GIluN1 combines with GIuN2 subunits to form a
functional receptor, and the GIuN1 subunit is abundant at excitatory synapses (lacobucci et al.,
2021; Berberich et al., 2007). Alternate splicing in GIuN1 and GIuN2 encodes the sequence for
extracellular and intracellular domains, resulting in eight isoforms for GIuN1 (Vrajova et al.,

2010).
NMDA subunits, like all ionotropic glutamate receptor subunits, consist of an extracellular amino-

terminal domain (ATD), an extracellular ligand-binding domain (LBD), a transmembrane domain,

and an intracellular carboxy-terminal domain (Karakas and Furukawa, 2014).
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Figure 1: Structure of NMDARs subtype GluN1 and GluN2 showing the extracellular NTD and ABD domain. Whereas an intracellular
CTD domain is shown at the bottom. Two different binding sites are shown for GluN1 and GIuN2 agonist binding sites and specific
agonists l.e., glycine and glutamate with a pore region going inward at the M2 region. M2 region moving inward and showing the
same site for endogenous Mg blocker (Billard, 2018).

The N-methyl-D-aspartate (NMDA) receptor is composed of several molecular domains that
control the unique properties of ion channel opening, deactivation, and intracellular signaling for
neuroplasticity. The NMDA receptor has two main domains: the amino-terminal domain (ATD)
and the ligand-binding domain (LBD). The ATD is responsible for ion channel opening probability
and contains an allosteric modulator site where compounds like zinc, ifenprodil, and polyamines
can bind as shown in figure 1. The LBD controls the opening and closing of the ion channel during
depolarization, and it is connected to the transmembrane helices through short peptide linkers
that link with the M1, M3, and M4 transmembrane domains (lacobucci et al., 2021; Pabba,

Hristova, and Biscaro, 2012).
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The permeation properties of the ion channel are mainly controlled by the transmembrane
domain, which has four membrane-inserted domains (M1-M4), where M2 forms an inward bend
and pore containing asparagine residues at the Q/R/N site (Karakas and Furukawa, 2014). The
Q/R/N site on the tip of the M2 loop causes a narrow constriction in the pore where water-
containing ions are dehydrated for recognition. The Q/R site is called non-NMDARs due to a
change in the mRNA level, while positively charged arginine (R) is found in GluA2, GluK1, and
GluK2, rendering the channel Ca?* impermeable. However, the N site, called NMDARs, contains
two heteromeric assemblies of NMDARs with two GIuN1 and two GluN2 subunits, which have a
higher selectivity for Ca?* than non-NMDARs. The Q/R/N site is very significant in determining the
channel permeation and blockage by cations (Wollmuth, 2018; Parsons, Stoffler, and Danysz,

2007).

The conformational changes during ion channel opening, agonist-ligand binding, and
desensitization are not yet fully understood. The binding of glycine and glutamate to the GIuN1
and GIuN2A LBD causes a conformational change, while depolarization causes the opening of the
cation ion channel in the transmembrane region (Johnson and Kotermanski, 2006). NMDA
channels possess two unique properties: they are blocked in a voltage-dependent manner by
endogenous Mg?* and they are highly permeable to Ca%*. The calcium influx activates a range of
intracellular signaling pathways with potentially damaging consequences as shown in figure 2

(lacobucci et al., 2021).
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Fig. 2: Structural and functional dynamics of the NMDA receptors. Showing different subunits and four different molecular
domains in each subunit. Four transmembranes are shown with M2 moving inward forming the pore region and the Mg*? blocking
site (Johnson and Kotermanski, 2006).

1.4 Diverse pharmacology and Kinetics of NMDA subunits:

The NMDA receptor subunits, GIuUN2A and GIuN2B share about 70% of their genetic code and
amino acid sequence. However, they play distinct roles in learning and memory, as well as in
neurodegenerative diseases. The conductance and permeation properties of the channel vary
between the different subunits. GIuN1A/2A and GIuN1A/2B have higher channel conductance
and calcium influx ability compared to GIuN1/GIuN2C and GIuN2D (Wyllie, Livesey, and
Hardingham, 2013).

The sensitivity of each subunit to the magnesium block is determined by the GIUN2 subunit.

GluN1-2A or GIuN1-2B are blocked more strongly than other subunits, reflecting a difference in

their voltage dependence (Kuner and Schoepfer, 1996). The affinity of each subunit to the agonist
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is regulated by the LBD, with GIuN2A exhibiting a different binding mode than other GIuN2

subunits (Erreger et al., 2004)

The GluN2 subunit also determines calcium permeability, with specific asparagine residues in M2
responsible for increased efficiency. GIuN2A and GIuN2B have different channel opening kinetics,
with GIuUN2A/GIuN2B varying electrophysiological data. The channel opening probability is 3-5
times higher for GluN1/GIuN2A than GIuN1/GIuN2B (Wyllie, Livesey, and Hardingham, 2013).

Furthermore, NMDARs containing GIuN2B subunits have slower kinetics and deactivate more
slowly than those containing GIuUN2A (Erreger et al., 2004). GIluN2B-containing NMDARs exhibit
slower decay responses than GIuN2A-containing receptors. Studies using MK-801 have shown a
decreased reduction in open channel probability in GIuUN2A than GIuN2B subunit (Erreger et al.,
2005; Erreger et al., 2004). The difference in both subunits’ opening probability is not dependent

on the receptor surface expression.

1.5 NMDA Antagonists and Mechanism of Action:

NMDA antagonists work by blocking the overstimulation and current flow through the channels
of NMDA receptors. There are different drugs targeting various sites of NMDA receptors due to
their structure. Competitive antagonists target the glutamate or glycine site of action and prevent
further excitotoxicity in the brain regions. Whereas some non-competitive inhibitors may involve
ion channel blockage and prevent calcium influx (Gonzales and Grotta, 2016). The antagonists
bind to specific subunit sites of NMDA receptors According to Ogden and Traynelis (2011) some
noncompetitive antagonists may bind to the transmembrane domain blocking the ion channels.
The uncompetitive antagonists are open-channel blockers that bind in the pore/transmembrane
region with the least impact on synaptic transmission (Olivares et al., 2012). Two examples of
uncompetitive antagonists include ketamine and memantine (Cottone et al., 2013). The

competitive inhibitor interaction at the glutamate site in the NMDARs is dependent on
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the amino and two carboxylic moieties of glutamate (Lodge and Mercier, 2015). Two competitive
antagonists at the GIuN2 LBD are D-(-)-2-Amino-5-phosphonopentanoic acid (dAP5) and 1-
(Phenanthrene-2-carbonyl) piperazine-2,3-dicarboxylic acid (PPDA) (Jespersen et al., 2014).

Memantine is a noncompetitive and uncompetitive NMDA inhibitor blocking the channels when
they are excessively open (Cottone et al., 2013). Some noncompetitive inhibitors enter the open
channels and bind to the blocking site located in the pores. Other blockers with slower kinetics
can remain bound to the channels for a longer period. Memantine inhibition is concentration
dependent, and the rate of fast block increases by increasing the concentration of memantine.
The unblocking of memantine remains constant with concentration. Memantine can remain
trapped after the removal of the agonist thus blocking the ion channel if it is reopened (Gilling et
al., 2009). It has been found that the tendency of memantine to be trapped inside the channel is
lower as compared to ketamine, phencyclidine, and MK801 due to its fast binding and unbinding

kinetics (Blanpied et al., 1997, Sobolevsky and Koshelev, 1998, Johnson and Kotermanski, 2006).

1.6 Memantine:

Memantine blocks the NMDA receptor in a very specific way with double exponential kinetics. It
binds to the ion channel only in the presence of the agonist. Memantine is used clinically, and its
effective nature can be witnessed by its moderate affinity ICso value of 1uM, at =70mV, its fast
blocking/unblocking kinetics, and its voltage dependency (Kotermanski, 2006). Therefore, it has
a greater ability to leave the ion channel upon depolarization of the neuron. Memantine acts in
a voltage-dependent manner with stronger inhibition at a more negative holding potential.
According to Bresink et al (1996), memantine antagonized the application of 0.3-30uM L-
glutamate in a concentration-dependent manner. The ICso values for GIuN1/Glu2A and
GIuN1/GIuN2B had ICso values at -70mV as shown in table 1. However, shifting the holding

potential towards +60mV resulted in an increased ICso value of memantine.
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IC50 of GIuN2A/GIuN2B for Memantine at -70mV

GIluN1/2A GIluN1/2B

0.93-1puM 0.8-0.90pM

Table 1: ICso of GIuN1/GIuN2A and GIuN1/GIuN2B for Memantine at -70mV (Bresink et al., 1996)

Memantine, unlike phencyclidine, ketamine, and MK801, has a lower affinity, shorter dwelling
time on receptors, and is well tolerated clinically. It acts in a very similar way to Magnesium,
closing the channels during pathological over-activation of NMDA receptors, while still allowing
the physiological signals essential for synaptic transmission. Moreover, it’s the only approved
drug till now acting as an antagonist of NMDARs (Liu et al., 2019). Memantine is a low-affinity
drug avoiding long-term receptor blockage to avoid negative impacts on learning and memory.
It only targets the channel under pathological activation because of increased glutamate in the
synaptic cleft (Folch et al., 2018). It provides a balance between normal physiological activity and

excessive extrasynaptic activity (Cheng, Lin, and Lane, 2021).

Memantine being an open channel blocker works only in the presence of an agonist and it has
the mutual site of action as magnesium block. Thus, the evidence suggests that N-site residues
of asparagine in M2 of subunits GIuN1 and GIuN2 affects the memantine block (Johnson and

Kotermanski, 2006).

According to Buisson and Bertrand (1998), the effectivity of memantine was tested against a4p2-

NAChR expressed in human embryonic kidney (HEK-293) cells. The whole cell current showed to

be effective (14uM) for the ion channel block as well. Furthermore, memantine has been
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effective in a9/a10 heteromeric nAChRs in Xenopus oocytes with ICso as shown in table 2 (Oliver
et al.,, 2001). Also, Memantine is effective against serotonin and dopamine uptake at high
concentrations as shown in table 2. Moreover, it also targets nicotinic acetylcholine receptors
and sodium channels as well. However, electrophysiological recordings and behavioral studies
showed a lack of anticholinergic effect in Alzheimer’s. Thus, memantine through targets the

nicotinic acetylcholine receptors but not at a therapeutic concentration (Maskell et al., 2003).

ICso of memantine in nAChRs and serotonin and dopamine

04B2-nAChR 14pM
(Memantine)

09/a10 1uM
(Memantine)

serotonin and dopamine 10-500puM

Table 2: 1Cso of memantine in nAChRs and serotonin and dopamine (Oliver et al., 2001; Maskell et al., 2003)

20



(b)

Memantine Ketamine*
NH
2 G on.
HN

Fig. 3: X-ray crystal structure of NMDA subunits GluN1 and GluN2B with binding site shown as a red point. (b) is the three-ring
structure of memantine with a bridgehead amine (NH2). Ketamine is shown at the right with two enantiomers. GluN1 and GIuN2A
at the bottom can be seen with the binding site of ketamine and memantine (Johnson, Glasgow, and Povysheva, 2015).

1.7 NMDA antagonists used in the experimentation of AD patients:

NMDA antagonists that have been proposed for use in AD therapy target the high calcium influx
that can lead to neuronal cell death. NMDAR antagonists like phencyclidine, ketamine, MK-801,
and memantine all target glutamate-mediated excitotoxicity and cell death (Liu et al., 2019).
Ketamine is a noncompetitive NMDA inhibitor targeting the ion channel. However, it does not
bind the closed channels but rather in an open state (MacDonald, Miljkovic, and Pennefather,
1987). The patch-clamp study in mouse hippocampal neurons showed that ketamine blocks the
excitatory currents in a highly voltage-dependent manner. However, the concentration changes
of ketamine had less effect on the outward current response, whereas, it had a huge impact on
the inward current response at hyperpolarized potential (MacDonald, Miljkovic, and

Pennefather, 1987).
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A study showed that the HEK 293 cells transfected with GIuN1/GIuN2A and GIuN1/GIuN2B at a
holding potential of -65mV had an ICso for memantine as shown in Table 2. Whereas the ICso for
ketamine at -65mV was slightly lower as shown in table 2. The subunit GIuN1/2B had a different
ICso at -65mV. This may be due to GIuN2B appearing to be critical for LTP (Zhang and Luo, 2013).
Recent studies have reported that the D4 dopamine receptor may regulate LTP through the
modification of GIuN2B (Herwerth et al., 2012). Also, the C-terminal signaling sequence of
GIuN2B contributes to hippocampal LTP regulation however, the C-terminus of GIuN2A has little
relevance to hippocampal LTP (Foster et al., 2010). The ICso for memantine and ketamine for
GIuN2B were different as compared to GIuUN2A (Erreger et al., 2005). Ketamine is an open-
channel blocker like memantine. Therefore, stable inhibition of responses requires the use of a
protocol with multiple applications of agonists and antagonists (Gray et al., 2011; Tovar et al.,
2013). Also, the inhibition by ketamine and memantine can differ during long-term glutamate

application and this also depends on the NMDAR subunits (Glasgow and Johnson, 2014).

ICso of Memantine and Ketamine at -65mV

GluN1/GIuN2A 1.89uM
(Memantine)

GluN1/GIuN2A 0.89uM
(Ketamine)
GluN1/GIuN2B 0.68uM

(Memantine)

GluN1/GIuN2B 0.43uM
(Ketamine)

Table 3: ICso of Memantine and Ketamine at -65mV for GIuN1/GIuN2A and GIuN1/GIuN2B (Zhang and Luo, 2013; Erreger et al.,
2005).

Ketamine is less potent than phencyclidine and other NMDA antagonists like MK-801 due to a

faster rate of dissociation from the channels. It binds to a site deep into the ion channel pore and
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stops the flow of ions. This property helps the block of the ion channel for a shorter period and
is relieved upon channel opening (MacDonald and Nowak, 1990). Ketamine inhibits the NMDARs
by less than 50% at lower micromolar concentrations and leaves the rest of the NMDARs
unblocked. The ICso of ketamine via NMDA channel blockage on the hippocampus was 0.43+
0.10uM at -100 mV with continuous NMDA (500u1M) with a potency of 43.3. Studies on NMDARs
expressed in Xenopus oocytes have shown that ketamine is selective for and more potent for

GIuN2B than GIuN2A, 2C, and 2D in the absence of magnesium (Dravid et al., 2007).

Phencyclidine is more selective and 10 times more potent than ketamine. A study shows that
Phencyclidine has a potency of 0.5uM while Ketamine has a potency of 5uM in vivo on chick
embryo retina against 200uM racemic NMDA. Phencyclidine is also longer lasting after local or
systemic administration 0.2-0.5mg-kg™* iv reduced the NMDA currents for several hours (Lodge
and Mercier, 2015). The inhibition of NMDA by phencyclidine was found to be agonist-dependent
(Berry etal., 1984b; Lodge and Anis, 1984; Lodge and Berry, 1984; Lodge et al., 1984). Other
NMDA antagonists, including alpha cyclazocine and SKF10047, are known to be selective NMDA
antagonists. Cyclazocine is twice as potent as SKF10047 (Lodge et al., 1984). The (-) enantiomer
of cyclazocine along with (+) enantiomer of SKF10047 was more potent than their other
configurations (Lodge et al., 1984). MK801 is the most potent NMDA antagonist among all these
compounds. In earlier studies, MK-801 was found to be more potent in NMDAR subunits GIuN2A
and GluN2B. The NMDA antagonists other than memantine can be ranked in the following order
as neuroprotectants in-vitro: MK-801 > phencyclidine > ketamine > (-) cyclazocine > (+)SKF10 047
= > pentazocine (Olney etal., 1986, Lodge et al., 1984). However, it was found that MK-801,
phencyclidine, and ketamine when administrated in-vivo at higher doses cause cell death in the

rat cerebral cortex (Olney et al., 1986).

MK-801 has slower unblocking kinetics than Magnesium, lower voltage dependency and is unable
to leave the channel within the functional time. Moreover, MK-801 block the normal
physiological and pathological activation of NMDARs (Parsons, Danysz, and Quack, 1999) The

kinetics of MK-801 and phencyclidine are slow that makes it unable to leave the channel upon
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depolarization (Parsons et al., 1995). A recent study by Chou et al (2022) found the resolutions
around the binding site of ketamine, memantine, and phencyclidine. The research was based on
single particle electron cry microscopy, molecular dynamics simulations, and electrophysiology
to analyze the different kinetics of phencyclidine, ketamine, and memantine on NMDARs subunit
GluN1a and GIuN2B. A short pulse (5s) of glutamate was applied to patch clamped cells. They
found that phencyclidine had the lowest speed and the fastest dissociating compound out of
ketamine and phencyclidine. Also, memantine had the least psychomimetic effects (Chou et al.,

2022).

A boomerang-shaped density was found for the phencyclidine channel blocker bound to the

GluN1a/GIuN2A channel pore. This boomerang-shaped density was surrounded by M2 loops and
M3 helices and located at the center of the pore with the elbow of the boomerang towards
threonine residing on M3. The arms of the density were found to be surrounded by hydrophobic
interactions sitting on top of the M2 loop along with an asparagine ring. These residues and
asparagine ring were located at the center of the selectivity filter blocking the channel pore as

shown in figure 4 (Chou et al., 2022).
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Fig.4: Structure of GIluN1A-GIuN2B NMDARs shown bound to phencyclidine at the TMD. (b) The structure shows the phencyclidine
molecule surrounded by the hydrophobic ring, threonine, and asparagine ring (Chou et al., 2022).

The methodology used to assess the specific binding sites of the GluN1a-2B NMDAR in complex
with ketamine, like phencyclidine, was molecular dynamic simulation which was used on the
cryo-EM structures to better visualize and determine distinct features regarding the
transmembrane binding domain. Ketamine was bound with the agonist-activated NMDAR
complex in specific binding patterns that the researchers labeled as “poses” as shown in Figure
5. Pose 1 was distinct from the others as the chlorine group did not adhere to the density while
in poses 2, 3, and 4 it did adhere to the density. Moreover, poses 1, 2, and 3 have hydrophobic
interactions, and pose 4 resembles PCP regarding the cyclohexane ring facing the threonine ring
also creating a hydrophobic interaction. As for the binding stability, poses 2, 3, and 4 have more

stable binding sites as opposed to posing 1 as shown in figure 5.
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Fig.5: Four binding poses of ketamine as shown by the Cyro-EM, each poses colored differently. The colored eyelashes represent
the hydrophobic interactions (Limapichat et al., 2013).
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Regarding memantine, not only does it have one “pose” when bound to the NMDAR complex,
but it has a unique pseudo-tetrahedral density. One of the ‘arms’ of this density involves an
interaction between the amine group of memantine and an Asn ring (Limapichat et al., 2013).
The two methyl groups interact with GIuN1/GIuN2B forming hydrophobic interaction. Also, for
binding stability, memantine displayed a stable z-axis position like poses 2, 3, and 4 of ketamine.
To study the effects of voltage dependence of NMDAR blocks, voltages of -70mV, OmV, and
+70mV were tested. The chemical change that produced a pronounced effect was the hydrogen
bond. This hydrogen bond decreased as the voltage got more positive between the GIuUN2B Asn
ring found in the pseudo-tetrahedral complex. This is because hydrogen bonds are formed
specifically by GIuN2b-Asn and memantine interaction. However, this was not found for GIuN1A-

Asn and memantine interactions (Chou et al., 2022).

The study conducted by Chou et al (2022) found that inducing a mutation of a threonine ring
which is normally found in the structure of both GluN1a and GIuN2B affected the activity of all
three channel blockers through changes in the hydrogen bonding along with altering the

hydrophobic interactions. Another method used alongside the mutations to measure the on and
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off rates of each channel blocker coming was using patch—clamp electrophysiology and two-
electrode voltage-clamp. Both the mutated form of the Thr ring and GIuN2B-Leu643Ala had
decreased hydrophobic interactions and lower potency with a faster coming-off speed for all

three channel blockers.

However, the mutated GluN1a-Val644Ala only had a fast off-speed change with ketamine but not
phencyclidine or memantine. GIuN2B-Asn615GIn has a side chain that interferes with hydrogen
bonding, and this affected both memantine and Phencyclidine binding by decreasing potency and
increasing the binding off rate, but this was not found for ketamine.

Another aspect of testing found that the Asn ring mutation to GIn caused a significant change to
the Mg?* block and lowered potency. Therefore, the Asn ring is more uniquely attributable to
channel blockage involving Mg?* as opposed to the three-channel blockers that were tested

(Chou et al., 2022).

1.8 Clinical Trials of Memantine and its effectivity:

Memantine has been evaluated for different stages of Alzheimer’s patients. Three randomized,
double-blind, and placebo-controlled studies were conducted and submitted to FDA for approval.
The first study submitted to FDA involved using memantine in a long-term care setting in AD
patients. The patient’s severity was an assessment by the global deterioration scale (stage 5-7)
and the mini-mental state examination (<10 points). As the endpoint, the clinicians rated the
clinical global impression of change (CGI-C). To further strengthen the assessment, the nursing
staff used the behavioral rating scale for geriatric patients i.e., sub-score care dependence
(Winblad and Poritis, 1999). It involved 166 patients between 60-80 years of age, with moderate
to severe stages of the disease, and who met the criteria for dementia. At the end of 12 weeks,
82 of the patients received memantine 10 mg of per day and 84 received a placebo. According to
the CT scan, 49% of those patients had dementia and 51% had vascular dementia. The change in
clinical global impression was observed in 73% in favor of the memantine group, and the

behavioral rating score was 3.1 points in patients treated with memantine and 1.1 points under
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placebo. This clinical trial supported the hypothesis of memantine in the treatment of functional

cognitive improvement and reducing care dependence as well (Thomas and Grossberg, 2009).

The second study and the experimental data submitted to the FDA on memantine were carried
out in an outpatient setting. The criteria used for this study by Reisberg et al (2003) were similar
in selection to that submitted by Thomas and Gorssberg (2009). This study involved 252 patients
that were administered 10 mg of memantine twice daily for 28 weeks at 32 US centers. Out of
these 252, 181 (72%) finally completed the assessment over the 28-week period. The assessment
criteria used afterward were severe impairment battery, the clinician’s cognition, and global
measurements as primary efficacy variables. Moreover, the secondary variables used were
Alzheimer’s disease cooperative activities of daily living inventory modified for severe dementia
and the neuropsychiatric inventory to measure the impact on behavior. The patients
administrated with memantine showed improvement in better cognitive outcomes over the

placebo over the 28-week trial (Reisberg et al., 2003).

The third study submitted to the FDA was more promising, covering the multi-targeted
pathological activations in Alzheimer’s disease patients. It involved the administration of
memantine with the cholinesterase inhibitor, donepezil. This study involved 404 patients
suffering from moderate to severe AD and mini-mental state examination scores of 5-13 and was
conducted at 37 US sites between a time of 2001 and 2002. However, only 80% of the patients
completed the trial. The participants received 5mg of memantine per day initially and later
increased to 20mg per day. This final study had an inclusion of a behavioral rating scale for
geriatric patients in addition to the criteria discussed previously by Reisberg et al (2003). The
patients who received memantine and donepezil showed better outcomes than the placebo. The
results showed improvement in cognition, activities of daily living, global outcomes, and
behavior. These results along with previous studies showed that memantine can be a promising
treatment for patients suffering from moderate to severe AD (Tariot et al., 2004). Finally, a fourth
study carried out by Schneider et al (2011) tried to assess the efficacy of memantine in mild

Alzheimer’s disease patients. The patients who were diagnosed had a mini-mental state
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examination score of < 20. The data extraction and study selection used in this trial were taken
from manufacturer-sponsored meta-analyses, registries, presentations, and publications from
clinical trials of memantine in mild to moderate AD. The three trials used for this involved 431
patients with mild AD and no significant difference was found between memantine and placebo
in patients with mild AD. Despite its frequent use, there was no evidence seen of using

memantine in mild AD patients.

1.9 Choline Esterase Inhibitors and Alzheimer's Disease:

AD causes the deterioration of the cholinergic neurons and, therefore, the decline of
acetylcholine release in the brain (Bartus et al., 1982). One of the main causes of AD along with
the NMDAR-mediated excitotoxicity is the reduction in the synthesis of acetylcholine. Choline
Esterase Inhibitors amplify the weakened cholinergic signals by delaying the ACh breakdown
(Parsons, Stoffler, and Danysz, 2007). So, targeting the acetylcholine breakdown is one of the
therapeutic strategies in the treatment of AD and increasing the acetylcholine levels.
Acetylcholine Esterase is the enzyme involved in the hydrolysis of acetylcholine to generate
choline and acetate ions (Silman and Sussman, 2008). Cholinesterase inhibitors can be divided
into different categories depending on their clinical efficacy. This includes reversible inhibitors
such as donepezil and galantamine and pseudo-reversible inhibitors such as eptastigmine,

physostigmine, and rivastigmine (Enz et al., 1993).

Donepezil and galantamine only selectively inhibit the acetylcholine esterase. The clinical trials
of the 6 months showed that these drugs improved the cognitive function in AD patients.
However, the different Choline Esterase Inhibitors show the difference in the dose-response
relationship (Antuono, 1995). The IC50 of donepezil in rat brain tissue was found to be
0.68nmol/L. Whereas Rivastigmine had 42000nmol/L and galantamine had 3900 nM/L
(Giacobini, 1997). Donepezil was first approved for the treatment of mild AD in 1996 inhibiting
the choline esterase (Jacobson and Sabbagh, 2008). In addition to this, Rivastigmine was first

approved for the treatment of mild AD in 2000. Although its exact mode of action remains

29



unclear, it targets Choline Esterase Inhibitors and increases cholinergic function (Bar-On et al.,

2002).

The preclinical data have shown that memantine does not block nicotinic acetylcholine receptors
at a therapeutically relevant concentration (Enz and Gentsch 2004; Gupta and Dekundy 2005;
Wenk et al., 2000) and so can be used in combination therapy. Studies in transgenic mice showed
that memantine and donepezil together improved spatial memory (acquisition and retention),

however, donepezil on its own only improved retention.

2.0 Natural/Toxins NMDA Antagonists:

Several NMDA antagonists have been so far discovered from natural sources, and some block the
receptors in a voltage-dependent manner. Though many of them are not clinically effective they
still can block the NMDARs. Some of them are natural NMDA toxins that antagonize the

receptors.

A type of natural compound that can inhibit NMDA receptors is CGX-1007 or Conantokin G, which
is a peptide isolated from the cone snail, Conus geographus (Alex et al., 2011). CGX-1007 can
antagonize receptors containing GIuN2B, which is an NMDA receptor that mediates excitotoxicity
in young neurons (Jakob et al., 2007). To test the antagonist effects of CGX-1007, hippocampal
slice cultures from Sprague Dawley rat pups were exposed to NMDA to induce excitotoxicity. The
methodology used to view the excitotoxic neurodegeneration involved the use of propidium
iodide (Pl) uptake, which is a non-toxic fluorescent dye. When CGX-1007 was added with NMDA
on the hippocampal slice cultures, it caused the preservation of the neural cells. However,
ifenprodil, which is a GIuN2B selective antagonist of NMDA receptors, failed to protect against
neural cell damage. To test the effects of CGX-1007 on NMDA receptors, human embryonic
kidney (HEK) 293 cells were used with either GIuN1/GIuN2A or GIuN1/GIuN2B NMDA receptors
(Alex et al., 2011). CGX-1007 caused inhibition of NMDA-evoked currents in cells expressing both

GIuN2A and GIuN2B containing receptors but with more affinity for those containing GIuN2B.
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Two other closely related plant-based natural antagonists of NMDA are Rhynchophylline and

Isorhynchophylline, which are oxindole alkaloid derived from Uncaria species (Tai-Hyun et al.,
2002). A previous study discovered that these two alkaloids protected against glutamate-induced
neuronal death in cerebellar granule cells (Shimada et al., 1999). Thus, this paper postulated that
these plant-derived alkaloids can non-competitively inhibit NMDA receptors. The study used
Xenopus oocytes that were injected with RNA from rat cortices (Tai-Hyun et al., 2002). The results
of the study showed that the two natural alkaloids by themselves were unable to elicit a current
response but both rhynchophylline and isorhynchophylline reduced the current responses to
100uM NMDA and 5uM glycine in a concentration-dependent manner. Also, both alkaloids were
able to reduce the maximal current responses evoked by NMDA and glycine but had no effect on
the NMDA and glycine ECso. They also had no interaction with specific binding sites on the NMDA
receptor such as the polyamine binding site, the Zn?* site, the proton site, or the redox
modulatory site thus demonstrating noncompetitive antagonism of NMDA receptors (Tai-Hyun

et al.,, 2002).

A plant-based alkaloid, Huperzine A, derived from the herb Huperzia serrata was shown to inhibit
NMDA receptors by non-competitive inhibition (Shimada et al., 1999). Patch-clamp recording of
CAl1l pyramidal neurons dissected from Sprague—Dawley rat hippocampus was used, and
Huperzine A was applied before and during NMDA application. The result of the experiment
showed that the addition of 100uM Huperzine A decreased the NMDA concentration by more
than 50%. Also, a concentration—response curve for NMDA was created with and without the
presence of Huperzine A and this showed a non-parallel shift confirming its noncompetitive

antagonistic nature (Mallozzi et al., 2018). This study also tested the inhibition of Huperzine A on
the NMDA receptors at three different membrane potentials, which determined that the
inhibition of the NMDA receptors was voltage-independent. Additionally, the addition of
spermine, a positive modulator of NMDA receptors, increased the maximal inhibitory
concentration of Huperzine A, thus, suggesting that Huperzine A competes with spermine as a
competitive antagonist at the polyamine binding sites on the NMDA receptor (Tai-Hyun et al.,

2002; Zhang and Hu et al., 2011), unlike the two oxindole alkaloids (Zhang and Hu et al., 2011).
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Argiotoxin-636 is polyamine isolated from the spider venom of Argiope lobata and Argiope
aurantia. They are very potent NMDARs antagonist blocking the ion channel at a lower
concentration. Argiotoxin-636 are open channel blockers and inhibited the NMDARs activity by
half at 3mM concentration in a voltage-dependent manner in the rat cortical neurons (Albensi,
Alasti, and Mueller, 2000). Argiotoxin-636 is considered to have selective affinity for NMDAR
subunits GIuN1/2A and GIuN1/2B. This makes it a significant toxin for the neuropharmacological
study of the NMDARs subtypes (Patasz and Krzystanek, 2022). It is 20 times more selective for
GIuN1/2A and GIuN1/2B than GIuN1/2C and GIuN1/2D NMDAR subtypes. Moreover, the rate of
channel block is dependent on the ArgTX-636 concentration. Whereas the rate of channel
unblocking is independent of the ArgTX-636 concentration (Poulsen et al., 2015). In addition to
this, Agatoxin-489 are neuroactive polyamines and natural toxins used as NMDA blockers. They
are isolated from the desert grass spider Agelenopsis aperta. Agatoxin-489 is found to be a very
potent NMDARs-dependent calcium currents blocker in rat cerebellar granule cells and

hippocampal neurons (Monge-Fuentes et al., 2015).

Philanthotoxin-343 are natural toxin isolated from the Egyptian digger wasp. They are polyamine
neuroactive toxins playing a significant role in nAChR, NMDA, kainite, and AMPA receptors. They
are noncompetitive NMDA, AMPA, and kainite receptor inhibitors. The multiple charges on the
PhTX-343 are very crucial for the potency of glutamate receptors (Mellor et al., 2003). According
to Fedorov, Screbitsky, and Reymann (1992), in vitro experiments showed 2uM PhTX-343
inhibited the NMDA-induced calcium currents in the hippocampal pyramidal neurons. PhTX-343
showed NMDA inhibition in a voltage-dependent manner. They had an ICso at holding potential
of -60, -80, and -100mV as shown in table 4 (Mellor et al., 2003).
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ICs0 of PhTX-343

-60mV 13.2uM
-80mV 2.01pM
-100mV 0.98uM

Table 4: 1Cso of PhTX-343 at different holding potentials i.e. -60mV, -80mV, and -100mV (Mellor et al., 2003).

2.1 Harlequin ladybird - Harmonia axyridis:

The Harlequin ladybird, Harmonia axyridis, was initially used as a biological control for aphids in
different areas of the world and is native to Asia. The first established population was recorded
in 1988 in the US even though it was first taken into the US in 1916. it was first introduced in
Europe in 1982 and the first established population was found in 2000-2001. In addition to this,
they are now found in different continents including South America, North America, and Africa
(Raak-van den Berg et al., 2017). Harmonia axyridis falls under the tribe Coccinellini of the family
Coccinellidae. The adults are 4.9-8.2mm in length and 4.0-6.6mm in width. They are convex
shaped and oval with 4/5 wide as long. The heads of these ladybirds can either be black, yellow,
or with a different variation. The central region is orange to red with black marks in the center.

These black spots form an M shape looking from the top (Koch, 2003).

Female H. axyridis lay eggs near the period of infestations of prey. As the larva hatches from the
egg, it changes its skin. During the initial larval stage, the larva is dark grey with dark spines-like
extensions, black legs, and a head, whereas, during the second larval stage, the color changes to

white-yellowish color on the upper side. During the final stages, the colors become more
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prominent and strongly yellow with lateral white line (Harlequin ladybird - Harmonia axyridis,
2016). H. axyridis ladybirds release defensive chemicals like harmonine, first found to be a
significant defense compound of H. axyridis. Upon attack, ladybirds secrete droplets of their
hemolymph from the tibiofemoral joints of the legs (Alam et al., 2002). The ladybirds defend
themselves by secreting the chemical and by coating the laid eggs with the defensive fluid. This
helps to protect them from predators and other insects. The defensive chemicals also cause
toxicity to the animals ingesting them. The alkaloids that are produced within these ladybirds are
a component of the secretions and are synthesized in their bodies (Santi and Maini, 2006; Laurent

et al., 2002; Haulotte et al., 2012).

Despite the chemical defense in the alkaloids of the ladybirds, they are still attacked, and
predation is common. H. Axyridis larvae are more aggressive in consuming prey and non-prey
food items. It was also found that H. axyridis larvae are stronger in their ability to ingest defense
chemicals compared to other ladybirds. The quantification of alkaloids in H. axyridis eggs showed
a difference in females and the egg size was positively correlated with the number of alkaloids
(Kajita et al., 2010). More than 50 different kinds of alkaloids have been identified, isolated, and
categorized from the ladybeetles. This includes perhydroazaphenalenes, homotropanes,
piperidines, pyrrolidines, aza macrolides, linear amines, and others (Kajita et al., 2010).
Harmonine was one of the alkaloids found in H. axyridis It was first identified and isolated by
acetylation and fractionation of extract from Harmonia leis conformis (Braconnier et al., 1985).
High-resolution mass spectrometry showed the detailed structure of harmonine possessing a

secondary amine.

H.axyridis like other ladybirds of the coccinellids family is protected by defensive alkaloids. The
alkaloids of H. axyridis are long-chain diamine harmonine [(17R, 92Z)-1,17-diaminooctadec9-ene]
and (S)-3-hydroxypiperidin-2-one (Alam et al., 2002). In addition to this, there are other
compounds like 2,5-dimethyl-3-methoxypyrazine, 2-isopropyl-3-methoxypyrazine, 2-sec-butyl3-

methoxypyrazine, and 2-isobutyl-3-methoxypyrazine that provide H. axyridis with foul warning
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smell (Cudjoe et al., 2005; Cai et al., 2007). It has also been previously proposed by Bezzerides et
al (2007) that the color indication of H. axyridis depicts the alkaloid content within them.
Moreover, it was also found that the orange-colored elytra in females were correlated with
harmonine concentration in H. axyridis. The melanic ladybirds were supposed to have a lower
content of chemical defense as compared to the non-melanic as found in the north American

Harmonia axyridis (Sloggett, Haynes, Davis, 2010).

2.2 Role of Harmonia axyridis Extracts on Nicotinic Acetyl Choline Receptors:

Patel et al (2020) conducted electrophysiological studies to analyze the impact of HAE (which is
90% harmonine) on nAChRS using voltage clamp and patch clamp studies. The experimental
study involved human-a7, rat-a4p2, rat-a3pf4 and hybrid Drosophila-a2/chick-B2 (Da2/B2)-
nAChRs at -75mV. They showed that HAE inhibited the acetylcholine response in mammalian
neuronal nAChRs expressed in Xenopus oocytes. The ICso (ug/mL) of different receptor subtypes
a7, a4p2, a3B4, and Da2/B2 was 2.30, 3.24, 1.47, and 0.440. However, the study found that HAE
inhibition on human-a7 and rat-a3p4 was voltage-independent. Whereas the HAE inhibition for
rat-a4B2 was voltage-dependent (Patel et al., 2020). Similarly, a study by Maskell et al (2003)
found that memantine blocks human a7 in a voltage-independent and in non-competitive
manner.

However, its inhibition on a4B2 and a9/al0 is in a voltage-dependent manner. The ICso of
memantine on humana? was found to be 5uM (Maskell et al., 2003). Rohit et al (2020) found

that Da2/B2 IC50 was 3.34 times lower than the mammalian nAChRS.

Moreover, HAE was shown to inhibit the human muscle type nAChR expressed in the TE671 cells
and insect neuronal type nAChR in locust neurons. The application of HAE inhibited the inward
currents for the nAChRs in the TE671 cells and locust neurons. The extracted HAE alkaloids had
two fractions (A and B) and showed different I1Cso values for insect neuronal type nAChR in locust
neurons and TE671 cells for the human muscle type. HAE fraction A had ICso of 4.77ug/mL and

fraction B had 1.68ug/mLin TE671 cells expressing human muscle type nAChR. In addition to this,
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fractions A and B had ICsp of 3.23 and 0.072ug/mL in insect neuronal type nAChR. HAE (90%
harmonine) was also examined on rat NMDAR subtypes GIuN1/GIuN2A and GIuN2B. It was found
that HAE inhibited NMDARs in a voltage-dependent manner. It had an ICso of 2.65, 1.11, and
1.72pg/mL at -50mV, -75mV, and -100mV in GluN1/GluN2A subunits. However, it had an ICso of
14.6, 5.87, and 1.51pug/mL in GIuN1/GIuN2B subunits (Kaur, 2022).

Aims and Objectives:

This research consisted of two distinct components. The first component involved studying the
efficacy of memantine as an NMDAR inhibitor, while the second component involved
investigating the effectiveness of Harmonia axyridis alkaloids, specifically Harmonine, as an
NMDAR inhibitor, using memantine as a reference compound. Both components of the study
utilized human NMDAR clones, which is a novel experimental approach compared to previous

research that used rat NMDAR clones.

In the first component, the research team focused on evaluating the inhibition of human NMDAR
clones by memantine. The effectiveness of memantine was tested using a two-electrode voltage
clamp (TEVC) on GIuN1A-GIuN2A NMDARs expressed in Xenopus oocytes. This is a significant

step forward in the research, as most of the previous studies used rat NMDAR clones.

The second component of the study involved investigating the effectiveness of Harmonine as an
NMDAR inhibitor. The team used TEVC to test the effectiveness of Harmonine on human NMDAR
clones, which was also performed for the first time. Overall, this research provides novel insights
into the inhibition of NMDARs and represents a significant step forward in the understanding of
how compounds like memantine and Harmonine can be used to modulate the activity of

NMDARSs.
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3. Materials and Methods

The entire experimental approach was carried out on Xenopus oocytes provided by Ecocyte

Biosciences.

3.1 Materials and Solutions:

D-Glucose anhydrous was provided by Scientific Fischer. Calcium Chloride Solution 1L and
Potassium Chloride used were provided by Honeywell Fluka. HEPES was provided by SIGMA.
Magnesium Chloride was provided by BDH chemicals Ltd Poole England. Yeast Extract was
provided by SIGMA Life Science. Theophylline anhydrous was provided by SIGMA Life Science.

Sodium Chloride 99.5% analytical reagent grade was provided by Fischer Scientific. Agarose,
Molecular Grade was provided by Bioline. Gentamicin Solution was provided by SIGMA ALDRICH.
Sodium Pyruvate powder (Stored at 2-8°C) was provided by SIGMA Life Science. Collagenase from
Clostridium histolyticum was provided by SIGMA. Tryptone enzymatic digest from casein was
provided by Fluka Analytical. AGAR granulated (Solidification point 32-38°C) was provided by
Melford Laboratories Ltd. 1pL (10 units) Restriction enzyme, 5uL NE Buffer, ddH,0, 2.5uL of
EDTA solution, 5uL ammonium acetate, 5uL nuclease-free water were provided by

Thermo Fisher Scientific.

XL-10 Ultracompetent cells were provided by Agilent Technologies (stored at -80°C). GenElute™
Plasmid Miniprep Kit was provided by SIGMA. The mMESSAGE mMACHINE® Kit High Yield was
provided by ThermoFischer. Human NMDA clones were provided by GenScript Biotech (UK)
Limited in pcDNA3.1+/C-(K)-DYK vector (stored at -20°C).
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Table 5. Solutions for Molecular Biology and Electrophysiological Analysis

NaCl KCl CaCl, HEPES  Sodium Theophylline
Pyruvate
g/L 5.61 0.15 1.8 1.19 0.275 0.09
mM 95 2 1 5 2.5 0.5

Note: pH 7.5 with NaOH and S ml/L gentamycin solution (50 mg/L) added after autoclaving.
Calcium-free GTP was prepared in the same way but omitting CaCl,

Xenopus Ringer Solution

NaCl KC1 CaCl, HEPES
g/1L 5.60 0.15 2.0 3.57
mM 95 2 2 5

Note: pH 7.5 with NaOH and stored in the incubator at 37°C

Luria Broth and LB Agar Solution

NaCl Tryptone  Yeast Agar
Extract
g/1L 10 10 5 17g

pH 7.0, autoclaved and stored at 4°C. Antibiotic added to LB agar after autoclave. Agar was
only added to the LB agar solution.

3.2 Alkaloid Extraction from Harmonia Axidris beetles:

The alkaloid extraction from Harlequin ladybirds (Harmonia axyridis) was carried out by Charlotte
Taylor (University of Nottingham) and Dr. Michael Birkett (Roth Amsted Research) as follows
using the method employed by Patel et al (2020). Ladybirds were collected from the grounds of

University Park (Nottingham) and Roth Amsted Research (Harpenden, Hertfordshire). They were
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stored at -20°C until the extraction. To obtain the whole alkaloid extract from the ladybirds (187
g), they were first frozen in liquid nitrogen and crushed with a pestle and mortar. The crushed
ladybirds were placed in methanol (250mL) for 24h at room temperature with stirring. The
methanol was collected, and the process was repeated. A grade 4, Whatman filter paper was
used to filter the extracts in the methanol solution and dried using the rotary evaporator (BUCHI,
Switzerland). The extracts after this procedure weighed around 8g and were subject to acid-base
extraction at room temperature to separate out the alkaloid material. This was done using 1M
HCL (50mL) and diethyl ether (3x 20mL) and keeping the aqueous phase each time. This was
adjusted to pH 10-12 using 2M NaOH and extracted with dichloromethane (3x 20mL). The organic
layers from the extractions were washed with NaCl solution, dried with MgSOa, and evaporated
later to obtain a residue weighing 450mg. To confirm the presence of alkaloids, Dragendorff’s
reagent was used. The residue was redissolved in dichloromethane and aliquoted into 1 mg
samples followed by evaporation of dichloromethane for storage under nitrogen in sealed glass

ampoules (Patel et al., 2020).

NH,

H,N

Harmonine : oo
Harmonia axyridis

Synthesized by three different routes

Fig 6. The chemical structure of harmonine obtained from the Harmonia axyridis ladybeetle.

3.2 DNA Transformation and Isolation:

GenEZ ORF clone was delivered as 10ug of lyophilized plasmid DNA in a vial. To amplify each of
the DNA samples, XL10-Gold Super competent E. coli were used with the heat shock method.

These were stored at -80°C and on removal from the freezer were thawed on ice. 2ulL of
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Bmercaptoethanol was added to the Eppendorf tube along with 200uL of XL10-Gold Super
competent E. coli. The tube was gently mixed and then incubated on ice for 10 minutes and it
was mixed after every 2 minutes. Then, 1pL of DNA plasmid solution was added to the tube
containing the E. coli and incubated on ice for 30 minutes mixing it after every 10 minutes. The
tube containing DNA, super competent cells, and B-mercaptoethanol was then heated in a water
bath at 42°C for precisely 45 seconds and then returned to the ice for 2 minutes to cool down.
950uL of

Super optimal catabolite medium (SOC) was added to the tube. The prepared SOC solution was
heated to 42°C before adding to the tube. The tube was incubated in a shaking incubator at 37°C
for 1 hour at 250rpm. Following this, 250uL of the mixture was added to a Luria Broth (LB) agar
plate and it was spread using a sterilized glass spreader all over the LB agar plate. The LB agar
plate was labeled and kept in an incubator at 37°C for 24 hours for bacterial replication of the

DNA.

The next day, a colony was picked from the LB agar plate using a pipette tip and dropped into a
5mL LB broth solution with 100ug/mL ampicillin in a 14mL Falcon tube. The pipette tip was left
in the tube containing the LB broth solution. The tube was placed in a shaking incubator at 37°C
for 24 hours at 250 rpm. The next day, the tube was removed from the incubator for isolation of
the bacterially replicated plasmid DNA using a GenElute™ Plasmid Miniprep Kit (SIGMA). The kit
had the following contents. The next day, three 10mL falcon tubes were taken from the
incubator. The bacterially replicated plasmid DNA of each subunit was isolated using GenElute™

Plasmid Miniprep Kit (SIGMA). The kit had the following solutions.
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Table 6. Solutions for Plasmid Preparation and DNA Isolation

Reagents Provided Catalog No. PLN1010
Preps
Resuspension Solution R1149 2.5mL
RNase A Solution R6148 0.25mL
Lysis Solution L1912 2.5mL
Neutralization Solution N5158 4mL
Column Preparation Solution C2112 7mL
Wash Solution W4011 5.5mL
Elusion Solution E5650 1.5mL
Binding Columns G6415 10 each
2mL Collection Tubes T5449 20 each

13uL of RNase A solution was added to all the resuspension solutions before starting the isolation
step. 10mL of 95-100% ethanol was added to the entire wash solution to dilute it. Three times
1.5mL of the bacterial solution from the previous step was collected into three different
Eppendorf tubes. The Eppendorf tubes were centrifuged at 14000rpm (Eppendorf 5417R
centrifuge) for 1 minute to harvest the cells. After taking out of the centrifuge, the LB broth

solution was poured out to leave the cell pellet.

This step was performed until all the bacterial solution in the Falcon tube was finished. 200uL of
the resuspension solution was added into each Eppendorf and was pipetted up and down until
the pellet was resuspended. 200uL of the lysis solution was added into each Eppendorf for 4
minutes and inverted 6-8 times. The timer was set to avoid exceeding 4 minutes because longer
lysis can denature the plasmid DNA. After 4 minutes, 350uL of the neutralization solution was
added and inverted 4-6 times. The solution was placed into the centrifuge (Eppendorf 5417R) for
10 minutes at 14000rpm. This step separated the cell debris, proteins, lipids, and chromosomal
DNA from the clear solution containing the plasmid DNA. A GenElute miniprep binding column

filter was added to the collection tube.

500uL of column prep solution was added into the miniprep binding filter and centrifuged

(Eppendorf 5417R) at 14000rpm for 1 minute. Once centrifuged, the flow-through liquid was
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discarded and the clear lysate solution from the neutralization step was added to the binding
column. It was again centrifuged (Eppendorf 5417R) at 14000rpm for 1 minute. The flow-through
liquid was again discarded and 750uL of the wash solution was added into the column and
centrifuged (Eppendorf 5417R) at 14000rpm for 1 minute. The flow-through liquid was again
discarded and now the tubes were centrifuged again for 2 minutes without adding any additional
wash solution. This was done to remove any excess ethanol and improve cDNA purity level. To
elute cDNA, the binding column was placed in a new collection tube and 50uL of the elution
solution was added and centrifuged (Eppendorf 5417R) at 14000rpm for 1 minute. At this stage,
the binding column was removed leaving the cDNA solution in the collection tube. The cDNA
concentration was measured using a Nanodrop (Implen, Nanophotometer NP80)

spectrophotometer. The cDNA was stored at -20°C.

3.3 DNA Linearization:

The cDNA was in circular form and to linearize restriction enzymes were needed for the proper
restriction digest. The restriction enzymes specific to each subunit can be found in the table
above. The mMMESSAGE mMACHINE® Kit High Yield Capped RNA Transcription Kit was used for

cDNA linearization and mRNA transcription consisting of SP6 and T7 kits.

The pcDNA was in circular form but it was necessary to linearize it for later RNA transcription.
This was done by digestion using restriction enzymes. The restriction enzyme specific to each

subunit was Notl.

1uL of the restriction enzyme was added into an Eppendorf tube. 3. 5uL of 10x NE Buffer and 2pg
of the plasmid DNA was added. The total volume was made up to 50uL with nuclease-free water.
The digestion reaction mixture in the Eppendorf tube was incubated in a water bath at 37°C for
2 hours to allow the linearization to happen. 2.5uL of the 0.5M EDTA, 5uL 5M ammonium acetate,
and 150pL ice-cold 100% ethanol were added into the Eppendorf tube to terminate the reaction

after 2 hours.
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The mixture was centrifuged at 4°C for 15 minutes at 14000rpm. After this, the supernatant was
carefully removed with a pipette and discarded. To avoid any pellet loss, the last traces of
supernatant was also taken out using a small piece of tissue paper. This took the maximum
amount of ethanol without losing DNA. The tubes were placed on a heat block at 50°C for 5
minutes to dry the DNA pellet. Once it was dried, the pellet was resuspended with 10uL of
nuclease-free water. After that, the tubes were closed and kept in the water bath at 50°C for 5
minutes. The Eppendorf tube was spun in the centrifuge at maximum speed for 5 minutes. Now,
the DNA was linearized, and the concentration was determined using the Nanodrop

spectrophotometer.

3.4 Electrophoresis Gel:

To prepare the electrophoresis gel, Tris/Borate/EDTA (TBE) buffer was prepared. It was prepared
in 1L distilled water by adding 54g of Tri’s base, 27.5g of boric acid, and 20mL of 0.5M EDTA and
adjusted to pH 8.0. The electrophoresis was run by preparing 1% agarose gel. 1g of agarose gel
was weighed out and transferred to a 100mL clean bottle. 100mL of 1x TBE buffer was added
into that bottle and mixed. 1x TBE was prepared by adding 100mL of 5x TBE and 400mL of
distilled water. The lid of the bottle was loosened, and it was microwaved until the agarose had
completely dissolved. Once dissolved, it was placed under cold water with a closed lid. Once it
was cool enough to hold in the hand, 1uL of ethidium bromide (1mg/mL was added. The gel tray
was cleaned, and a comb was attached to the tray. The ends of the tray were sealed using

masking tape and agarose was poured into the tray.

To prepare the samples for loading, 1uL of linearized DNA was added to 4plL of nuclease-free
water and 1puL of 6x dye. The 1kb DNA ladder was prepared by adding 2uL of 6x dye and 10uL of
the ladder. Finally, the masking tape and comb were removed, and the gel was placed in the

electrophoresis tank and topped up with 1xTBE buffer. The first lane was loaded with the 1kb
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ladder and samples in the later lanes were linearized and non-linearized DNA. The

electrophoresis gel was run at 100V for 60 minutes.

3.5 RNA Transcription:

The T7 mMMESSAGE mMACHINE® High Yield Capped RNA Transcription Kit was used for mRNA

transcription kits. T7 promotor was used for GIuN1, GIuN2A, and GIuN2B.

To proceed with the transcription step, 1ug of the linearized DNA, 10uL NTP/CAP 2x, 2uL of
reaction buffer 10x, and 2L of enzyme mix were added into an Eppendorf tube. The total volume
was made up to 20uL with nuclease-free water. The reaction mixture was incubated at 37°Cin a
water bath for 2 hours. RNA was recovered by adding 30 pL of lithium chloride solution and 30uL
nuclease-free water. Now, the mixture was frozen overnight at -20°C to completely terminate
the reaction. The following day the recovered RNA was centrifuged at 24000rpm for 30 minutes

at 4°C.

The resultant supernatant was carefully taken out with a pipette. The RNA pellet was
resuspended with 10uL of 70% ethanol and spun at 14000rpm for 30 minutes. The supernatant
was again taken out with the help of small pieces of tissue and spun for 30 seconds. The
Eppendorf tube was then placed in the heat block at 50°C for 5 minutes to make sure that the
pellet dried. The pellet was resuspended with 15ulL of nuclease-free water. After that, the RNA
concentration was measured using the Nanodrop. Afterward, the RNA solution was aliquoted
into 3uL volumes and stored at -80°C. The gel was visualized using the iBright 750 (Invitrogen by

Thermo Fisher Scientific) comparing the linearized and non-linearized cDNA.
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Fig 7: Gel image from iBright 750 Invitrogen by Thermo Fisher Scientific showing the linearized and non-linearized cDNA. On left,
a 1kb DNA ladder follows linearized GluN1, non-linearized GIuN1A, linearized GIuN2A, and non-linearized GIuN2A. The gaps in
between not labeled were not properly ejected into the Gel.

3.6 Oocytes Preparation:

Xenopus Leavis oocytes were obtained from the European Xenopus Resource Centre, University
of Portsmouth, UK. The oocytes were delivered to the laboratory in a box filled with ice in a 14mL
falcon tube containing GTP solution as ovary tissue. after taking them out of the ice box, the
oocytes were left to acclimatize for some time. They were placed in a new petri dish along with
the solution in the falcon tube and placed in the incubator at 18 °C. As they were in large clumps,

to get the individual oocytes, they were placed in a new 14mL falcon tube by cutting off smaller
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clumps with help of forceps and scissors. The tube was filled with calcium-free GTP solution
containing 2.5mg/mL of collagenase enzyme. Collagenase treatment was used to break the
clumps and release the individual oocytes. Calcium-free GTP was used for this process because
the enzyme activity with calcium is higher and had a risk of damaging the oocytes. After adding
the enzyme and the GTP calcium-free solution to the tube. The falcon tube was placed on a roller

for 1 hour.

After 1 hour the oocytes were washed thoroughly with the calcium-free GTP solution multiple
times until the solution became clear (usually 6-7 washes). Oocytes were placed into a 90 mm
petri dish filled with normal GTP solution. The normal GTP solution was used from here on for
the oocyte’s maintenance. Separated oocytes were put under the microscope to select healthy
cells and any remaining follicular layer was removed using fine forceps. This was taken off to
avoid any obstruction during injection and recording. The oocytes, after peeling the follicular

layer, were placed in GTP solution in the incubator at 20°C.
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Fig 8. Fig shows the microinjection of cDNA and cRNA into Xenopus oocytes and the process of expression of proteins. Fig b shows
the structure of Xenopus oocytes with a darker animal pole and a vegetal pole surrounded by a follicular layer. cDNA was injected
into an animal pole with a nucleus for the expression of proteins, whereas cRNA was injected regardless of the animal/vegetal
pole (Bianchi & Driscoll, 2006).

3.7 Injection of cRNA into Xenopus Oocytes:

Using a clean plastic 3mL Pasteur pipette, the separated and defolliculated cells were placed in a
petri dish with custom-designed grooved plastic to keep the cells in place while being injected.
The petri-dish was filled with GTP solution. Small aliquots (3uL) of cRNA encoding GIuN1 and

GluN2A was removed from the -80°C freezer and thawed on ice. The Nanoliter injector 2010
(World Precision Instruments 504126) was used to inject the cRNA into the oocytes. The nanoliter

injector was connected to a foot switch to make it convenient to inject the cells.
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Borosilicate glass capillaries (30-0066, GC150TF-10 World Precision Instruments, US) were used
to inject the oocytes. The injecting pipettes were pulled using a programmable Sutter puller (P97,
Sutter Instruments Co.). The tip of the glass capillary was broken to a diameter of about 25um
such that it did not rupture the membrane of the oocytes but allowed a good flow of cRNA
through the tip. Before charging the capillary with the cRNA, it was filled with paraffin oil to keep
the pressure for the cRNA injection. The paraffin oil was added by backfilling using a hypodermic
needle in a way that no bubbles were retained within the capillary. After mounting the paraffin-
filled capillary onto the plunger of the Nanoliter Injector, 1uL of GIuN1 and GIuN2A subunit cRNA
(100-200ng/pL) was slowly drawn up into the glass capillary from a drop placed on a clean
surface, ensuring no air was taken up. The oocytes were then injected with 50nL of cRNA solution
each. The injected oocytes were then transferred to 24 well plates filled with GTP solution to
keep them healthy. Afterward, they were kept in the incubator at 18°C for 3-5 days to allow for

protein expression. The GTP solution was changed daily and the oocytes that died were removed.

3.8 Two Electrode Voltage Clamp and Electrophysiological Readings:

The electrophysiological recording of membrane currents was performed using an Axoclamp-2A
voltage clamp amplifier (Axon Instruments Inc, USA) consisting of the main control interface
connected to the two remote head stages mounted on micromanipulators. Both head stages had
microelectrode holders (Harvard Apparatus) connected to them. One of the electrodes was used
for the current injection into the cells, while the other monitored the membrane potential.
Microelectrodes were made from glass capillaries (Harvard Apparatus GC150TF-10). They were
pulled using the Sutter Puller-Model P-97 flaming brown micropipette puller (Sutter Instruments
Co). The microelectrodes were ~% filled with 3M KCl solution and were inserted back into the
holders making sure the silver/silver chloride wires connected properly. The resistance of the

microelectrodes needed to be 0.5-2MQ.
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The reference electrode was the silver/silver chloride electrode that was placed in the bath
(extracellularly) and was connected to the amplifier signal ground via one of the head stages. This
is assumed to be OmV and the bath was not actively clamped to OmV. In fact, it was made sure
that the bath voltage was OmV and that it was stable before the oocytes were impaled. This was
referred to it as the bath electrode. Series resistance is the resistance between the recording
electrode input at the head stage and the internal face of the oocyte membrane. The main
contribution was from the glass microelectrodes that were made sure to have resistances of less
than 2 megaohms (checked this before every oocyte). In that case, it was not necessary to
compensate the series resistance for relatively small and slowly changing currents that were
measured. If the series resistance is too high and not compensated, then it could lose voltage
control and the holding potential that was set tends toward zero. This was monitored and made
sure it didn’t drop by more than an mV or two, it could be said that the clamping efficiency was

always >95% and usually very close to 100%.

Oocytes were placed in a perfusion bath that was connected to an MPS-2 Multichannel perfusion
system (World Precision Instrument). One of the perfusion tubes supplied frog Ringer solution to
provide oocytes with a maintained resting environment. The oocytes were impaled by each of
the two microelectrodes, indicated by the recorded (in bridge mode) membrane potential
deflecting from OmV in the bathing solution to a negative value once through the oocyte
membrane. The oocytes were then voltage-clamped in two-electrode voltage clamp mode and
the holding potential (Vi) was set to the desired value. The currents were recorded to a PC via an
analogue to digital interface (National Instruments USB-6211) using WIinEDR software (John

Dempster, Institute of Pharmacy & Biomedical Sciences, University of Strathclyde, UK).

All other tubes of the perfusion system were used to apply the agonist and antagonist solutions
at different concentrations. The agonist was 10*M NMDA and 10°M glycine. The antagonist
(memantine) solutions were made using serial dilutions starting from 10*M NMDA and 10%M

glycine in 10-fold steps. To test the expression of GIuN1-2A NMDA subunits, the agonist was
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applied using the perfusion system at different holding potentials -50, -75, -100mV. Once
expression was established, memantine was co-applied with the agonist at varying
concentrations of 10 — 10*M. Firstly, an agonist was applied until a stable current response was
obtained about 10s, then memantine was added at the lowest concentration until a new plateau
was obtained, working up to the highest concentration, each time establishing a new plateau
current. This was repeated at different holding potentials as mentioned above. HAE inhibition
was tested in a similar way with the alkaloid solution being applied at varying concentrations
from 0.003pg/mL up to 30ug/mL and these concentrations were again tested at different holding

potentials as mentioned for memantine.

3.9 Data Analysis:

The NMDA current traces were measured at each plateau phase following the addition of the
agonist (control current) or antagonist using WIinEDR software (John Dempster, Institute of
Pharmacy & Biomedical Sciences, University of Strathclyde, UK) to normalize the data. The data
were normalized using GraphPad Prism 8. The normalized data were plotted against the Log of
memantine or HAE concentration at each holding potential -50mV, -75mV, and -100mV using
GraphPad Prism 9. The plots were fitted using the “log inhibitor vs normalized response variable

slope” non-linear regression equation built into GraphPad Prism:

% Control response = 100/(1+(ICso/B)S)

In this equation, B was the concentration of the NMDA blocker (memantine or HAE) and S was

the Hill slope. This equation was used to get an estimate of ICso values of memantine and HAE.

ICs0 is the half maximal value of the drug that inhibits biological functioning by half. The voltage
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dependence inhibition of memantine and HAE can be calculated by using the Woodhull equation

(Woodhull, 1973):

1C50(VH)= ICso(O)Q(ZSVFRT)

4. Results:

150-200 Xenopus oocytes were injected with human NMDAR subunit GIuN1-GIuN2A within
intervals. But on average 50-70 Xenopus oocytes showed expression of the NMDARs subunit

GluN1-GIluN2A. Xenopus Oocytes showed NMDAR expression within 3-5 days of injecting cRNA.

Electrophysiological Recordings at Varying Membrane Potentials:

Xenopus oocytes were injected with RNA for the NMDAR GluN1-GIuN2A subunit combination to
analyze the expression of NMDARs in the oocytes. To confirm the NMDAR expression, a solution
of NMDA 10“M + glycine 10~ M was applied to oocytes via the perfusion system with resultant
responses measured using the TEVC technique. To investigate the current-voltage relationship of
the expressed NMDA receptors was conducted at a range of holding potentials. Figure (a, b, and

c) below shows TEVC recordings in response to the agonist at several holding potentials.
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Fig 9 shows responses to the application of NMDA 10*M and glycine 10->M solution for NMDAR subunits
GIluN1/GIuN2A expressed in Xenopus oocytes. The traces above show WiInEDR readings at -50mV, -75mV, and
-100mV for the GIuN1-GluN2A subunits combination. The readings above were obtained from a single oocyte
using the agonists mentioned above.

The study involved applying the agonist on NMDAR subunits GIuN1/GIuN2A 10*M +glycine
10°M and measuring the resulting currents at different holding potentials -50mV, 75mV, and -
100mV. The results showed that the current varied depending on the membrane potential, with
the smallest current observed at -50mV and a larger response obtained at more negative
potentials at -100mV. These findings were further supported by the current-voltage relationship
shown in a, b, and ¢ which demonstrated an increase in NMDA current as the membrane

potential became more negative.

Inhibition of human GluN1-1a/GluN2A NMDARs by memantine

NMDA/Glycine

: 10° 4 107 4+ 10° 4+ 10° , 10*
2 g 1§ 2 9 = . o 1
Memantine

Ch.0

(a)
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Fig (10): Electrophysiological responses of NMDARs subunits GIuN1-GluN2A with the application of NMDA 10*M + glycine 10> M
solution with co-application of memantine at different concentrations ranging from 10-8M to 10*M at varying membrane

54



potentials -50mV, -75mV, and -100mV. The trace reading at -100mV were recorded using the application of an agonist followed
by the NMDA Inhibitor memantine with intervals at different concentrations. However, due to uncertainty in NMDARs expression,
it was unable to obtain the reading using the method as applied in Vh -50mV (Fig a) and -75mV (fig b) for -100mV (Fig c).

The data presented in Fig 10 demonstrates the effect of memantine on the inhibition of NMDA-
evoked currents. The recordings were obtained after co-applying memantine at different
concentrations, starting from the lowest to the highest. It was observed that at a concentration
of 108M, the memantine inhibition after applying the agonist was negligible. However, as the
concentration increased, there was a marked increase in the inhibition of NMDA-evoked
currents. The NMDA currents were almost completely inhibited at a concentration of 10™M,
which was the highest concentration tested. These results suggest that memantine causes

concentration-dependent inhibition of NMDA-evoked currents.
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Fig. (11): Log memantine concentration vs Normalized response showing the concentration-dependent effect of memantine on
NMDARs expressed in the Xenopus Oocytes. The recordings were taken at different membrane potentials -50mV, -75mV, and -
100mV. The responses were examined after applying memantine at different concentrations. The GraphPad Prism plot shows the



mean % control response +SEM of 6 replicates per VH. Curves were obtained using the fitting equation as stated in methods in the
GraphPad Prism.

Table 7: ICso values of the NMDARSs subunits GIuN1-GIuN2A inhibition by memantine at varying holding potentials. Values were
obtained from GraphPad Prism through curve fitting.

ICso values of Memantine in GIuN1/GIuN2A
ICso Hill Slope Value | Goodness of Fit | Sum of Squares
GIuN1/GIuN2A 3.0uM -1.046 to 0.6595 23 1790
(-50mV)
GIuN1/GIuN2A 1.13uM -0.792 to 0.6008 28 1138
(-75mV)
GIuN1/GIuN2A 0.7uM -0.761 to -0.593 23 632.3
(-100mV)

The data presented in figure 11 suggest that memantine exhibits voltage-dependent inhibition
of NMDARs. As depicted in the concentration-inhibition curves, the curves shift leftward as the
Vh becomes more negative. The ICso values for memantine extracted from the curve fitting show
that the values decrease as the membrane potential becomes more negative. The lowest ICso
value of 0.77uM was found at -100mV membrane potential for GluN1-GluN2A, which was 3 times
higher (P <0.05) at -50mV. The optimal ICso value of 1.13uM was found at -75mV membrane
potential. These results suggest that memantine inhibits NMDARs subunits in a voltage-

dependent manner.
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Figure (12): Linear representation of the mean *SEM of 5-6 replicates and the percentages response of the concentration-
dependent inhibition of memantine on NMDAR subunits GIuN1GIuN2A expressed in Xenopus Oocytes. The y-axis shows the
percentage of the concentration-response of memantine. The x-axis shows varying membrane potentials at -50mV, -75mV, and
100mV with different concentrations color-coded from 10-*M depicted in black, 10-°M in blue, 10-M in purple, 10-7M in green,
and 10-8M in red.

Statistical analysis of Memantine using Woodhull Equation

zDELTA 0.8728
ICs0zero 16.35
95% CI Values
ICs0zero 15.67 to 16.97
zDELTA 0.6365 to 0.9983

Goodness of Fit

Degrees of Freedom 1
R squared 0.9849
Sum of Squares 0.04511

Table 8: Statistical analysis of Woodhull Equation from GraphPad Prism
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Fig (13) Bar graph depicting the mean normalized response of the ICso values of the NMDARs subunits GIuN1-GIluN2A inhibition
by memantine vs voltage holding potentials Vi, (mV). The x-axis of this bar graph depicts Vi, (mV) of varying voltage holding
potentials that are color-coded at 50mV in yellow, -75mV in orange, and -100mV in black. The y-axis depicts the mean values of
ICso (umol). The error bars are 95% Cl. Asterisk * Shows the p-value <0.0001, ** shows the p-value <0.0054, and *** shows the
p-value as <0.0001. The comparison of different holding potential and ICsovalues were obtained using the extra sum-of-square F
test using the PRISM.

In Figure 14, the ICso values for inhibition of NMDAR subunits GIuN1-GIuN2A by memantine at
different voltages are shown. At -100mV, a significant decline in the ICso values compared to -
50mV and -75mV is observed, indicating that as the voltage becomes more negative, the 1Cso
decreases, reaching a value of 0.77umol. At -75mV, the ICso value of 1.13umol is reached, which
corresponds to the resting membrane potential. On the other hand, at -50mV, which is closer to
the reversible membrane potential, the highest ICso value of 3.0umol is observed, compared to
the other voltages. This suggests that there is a significant increase in the ICso at the less negative

membrane potential of -50mV. Therefore, the evidence presented in this study supports the
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conclusion that memantine's inhibition of NMDARs subunits GIuN1-GIuN2A is voltage-

dependent.
104
s
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Fig (14). Linear representation of the Woodhull equation from GraphPad Prism depicting the mean ICso (umol) values of the
NMDARs subunits GIuN1-GIuN2A inhibition by memantine vs voltage holding potential Vi, (mV). The y-axis depicts 95% Cl highest
and lowest the ICso (umol) values of the NMDARs subunits GIuN1-GIuN2A inhibition by memantine. The x-axis depicts various
voltage-holding potentials V,, (mV) at -50mV, -75mV, and -100mv. The error bars are 95% CI

Figure 14 analyzes the voltage dependence inhibition of memantine using GraphPad Prism

software and the Woodhull equation, which is explained in the methods section.

The Woodhull equation describes the electric field (§) sensed by the blocker and the charge (z)
on the blocker. Since memantine has a charge of 1, the z6 value of memantine is 0.8728. This
indicates that 87% of memantine binds and reaches the inner side of the channel by crossing the

two transmembrane pore regions.
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Thus, the Woodhull equation provides an explanation for the binding affinity through the pore
region and the voltage dependency of memantine. The information presented in figure 14

supports the understanding of the mechanism of action of memantine as a blocker of the NMDA

receptor.

4.3 Recordings of NMDARs Subunits inhibition by H.axyridis Extract in Xenopus Oocytes:
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Fig (15): Electrophysiological traces of NMDA currents in response to the application of agonist NMDA 10-* M and Glycine 10> M
using TEVC. Application of HAE at different concentrations ranging from 10-’M to 10*M can be seen at varying membrane
potential. The trace recording file at -100mV crashed due to an error in winEDR software and was not able to retrieve from the
PC. Fig a, at -50mV and fig b at -75mV for HAE.

Figure 15 illustrates the electrophysiological traces of NMDAR currents, which were examined
using NMDA 107*M and Glycine 10™°M agonists at various membrane potentials. The response to

NMDA was observed to change at different membrane potentials.

Subsequently, HAE was applied at different concentrations ranging from 10~’M to 10™*M, which
corresponded to 0.003ug/mL to 3pg/mL, respectively. The lowest concentration of HAE
0.003pg/mL had the least inhibitory effect on NMDA currents, as shown in Figure 15. Similarly,
the inhibitory effect did not change significantly at 0.03ug/mL.

However, a slight change in HAE response was observed at 0.3ug/mL, and the maximum
inhibitory effect was observed at 3ug/mL. It is worth noting that even at the highest
concentration of HAE (3ug/mL), the NMDA currents were not entirely inhibited, and the

inhibitory effect was only partial.
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Overall, these results suggest that HAE has a dose-dependent inhibitory effect on NMDAR
currents, with a maximum effect at 3ug/mL. The information provided in Figure 15 offers insights

into the potential therapeutic applications of HAE in NMDAR-mediated disorders.
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Fig (16): Concentration-dependent inhibition of HAE at -50mV, -75mV, and -100mV membrane potential at different
concentrations ranging from 10-7M and 10*M. The curve fitting shows the effect of HAE on NMDAR subunits GIuN1-GluN2A
expressed in Xenopus Oocytes. The plots show the mean *SEM of 5-6 replicates and the percentages response and the
concentration of the HAE. Curves were obtained using the GraphPad Prism.

In Fig 16, the concentration-dependent inhibition graph and the readings taken from traces of
WInEDR readings are shown. The graphs were constructed for curve fitting and generating the
IC50 values at different membrane potentials -50mV, -75mV, and -100mV.

The -50mV graph shows the least inhibition at 107’M and 10°M concentrations of HAE, which
can be examined from the curve fitting in the graph. The curve shows negligible difference at -50
mV, -75mV, and -100mV at the concentration of 107’M for HAE. However, there was a slight

change in the curve found at 107 M and 10™M at -50mV and -75mV respectively.

The inhibition effect of HAE at 10™M concentration for -100mV increased as compared to -50mV
and -75mV. Similarly, the dose inhibition curve for -50mV and -75 at 107*M (3pg/mL) had no clear
difference. But a difference was again seen for -100mV membrane potential at maximum

concentration. It is important to note that the maximum concentration at 10™M (3ug/mL) of HAE
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did not completely inhibit the NMDA currents at -50mV, -75mV, and -100mV membrane

potential.

Table 9: I1Cso values of the NMDARs subunits GIuN1-GIluN2A inhibition by HAE at varying holding potentials. Values were obtained
from GraphPad Prism through curve fitting as in fig above.

ICs0 values of HAE in GIuN1/GIuN2A
ICs0 Hill Slope Value | Goodness of Fit | Sum of Squares
GIuN1/GIuN2A 8.80uM -1.036 to -0.543 18 1916
(-50mV) (2.502.50ug/mL)
GIuN1/GIuN2A 5.16uM -1.082 t0-0.423 10 2089
(-75mV) (1.46pg/mL)
GIuN1/GIuN2A 3.04uM -0.9413 to 0.505 6 252.8
(-100mV) (0.86ug/mL)

Table 9 shows the ICso values of HAE at different membrane potentials. The I1Cso values were
obtained after plotting the curve fit graph on GraphPad Prism, and they demonstrated voltage-
dependent inhibition for HAE. Specifically, the ICso value at -50mV was higher than at -75mV and
-100mV, indicating that the voltage-dependent inhibition increased as the membrane potential
became more negative. In fact, the ICso of HAE was lowest at -100mV, and it inhibited the NMDA

currents at a higher rate than at membrane potentials closer to a positive value.

65



Row means with SEM

150 -
10"M

= 105M
100 - 10°M
104M
50 -

| | |
-50mV -75mV -100mV

Figure (17): Linear representation of the mean +SEM of 5-6 replicates and the percentages response of the concentration-
dependent inhibition of HAE on NMDAR subunits GIuN1-GluN2A expressed in Xenopus Oocytes. The y-axis shows the percentage
of the concentration-response of HAE. The x-axis shows varying membrane potentials at -50mV, -75mV, and -100mV with different
concentrations color-coded from 104 M depicted in yellow, 10-°M in red, 10-°M in purple, and 10-’M in teal. The error bars are
95% ClI
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Fig (18) Bar graph depicting the mean normalized response of the ICso(umol) values of the NMDARs subunits GIuN1-GIluN2A
inhibition by HAE vs voltage holding potentials Vi, (mV). The x-axis of this bar graph depicts Vi, (mV) of varying voltage holding
potentials that are color coded with -50mV in red, -75mV in green, and -100mV in blue. The y-axis depicts the mean values of ICso
(umol). The error bars are 95% Cl. Asterisk * Shows the p-value <0.0003, ** shows the p-value <0.0001, and *** shows the p-
value as <0.00045. The comparison of different holding potential and ICsovalues were obtained using the extra sum-of-square F
test using the PRISM.

In Figure 18, the ICso values for the inhibition of NMDAR subunits GIuN1-GluN2A by HAE at
different membrane potentials are depicted. The results indicate that as the membrane potential
becomes more negative, the ICso value decreases significantly. At -100mV, the ICso value of
3.04pumol is the lowest observed. At -75mV, the ICso value of 5.16umol is consistent with the
resting membrane potential. The ICso value of 8.80umol observed at -50mV, which is closer to
the reversible membrane potential, is the highest observed among the different membrane
potentials. Therefore, the evidence suggests that HAE may be voltage-dependent, like

memantine. These findings further strengthen the hypothesis that HAE could be a potential
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therapeutic agent for the treatment of neurological disorders associated with NMDAR

dysfunction.
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Fig (19) Linear representation of the Woodhull equation from GraphPad Prism depicting the mean ICso (umol) values of the
NMDARs subunits GluN1-GluN2A inhibition by HAE vs voltage holding potential V\, (mV). The y-axis depicts 95% Cl highest and
lowest the ICso (umol) values of the NMDARs subunits GIuN1-GluN2A inhibition by HAE. The x-axis depicts various voltage holding
potentials Vi, (mV) at -50mV, -75mV, and -100mV. The error bars are 95% CI.
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Statistical analysis of Harmonine using Woodhull Equation

zDELTA 0.5449
ICso0zero 25.51
95% Cl Values
ICso0zero 24.45 to 26.62
zDELTA 0.5275 t0 0.5625

Goodness of Fit

Degrees of Freedom 1
R squared 1.000
Sum of Squares 8.266e-005

Table 10: Statistical analysis of Woodhull Equation from GraphPad Prism

The voltage dependence inhibition of HAE was analyzed in figure 19 using the Woodhull equation,
which was previously mentioned in the methods section. The electric field sensed by the blocker
is denoted by Delta (8), and the charge on the blocker is denoted by z. For HAE, the z charge was
2. The ICsp values were plotted against the membrane holding potential of -50mV, -75mV, and -
100mV. This provided a z6 value for HAE of 0.5449. Due to the charge of +2 on HAE, the value
was divided by 2, giving a § value of 0.272. This value shows that HAE crossed 27% of the
transmembrane pore region on binding. However, it is hard to be precise in the case of HAE since
it is about 90% harmonine on which the charge is based. In the case of multi-charged molecules
like harmonine, one amine could bind to the outer region, whereas the other could bind deeper
into the pore region. Nevertheless, this analysis confirms the voltage dependency of HAE action

on NMDARs, which was also observed in the earlier results from their ICso values. Memantine

and HAE were found to be voltage-dependent.
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5. Discussion:

This study consisted of two main components. The first component focused on examining the
effect of memantine on human NMDA clones (GIuN1-GIuN2A) and comparing it with previous
research performed on rat NMDA clones. The second component involved examining the
inhibition of H. axyridis Extract (HAE) on NMDARs (GIuN1-GluN2A) and comparing it with previous
research on rat NMDA clones. It is important to note that HAE, a new drug, had never been tested
before on human NMDA clones. Therefore, this study was significant in determining the efficacy
of HAE (which contains 90% harmonine) for the potential treatment of Alzheimer's disease.
Additionally, although memantine has been approved by the FDA, it has been minimally tested
on human NMDA clones. This study further strengthened the clinical efficacy of memantine and
its frequent use for Alzheimer's disease. Prior experimental studies primarily focused on rat
NMDA clones. The second component of the research was the first to examine the efficacy of

HAE inhibition on human NMDA clones, making it a novel contribution to the field.

NMDARs play a very significant role in synaptic transmission, plasticity, learning, and memory.
The pathological activation of these receptors, and increased calcium influx cause synaptic
dysfunction and gradual neuronal cell death. The toxicity in the NMDARs is mostly mediated
through the calcium influx. GIUN2A and GIuN2B are the most significant NMDA subunit playing
an integral part in the synaptic function (Danysz and Parsons, 2003; Wenk, 2006; Wang and
Reddy, 2017; Monyer et al., 1994; Takai et al., 2003). Therefore, targeting these subunits would
be the prime target in AD treatment. This study found memantine and HAE to inhibit the NMDA

subunits in both human and rat NMDA clones.

This study involved two components. Firstly, it focused on the effect of memantine on the
human recombinant GluN1-GluN2A NMDARs subtype and compared it to the earlier research
performed almost entirely on rat NMDARs. Secondly, the same experimental study was
performed to examine the inhibition of NMDARs (GluN1-GluN2A) by HAE and compare with

limited previous research performed on rat NMDARs. It should be noted that HAE being a newly
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studied compound was never tested before on Human NMDARs. So, this study was very
significant in examining the efficacy of HAE (90% harmonine) for the potential treatment of AD
disease. In addition to this, memantine, although approved by FDA, has been least tested on
human NMDARs. This further strengthened our knowledge of memantine and its impact on
human NMDARs. This study on human NMDARs is likely to be more relevant to the clinical

efficacy of memantine and its frequent use for AD.

NMDARs play a very significant role in synaptic transmission, plasticity, learning, and memory.
The pathological activation of these receptors increases calcium influx, causes synaptic
dysfunction, and gradual neuronal cell death. The toxicity in the NMDARs is mostly mediated
through the calcium influx. NMDARs containing GIuN2A and GIuN2B are the most significant
types playing an integral part in the synaptic function along with being the most Ca%* permeable
(Danysz and Parsons, 2003; Wenk, 2006; Wang and Reddy, 2017; Monyer et al., 1994; Takai et
al., 2003). Therefore, targeting these subunits would be ideal in AD treatment. This study found

memantine and HAE to inhibit the NMDA subunits in both human and rat NMDA clones.

This study found that memantine inhibited the NMDARs in a concentration and voltage-
dependent manner fig 11 as might be expected from previous data. At a Vh close to normal
resting membrane potential -75mV, memantine had an IC50 value of 1.13uM. The previous
research findings by Kaur 2022, of memantine on rat NMDA clones, support the ICso values of
this study. The study showed that at a Vh of -75mV, the IC50 value of the memantine inhibition
of rat clones NMDARs GIuN1/GIuN2A was 1.45uM compared to our value of 1.13uM. Also, the
study showed at a Vh of -50mV and -100mV ICso values of memantine being 4.19uM and 1.84uM
respectively while our ICsg values of memantine at a Vh of -50mV and -100mV [Cso values of
3.0uM and 0.77uM respectively (Kaur 2022). Another study by McClymont et al (2012) displayed
ICso values of the memantine inhibition of rat clones NMDARs GluN1/GIuN2A at a Vh of -50mV, -
75mV, and -100mV to be 3.94uM, 2.48uM, and 0.80uM respectively (McClymont et al 2012).
Thus, the present study closely aligns with the data reported from the ICso values of the

memantine inhibition on rat clones NMDARs GIuN1/GIuN2A mentioned in the two previous
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studies which support our findings in human NMDAR’s GIuN1/GluN2A.Therefore, this suggests
that the mechanism of action for AD disease is a voltage-dependent open channel blocker of

NMDARs which can be confirmed for both rat and human NMDARs.

Research by Kotermanski et al (2009), transfected the HEK293T cells with GIuN1-GIuN2A
subunits. They found the ICso for memantine was 1.25uM at -75mV. The moderate affinity of
memantine at resting membrane potential in numerous other studies were also demonstrated
at around 1uM (Rogawski, 1993, Parsons et al., 1993, Parsons et al., 1999, Johnson and
Kotermanski, 2006; Parsons et al., 1995, Parsons et al., 1996, Parsons et al., 1998, Bresink et al.,
1996, Chen and Lipton, 1997, Blanpied et al., 1997, Sobolevsky and Koshelev, 1998, Sobolevsky
et al.,, 1998, Losi et al., 2006). These findings also confirmed the functional properties of
memantine. The studies were mostly carried out on the primary culture of rat hippocampal,
cortical neurons, and rat NMDARs expressed in HEK-293 cells. The moderate affinity of
memantine in previous research supports our findings in this study. A recent study performed by
Kaur (2022) on rat NMDA clones found the ICso for memantine as 1.45uM at -75mV. This again
strengthens our findings and results of memantine at resting membrane potential. As mentioned

previously, there had been few studies on human NMDARs and the effect of memantine.

Until now, only one other study found the 1Cso of memantine for Human NMDARs (GIuN1GIuN2A)
at resting membrane potential of -70mV, being in the range 0.79-1.3uM, to be very close to that
obtained in this study (Ferrer-Montiel et al., 1998). They used human GluN1GIuN2A NMDARs
subunit and expressed them in the human cell line (HEK-293 cells) and detected changes in the
intracellular calcium using the FLIPR device. Additionally, the study used the patch clamp
technique to have a faster perfusion system for better measurement of blocking kinetics (Gilling
et al., 2009). This was the first study that support our findings of memantine in Human NMDARs
(GIuN1-GIuN2A). according to Gilling et al (2009), the only other data on memantine on Human
NMDARs (GIuN1-GluN2A) was presented by Ferrer-Montiel et al (1998). Ferrer-Montiel et al
(1998) showed the ICso of memantine for Human NMDARs GIuN1-GIuN2A as 0.22uM at resting
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membrane potential. This was clearly in contrast to the previous findings in rat NMDA clones in
all experimental studies. The study by Ferrer-Montiel et al (1998) also showed memantine to be
voltage independent in Human NMDARs. This is also in contrast to all the data we have for
memantine in human NMDA clones. All the previous experimental findings had shown
memantine to be voltage-dependent in the rat NMDA clones (Gilling et al., 2009). Therefore, this
present study was novel research showing memantine to be voltage-dependent in Human
NMDARs as well. And this study observed the I1Cso values of memantine in (human NMDARs) to
be like the rat NMDA clones.

Memantine was tested at varying holding potentials in our study. The ICso values of memantine
changed at different holding potentials. It was found to have higher ICso at less negative
membrane potential, whereas, decreasing the membrane holding potential to 100mV, decreased
the 1Cso. We propose that decreasing the holding potential to a more negative value causes the
membrane to have a stronger electrical gradient such that it causes the externally applied
positively charged memantine to move inside the receptor pores more effectively. Thus,
memantine blocks the NMDARs at -100mV more strongly as compared to 50mV. This causes the
ICso of memantine at -100mV to be lower. According to Johnson and Kotermanski (2006),
memantine being an open-channel blocker works in the presence of an agonist and binds at the
same site as magnesium. Moreover, magnesium blockade decreases the inhibition of memantine
by competition. According to Chiu and Carter (2022), the NMDA component in the postsynaptic
neurons is negligible due to voltage-dependent Mg block. However, this is observed only at

resting membrane potential.

The first part of our study compared the inhibition effects of both memantine and HAE on the
human NMDARs containing GluN1-GIuN2A subunits by comparing the ICso values of both against
varying voltage holding potentials Vh. As previously stated above, the ICso values of memantine

inhibition for varying voltages of -50mV, -75mV, and -100mV are 3.0uM, 1.13uM, and 0.77uM,
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respectively. The trend seen regarding Vh and ICso values depicts that at the more positive
membrane potential of -50mV, the ICsovalue is the highest while at the most negative membrane
potential of -100mV, the ICsovalue is the lowest. A similar trend was observed with HAE inhibition
of human NMDARs containing GIluN1-GIuN2A subunits for HAE, an ICsovalue of 2.50ug/mL is seen
at a Vh of -50mV. Also, Vh at -100mV had the lowest ICsg values for HAE which was at 0.86pug/mL.
At a Vh of -0.75mV near resting membrane potential, HAE had an ICso value of 1.46ug/mL. Thus,
both memantine and HAE had the lowest ICsp at -100mV which shows that they may both block
the NMDARs at -100mV more than at -50mV.Therefore, the similar trends found in the ICsovalues
of both NMDAR subunits GluN1-GluN2A blockers memantine and HAE were found to be

dependent on the voltage holding potential.

The second part of the study focused on the effect of HAE on the human NMDARs containing
GluN1-GIluN2A subunits. It was found that HAE acted in a similar way to memantine. As seen in
the results, HAE inhibited the NMDARs in a concentration-dependent manner. The comparative
analysis of this study showed that memantine unlike HAE completely inhibited the NMDARs at
the highest concentration of 10*M. However, as mentioned in the results the highest
concentration of HAE (3ug/mL) was about 10-fold lower than the highest concentration of
memantine 10*M, based on the conversion using the harmonine (90% of HAE) molecular weight
of 283. This implies that 3pug/mL was equivalent to around 10uM. Moreover, HAE also inhibited
the NMDARs in a voltage-dependent way like memantine. This shows the binding mechanism of

memantine and HAE to the pores in the NMDARs as similar.

The ICso values for memantine and HAE had quite a difference in human NMDA. Whereas the
comparison of rat NMDA clones for HAE showed similarity in the ICso values. This was
demonstrated by (Kaur, 2022) in her study of rat NMDA clones that HAE had ICso of 2.65ug/mL,
1.11pg/mL, and 1.72ug/mL at -50mV, -75mV, and -100mV. However, the present experimental
study found the ICso of HAE in human NMDARs to be 2.50ug/mL, 1.46ug/mL, and 0.86ug/mL at -

50mV, -75mV, and -100mV. As this was the first study in human NMDARs, this was novel research
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showing the efficacy of HAE in human NMDA clones. In addition to this, this study showed the

ICso values of HAE in a voltage-dependent manner for the first time in Human NMDARs.

HAE inhibited the NMDAR subunits GIuN1-GluN2A in a voltage-dependent manner. This voltage
dependence was like memantine. Decreasing the membrane potential to more negative values
decreased the ICsg value. Whereas the holding potential closer to the reversal potential,

e.g. -50mV, resulted in a higher ICso. This implies the impact of HAE as an open channel blocker
like memantine. This strongly supports HAE as an NMDAR blocker and a potential treatment for
Alzheimer’s. Future work could also involve the use of higher concentrations of HAE for better

results.

As mentioned previously, the Woodhull equation was used to further analyze the voltage
dependency and the binding affinity of both memantine and HAE through the transmembrane
pore region. As shown in the results, through the Woodhull equation the z charge for memantine
was 1. The 6 value of memantine was 87% which shows the crossing of the transmembrane pore
region thus reaching the inside of the channel. However, in HAE the z charge was 2. Thus, the §
value for HAE was 27%, meaning that only 27% may have crossed the transmembrane pore
region on the binding site but it is difficult to determine exactly since HAE is about 90%
harmonine. Also, due to the multiple charges found on HAE, a functional group such as an amine
could bind to the outer region or into the pore region. Thus, both memantine and HAE are
voltage-dependent and have varying binding affinities of the pore regions as found through the

Woodhull equation in the results.

Moreover, aside from HAE inhibiting the NMDAR’s subunit GIuN1/GIuN2A seen in this study as
well as from previous studies mentioned above, HAE has also been shown to inhibit AChE. For
example, as previously stated above, HAE can inhibit nAChRs expressed in Xenopus oocytes with
ICs0 values pug/mL) of (of different receptor subtypes a7, a4B2, a3p4, and Da2/B2 at a voltage of
-75mV were 2.30ug/mL, 3.24pug/mL, 1.47ug/mL, and 0.440ug/mL, respectively. Thus, the study
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found the HAE inhibition of nAChRs was found on rat a4B2 which was voltage-dependent at -
75mV. (Patel et al., 2020). Another study displaying HAE's ability to inhibit nAChR, from Kiran
2022, compared the human nAChR in the TE671 cells and insect nAChR in locust neurons. The
application of HAE inhibited the inward currents for the nAChRs in the TE671 cells and locust
neurons. The extracted HAE alkaloids had two fractions (A and B) and showed different ICsovalues
for insect NAChR and human TE671 cells. In the human TE671 cells, HAE fraction A had ICsp of
4.77ug/mL and fraction B had 1.68ug/mL. In the insect nAChR, fractions A and B had ICso of 3.23
and 0.072ug/ml respectively. Thus, it can be stated that HAE is a multitarget-directed ligand
(MTDL) (Simoni et al., 2017).

Other MTDLs have also been known to target AChE along with other important ligands. For
example, in an experiment by Rosini et al (2008), a compound tetrahydro acridine
pharmacophore (6-9) can block NMDAR GIluN1/GIuN2A subunit. Thus, (6-9) was coapplied with
NMDA (100uM +10uM glycine) on Xenopus oocytes by voltage clamping at -100mV, which
showed an NMDAR uncompetitive antagonistic effect like memantine. Carbacrine, (6) had an I1Cso
value of 0.74uM while memantine had an ICsp value of 9.52uM. Thus, the lower IC50 value of 6
showed a higher level of antagonism than memantine. Carbacrine was tested at more positive
holding potentials which displayed voltage-dependent like memantine. Furthermore, 6 was able
to inhibit human AChE activity with an ICsovalue of the concentration of the inhibition at 2.15nM.
Furthermore, Carbacrine was also able to block in vitro AP peptide self-aggregation, and AR
peptide aggregation by AChE, and reduce oxidative stress. Another example of an MTDL,
conducted by Simoni et al 2017, includes the compound {6-[4-(2-Methoxy-benzyl)-piperazin-1yl]-
hexyloxy}-9H-carbazole (4). 4 was also able to inhibit AChE activity with an ICso value of the
concentration of the inhibition of 0.773uM. In addition, 4 stimulated nAChRs subtype a4f2
showed a slight activation between 15-20% at 100uM on a membrane current at -80mV.
However, 4 had no response seen with the nAChR subtype a7. Lastly, 4 is also able to block in

vitro (1-42) peptide self-aggregation mediated by AChE (Rosini et al., 2008).
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Fig 20: Structure of compound 6-9 MTDLs

Furthermore, HAE extract contains several other alkaloids present in it. Therefore, it is hard to
compare the potency of both compounds. So, future work should isolate the harmonine
completely from other alkaloids present within HAE. As the ICso values of HAE were shown in the
table above, they apparently seem higher than the ICso of memantine. The natural extracts from
the insects could be a more useful and therapeutic treatment for Alzheimer’s and
neuropsychiatric disorders. Due to the minimal side effects like memantine or any other drugs in

trial.

Future Work:

Ladybirds have a lot more other alkaloids present in the hemolymph. There is a further need to
know the functional and inhibitory ability of each alkaloid. 4 analogues of harmonine were
provided to us for testing the inhibitory effect on NMDARs. But due to a shortage of time and
uncertainty of NMDAR expression in Xenopus oocytes, they were not tested. The 4 analogues
were ACB-6-82 (MW:284.48g), ACB-6-84(282.52g), ACB-6-89 (MW: 284.48g), and ACB-6-90 (MW:
282.52). Testing these analogues in studies ahead would provide a more diverse nature of
harmonine and its analogs. Harmonine was tested on Human GIuN1-GluN2A, there is a need to
test it on another subtype GIuN1-GIuN2B to see its impact. HAE did not inhibit the NMDARs
subtype GIuN1-GIuN2A fully, so maybe using a higher concentration could inhibit the NMDARS

like memantine. There are different analogues of HAE and possibly testing them to see if they

77



could completely inhibit the NMDARS like memantine would be good progress. Moreover, testing
harmonine and finding the onset time for the NMDA traces. And finding the binding affinity of

different HAE analogs and calculating their § value would be great progress.

Conclusion:

The present study investigated the efficacy of memantine and harmonine, a compound found in
Harmonia axyridis alkaloids, on human NMDAR clones of subtype GIuN1-GIuN2A using a two-
electrode voltage clamp (TEVC) technique. The results revealed that memantine and harmonine
are concentration and voltage-dependent inhibitors of GIuN1-GIuN2A NMDARs, like previous
findings in rat NMDAR clones. The similarity in results between human and animal clones creates
a potential for harmonine as a treatment for Alzheimer's disease, as well as a multi-ligand-like
memantine that targets both NMDARs and nAChRs and acts as an acetylcholine esterase

inhibitor.

However, the expression of GIuN2B subtype NMDARs was uncertain, and recordings were not
performed using TEVC. Initially, cDNA was used for NMDARs injection, but the expression was
not achieved as expected. Later, cRNA was injected after RNA transcription using cDNA for easier
expression. Although the expression was not as frequent as expected, it was more frequent when
oocytes were obtained without the follicular layer and peeled to have proper NMDAR expression.
Additionally, four analogues (ACB-6-82, ACB-6-84, ACB-6-89, and ACB-6-90) were expected to be
tested against NMDAR subtypes, but due to the uncertainty in oocyte expression, it was difficult

to test these analogues.

The study also overcame the issue faced by previous research by properly comparing the HAE
ICs0 values with memantine by converting the units of pg/mL into millimolar for equivalent ICso
values with memantine. Overall, the study highlights the potential of harmonine as a treatment
for Alzheimer's disease and the importance of proper expression and comparison methods in

NMDAR research.
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