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Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disease, characterized by the loss of
memory, multiple cognitive impairments and changes in the personality and behavior. Several
decades of intense research have revealed that multiple cellular changes are involved in disease
process, including synaptic damage, mitochondrial abnormalities and inflammatory responses, in
addition to formation and accumulation of amyloid-g (Ap) and phosphorylated tau. Although
tremendous progress has been made in understanding the impact of neurotransmitters in the
progression and pathogenesis of AD, we still do not have a drug molecule associated with
neurotransmitter(s) that can delay disease process in elderly individuals and/or restore cognitive
functions in AD patients. The purpose of our article is to assess the latest developments in
neurotransmitters research using cell and mouse models of AD. We also updated the current status
of clinical trials using neurotransmitters’ agonists/antagonists in AD.

Keywords

acetylcholine inhibitors; adenosine receptors; Alzheimer’s disease; histaminergic; N-Methyl-D-
Aspartate; neurotransmitters

Correspondence to: Ramesh Kandimalla, PhD, Research Assistant Professor, Garrison Institute on Aging and Pharmacology/

Neuroscience Department, Texas Tech University Health Sciences Center, 3601 Fourth Street / MS / 9424 | 4A 124, Lubbock, Texas
79430, USA. ramesh.kandimalla@ttuhsc.edu. P. Hemachandra Reddy, PhD, Executive Director and Chief Scientific Officer, Mildred
and Shirley L. Garrison Chair in Aging, Professor of Cell Biology and Biochemistry, Neuroscience & Pharmacology and Neurology
Departments, Texas Tech University Health Sciences Center, 3601 Fourth Street, MS / 9424 / 4A 124, Lubbock, Texas 79430, USA.
hemachandra.reddy@ttuhsc.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kandimalla and Reddy Page 2

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia, characterized by
impairment of cognition, abnormal behavior, and personality changes [1-5]. Histological
examination of postmortem brains from AD patients revealed two major pathological
hallmarks—intracellular neurofibrillary tangles and extracellular neuritic plaques. AD is also
associated with synaptic damage, mitochondrial abnormalities, inflammatory responses,
hormonal changes, and cell cycle abnormalities [1, 6-10]. Currently, 5.4 million Americans
suffer with AD, including 5.2 million people age 65 and older and 200,000 individuals under
the age of 65. One in nine people age 65 and older has AD [7, 11]. Currently, 47 million
people live with dementia worldwide, which is more than the population of Spain [12, 13].
This number is projected to increase more than 131 million by 2050. Dementia also has a
huge economic impact. According to the World Alzheimer’s Report - 2016, the total
estimated worldwide cost of dementia is $818 billion, and it will become a trillion-dollar
disease by 2018 [13]. AD is a multifactorial disease (Fig. 1), caused by mutations in
amyloid-B protein precursor (ABPP), presenilin 1, and presenilin 2 genes, DNA variants in
sortilin related receptor 1, clusterin, complement component receptor 1, CD2AP, CD33,
EPHAL, and MS4A4/MS4AG6E genes. ApoE 4/4 genotype is a major contributor for late-
onset AD, and other contributing factors include aging, lifestyle activities, and traumatic
brain injury [1, 7, 14-20]. Researchers have been involved in developing different drug
molecules based on cellular changes found in the brains of AD patients and brain tissues
from AD mouse models (Figs. 2 and 3) [1, 27, 28-35].

After several decades of research on AD prevention, the FDA has only approved
acetylcholinesterase inhibitors (AChEIs) such as donepezil, galantamine, and rivastigmine,
and the N-Methyl-D-Aspartate (NMDA) antagonist, memantine. Tacrine, which is also an
AChEI, was discontinued due to the hepatotoxicity in AD patients [21]. The purpose of this
article is to highlight the roles of neurotransmitters in AD progression and pathogenesis. We
also provide an update on the current status of clinical trials using various types of
neurotransmission modulation (Fig. 4).

NEUROTRANSMITTERS

Neurotransmitters are endogenous chemical messengers that enable neurotransmission.
These neurotransmitters transmit the signals across the synapse (between the neurons) and
neuromuscular junctions [22, 23]. Neurotransmitters are usually stored in the synaptic
vesicles, beneath the membrane in the axon terminal, and are released into the synapse with
the appropriate signal. The released neurotransmitters exhibit their functions to establish
connections through the synaptic cleft and bind to their appropriate receptors (Fig. 2). These
neurotransmitters are endogenously synthesized from amino acids [22, 23]. Acetylcholine
(ACh) is synthesized from serine; dopamine from L-phenyl alanine/L-tyrosine; GABA from
glutamate by decarboxylation; serotonin from L-tryptophan; histaminergic from L-histidine;
and NMDA from D-aspartic acid and arginine [24, 25]. These are the main neurotransmitters
(except dopamine) that play a crucial role in AD pathogenesis. There are other
neurotransmitters, such as glutamate, glycine, norepinephrine, epinephrine, melatonin,
gastrin, oxytocin, vasopressin, cholecystokinin, neuropeptide Y, and enkephalins, that do not
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have a significant role in AD pathogenesis and may have a role in causing oxidative stress
[25]. These chemical messengers have been reported to be involved in synaptic activities
including the required action potential from synaptic vesicles to propagate exocytosis. The
released neurotransmitters diffuse on the synaptic cleft and bind to appropriate receptors on
the postsynaptic neuronal membrane for potential synaptic transmission [26] (Fig. 2).

Metabotropic and ionotropic are neurotransmitter receptors which are localized to the
postsynaptic membrane. Metabotropic receptors are membrane receptors that act through the
secondary messenger, whereas ionotropic receptors are ligand-gated channels. In this regard,
acetylcholine receptors (AChRs) include a group of metabotropic neurotransmitter receptors
(muscarinic AChRs, histamine receptors for histamine, GABAg receptors for GABA,
adenosine receptors for adenosine), serotonin receptors (G-protein coupled receptors for
serotonin), and a group of ionotropic neurotransmitter receptors (nicotinic AChRs,
GABAg a-p receptors also for GABA, and additionally 5-HT) [26-32]. For researchers,
these are the major therapeutic targets for AD prevention.

NEUROTRANSMITTER-BASED THERAPEUTICS IN AD

Since 1901, when Dr. Alzheimer observed senile dementia in ‘Auguste Deter’, well over a
century ago, there are still no metabolic-based therapies for its prevention, though some may
temporarily relieve the symptoms. There are three FDA approved AChEls, one NMDA
antagonist, and one AChEI and NMDA antagonist combination (Table 1 & Fig. 5). There is
one drug, tacrine, that has been discontinued due to hepatotoxicity in AD patients [33].

Neurotransmission Modulation

Cholinergic neurons such as ACh-producing neurons are mainly involved in the
pathogenesis of AD. ACh was the first neurotransmitter discovered in 1920. It is present in
the neuromuscular junctions, brain, spinal cord, in the autonomous nervous system, such as
ganglia, and postganglionic terminal buttons of the parasympathetic nervous system. Recent
literature suggests that ACh is synthesizing from the nucleus basalis of Meynert and the
projection from the nucleus basalis provide the primary source of neocortical ACh [34]. On
the other hand, cholinergic projections also extend from the medial septum and a diagonal
band of Broca to the hippocampus [35, 36]. These cholinergic projections are the primary
sources in the production of ACh in the brain. ACh plays a pivotal role in learning and
memory as the cortex originates from the basal forebrain, and thus, is involved in memory
consolidation in these sites. ACh also regulates cortical structure, cerebral blood dynamics,
and the wake-sleep cycle [37, 38]. Although much research has been done on ACh in AD
pathogenesis, the precise molecular links are not well understood.

Slotkin et al. found a decrease in choline acetyltransferase activity and, in turn, a decrease in
ACh synthesis, and an eventual decrease in ACh uptake by acetylcholine receptors (AChRS)
in AD [39, 40]. Loss of memory is one of the major phenotypic changes that occur in AD,
and it is due to the loss of AChE from both cholinergic and non-cholinergic neurons of the
central nervous system (CNS). However, AChE activity is increased around amyloid
plaques. This increase in AChE opens the doors for therapeutic avenues based on AChEls
(Fig. 2C), because recent studies have also shown the role of amyloid-g (AB) protein in the
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expression of AChE [41]. The produced ACh is received by AChRs, which are present on
the postsynaptic membrane of target cells (Fig. 2A). These neurotransmitter receptors are
nothing but proteins which interact with extracellular signals; ACh thus converts these
signals into intracellular effects [42]. ACh neurotransmitter receptors are one of a chief
excitatory neurotransmitters [43]. The binding of ACh to AChRs results in a change in
membrane potential of the target cell, leading to an action potential in the neuron or muscle
cell. The produced ACh is cleared by enzymatic action in the synapse. Normally, when a
neurotransmitter binds with the corresponding receptor, the channel opens and allows
sodium ions into the cell, which depolarizes the plasma membrane to create the action
potential [43, 44]. There are two subtypes of AChRs: excitatory ACh, which is present in the
parasympathetic nervous system; and inhibitory ACh, involved in the autonomic ganglionic
actions (Fig. 2B).

Along with ACh, glutamate is an ionic form of glutamic acid which is the excitatory
neurotransmitter involved in the learning and memory process in the cortex and
hippocampus and thus plays a role in long-term potentiation (LTP) and long-term depression
(LTD). NMDA is the receptor which is present on the postsynaptic membrane of the neuron.
The action of this receptor is modulated by the glutamate neurotransmitter [45-47]. Revett et
al. have shown there is an increased presynaptic release of glutamate and there is a failure in
re-uptake of released glutamate, which in turn leads to a tonic activation of NMDA
receptors, and thus contributes to an excess in AD [48]. Loss of insulin signaling and
mitochondrial dysfunction [49] are the contributing factors to glutamate excitotoxicity found
in AD neurons [50]. Mitochondrial dysfunction may be due to oxidative stress and/or
oxidative insults in AD neurons. Along with ACh and GABA, there are other components
such as serotonin and histaminergic neurons also playing a crucial role in the pathogenesis
of AD.

Acetylcholinesterase inhibitors (AChEI)—The FDA approved four AChEIs (tacrine,
donepezil, rivastigmine, and galantamine) [21] for the treatment of AD. Donepezil (Aricept)
was approved in 1996; rivastigmine (Exelon) was approved in 2000; and galantamine
(Reminyl) was approved in 2001. Tacrine (Cognex), the first cholinesterase inhibitor, was
approved in 1993; however, tacrine is rarely prescribed because of associated side effects,
including possible liver damage, and the same fact was mentioned in the World Alzheimer
Report 2016 and Alzheimer’s Association fact sheet (Table 1) [13, 51].

AChEIs inhibits the enzyme activity of AChE, which in turn decreases the breakdown of
ACh and thus plays the pivotal role in enhancing cholinergic neurotransmission and making
them available to the cholinergic AChRs for generating LTP in learning and memory
processing. These receptors are expressed both on the principal and inhibitory neurons in
most regions of the hippocampus and cortex, and localized to both pre and post-synaptic
membranes [52]. Galantamine, an alkaloid, additionally acts as an AChEI that impedes
AChE and plays a vital role in the regulation of nicotinic receptor activities. In a
randomized, double-blind, placebo-controlled study, galantamine exhibited improved
cognitive function in subjects over a 6-month period. Additionally, galantamine had positive
effects on subjects’ instrumental and essential activities of daily living, and also delayed the
progression of the implicated behavioral symptoms that are associated with the disease
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process. An open extension of the study occurred for an additional 6 months, with a
galantamine dose of 24 mg/day afforded to patients, who completed one of the 6-month
placebo-controlled studies. Retention of cognitive function and perseverance of activities
essential to the subjects’ daily living were observed at the end of the 12-month study period
in those that had been treated with galantamine 24 mg/day at full length of the study. This
group significantly retained and exhibited an improvement in cognitive functions at the 12-
month mark, in comparison to subjects who had been treated with a placebo for 6 months
before being treated with galantamine for the remaining 6 months of the 12-month study.
These studies indicate that galantamine postpones the progression of symptoms in AD.
Since galantamine shows the greatest benefits when treatment is started early, its long-term
benefits may result from an effect on the underlying disease process; such an effect might be
mediated by galantamine’s concomitant action on nicotinic receptors. On the other hand,
galantamine also possesses agonist activity at the nicotinic a4p2 receptor; however, clinical
benefits of galantamine are due to the above mentioned (two) mechanisms [53].

Muscarinic AChRs (mAChRs) have been recently identified by Anisuzzaman et al. to be
present in intracellular locations, namely the hippocampal regions of mice, rats, and humans.
Transmission of extracellular cholinergic signals into the cytoplasm from the position of
these receptors on the cell surface, in addition to contributing uniquely to synaptic plasticity,
activates signaling cascades distinct from those of other cell surface receptors. In contrast to
the selective incidence of M1-mAChRs on the cell surface of other tissues, intracellular and
surface disseminations of M1-mAChRs in the hippocampus and cortex of rats, mice, and
humans have been revealed with immunohistochemical observations in radio ligand-binding
experiments with cell-permeable and cell-impermeable ligand. Muscarinic binding sites
were annulled throughout intracellular locations in M1-mAChR gene knockout mice.
Phosphatidylinositol hydrolysis and network associations at theta rhythm were generated by
rat hippocampal neurons upon activation of cell surface M1-mAChRs, which enhanced LTP
transiently. Moreover, phosphorylation of extracellular regulated kinase 1/2 and a gradual
augmentation of LTP resulted from activation of intracellular M1-mAChRs. These results
suggest a new mode of cholinergic transmission in the CNS [54] in regulating LTP and
synaptic plasticity.

Interestingly, various studies have shown the role of cholinergic neurons in neuronal
precursor development and its differentiation. These neurons projecting from the basal
forebrain innervate the cerebral cortex during neuronal development [55]. Afferents and
their cortical target cells interact and are likely to influence each other during the
establishment and refinement of connections. Intracortical cholinergic interneurons similarly
have a local effect on cortical circuits. Reduced cholinergic innervation during development
therefore leads to reduced cortical thickness and dendritic abnormalities. ACh is also likely
to play a critical role in neuronal plasticity. In the hippocampus neurite extension, target
selection and synaptogenesis play a role in the maturation of GABAergic synapses during
the developmental shift from depolarizing to hyperpolarizing transmission. Thus, the
cholinergic transmission also plays an important role in modulating the phosphatidylinositol
signals and extracellular regulated kinase pathways in adult neurogenesis [55]. Klugman et
al. also suggested that AChEIs reduce oxidative stress and mitochondrial dysfunction in AD
[56].
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Various meta-analysis studies revealed that AChEIs plays a crucial role in improving
cognitive function from mild-to-moderate AD patients and moderate-to-severe AD patients
[57, 58]. Three cholinesterase inhibitors such as donepezil, galantamine, and rivastigmine
are efficacious for mild to moderate AD. Even though these are the FDA approved,
transdermal delivery of these drugs is not approved, as it is attributed to relieving AD
symptoms in an efficient manner. The gastrointestinal and other liver-related side effects of
these AChElIs are due to an increase in the plasma concentration for a short time interval. A
transdermal patch has been developed with rivastigmine. In an open-label, parallel group
study in AD patients that were randomized to receive either capsule (1.5-6 mg Q12H, i.e.,
3-12 mg/day) or patch (5-20 cm?) in ascending doses through four 14-day periods, Lefevre
et al. compared patients’ drug exposure between path and capsule administrations by
investigating the pharmacokinetics and pharmacodynamics of rivastigmine and NAP226-90.
Plasma butyrylcholinesterase inhibition rose slowly after patch administration; interestingly,
two distinct peaks were seen after capsule administration [59]. The subjects also experienced
significantly decreased discomfort with patches [60]. In another study, the authors used a
novel AChEI molecule, memogain (benzoyl ester of galantamine), an inactive pro-drug of
galantamine which has more than 15-fold higher bioavailability in the CNS than the same
doses of galantamine that has been approved for the treatment of mild to moderate AD.
Compared to presently available drugs, memogain regains its pharmacological activity as a
cholinergic enhancer in the brain when it is enzymatically cleaved to galantamine without
showing any significant levels of gastrointestinal side effects that are typical for the
unmodified drug and other inhibitors of cholinesterase, such as donepezil and rivastigmine.
Memogain produced several fold larger cognitive improvement than the same doses of
galantamine. These results and other preclinical data revealed that the inactive pro-drug of
galantamine, memogain, may prove a prolific and beneficial drug for AD treatment,
combining reduced gastrointestinal side effects and considerably higher potency in
enhancing cognition, as compared to presently available treatment drugs [61].

Huperzine A is a potent and reversible inhibitor of AChE, and it was initially isolated from a
Chinese herb. It has been found to improve cognitive abnormalities in AD animal models
and has been used for AD treatment in China. The therapeutic effects of huperzine A include
regulation of ABPP metabolism and protecting against Ap-mediated oxidative stress and
apoptosis [62]. ZT-1 (pro-drug of huperzine A) [63] and methanesulfonyl fluoride
(SNX-001) [64] has shown admirable therapeutic value in AD in Phase | trial studies.

In AD, postsynaptic M1-AChRs remain unchanged but presynaptic M2-AChRs decrease.
There are several M1 partial agonists and allosteric agonists available; these agonists can
show their effects on the biological action of AChRs. The M1 partial agonists are mainly
AF102B, AF150(S), AF267B, and AF292. There are also some allosteric agonists such as
77-LH-28-1, LY-593093, and Lu AE51090 that have shown significant effects on cholinergic
neurotransmission. Recently, ML 169 was reported as an M1 positive allosteric modulator
[65]. The M1 agonists have a role in ABPP processing and thus control tau phosphorylation.
In 3xTgAD and transgenic mice expressing human Swedish, Dutch, and lowa triple-mutant
ABPP (Tg-SwDI), two widely used animal models, and also with the M(1)R (=/-), it has
been revealed by Medeiros et al. that AD-related synaptotoxicity and cognitive impairment
through mechanisms that rely on the transcriptional dysregulation of genes required for
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memory are worsened by M(1)R deletion in the 3XxTgAD and Tg-SwDI mice [66].
Depositing of fibrillary AB was in observed in cerebrovascular locations in Tg-SwDI mice
upon eradication of M1-AChRs alongside an escalation of plaque and tangle levels in brains
of 3XTgAD mice [66]. Notably, tau hyperphosphorylation and potentiation of amyloidogenic
processing in the mice with AD lacking M1-AChRs were attributed to changes in GSK3p
and protein kinase C activities [66]. Finally, deleting the M1-AChRs increased the astrocytic
and microglial response associated with Ap plaques. These results suggest the significant
role of M1-AChRs in exacerbating AD-related cognitive decline and provide critical
preclinical evidence to justify further development and evaluation of selective M1-AChRs
agonists for treating AD [66]. To strengthen these results, AF102B, an M1 partial agonist,
significantly lowered cerebrospinal fluid (CSF) AB levels in AD patients [67]. In preclinical
studies, other partial agonists of M1-AChRs such as AF150(S) and AF267B have yielded
productive effects [68—70]. Therapeutics of mixed muscarinic AChRs such as ANAVEX 2—
73, which are in phase I/l1a clinical trials, has yielded regression in Ap-induced toxicity,
gradual amelioration of memory deficits [71], and the impediment of GSK3p activation, all
together which prevent the phosphorylation of tau [72]. As of now, there are no published
research studies that show the pathological role of nicotinic AChRs (nAChRs) in AD [73,
74].

On the other hand, a.7 nicotinic agonists have divergent effects, which would be beneficial in
some AD patients [69] and require further investigation to understand the role of a7
nicotinic agonists in other dementias. Echeverria and Zeitlin discussed positive modulatory
effects of cotinine, a metabolite of nicotine on a7 nAChRs in AD prevention [75]. The
neuroprotective action of cotinine and the mechanistic approach to improving memory
deficits in AD mice and in AD has been demonstrated. Cotinine improves memory by
inhibiting the aggregation of Ap, the stimulation of Akt (pro-survival factors), and the
inhibition of activation GSK3p (pro-apoptotic factor) [75].

Different types of ligands for a7 nAChRs are also currently being studied as potential AD
therapeutics [76]. EVP-6124, [(R)-7-chloro-N-quinuclidin-3-yl) benzo[b]thiophene-2-
carboxamide], is a novel partial agonist of a7 nAChRs that was evaluated in a cell line and
in rats. The results showed improvement in memory performance in rats by potentiating the
acetylcholine response of a7 nAChRs and support new therapeutic strategies for the
treatment of cognitive impairment [77]. There are other nicotinic agonists, which completed
phase 1 trials, including NCT01073228, NCT01764243, NCT01137526, and
NCT01527916; however, MT-4666 was terminated in phase 111 due to the benefit-risk
balance of MT-4666 (data were taken from Clinical Trials.gov).

Currently, there are several different AChEIs involved in clinical trials: 1) NCT00969696: A
phase I AD clinical trial was completed. In this trial, the effects of galantamine on cognitive
performance in marijuana users were shown; 2) NCT00880412: This clinical trial
determined the clinical safety/tolerability and an exploratory efficacy of EHT 0202 as
adjunctive therapy to AChEI in mild to moderate AD. A phase Il trial was completed; 3)
NCT01908010: This clinical trial describes safety, tolerability, and pharmacokinetics of
ABT-354 in up to 20 male and female subjects, between 55 to 90 years of age with mild to
moderate AD, given stable doses of AChEIs. A phase Il was completed; 4) NCT00987220:
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This trial hypothesized that the AChEI, donepezil (Aricept), will increase acute CSF ACh
levels in healthy volunteers following a 5 mg single dose oral administration. This study has
been completed, but there is no further information available; 5) NCT00309725: The
objective of this trial was to investigate the effect of galantamine on heart rate and PR
interval (the time it takes for the heart’s electrical impulse to get from the atria to the
ventricles) during the administration of rapidly increasing doses at the end of a 2-week
treatment period with 32 mg per day in patients with AD. It has completed phase I trial; 6)
NCT01626391: This trial examines the safety and tolerability of TRx0237 when taken at the
same time as AChEls (i.e., donepezil, galantamine, or rivastigmine) and/or memantine to
treat patients with mild to moderate AD and has been terminated for administrative reasons;
7) NCT00348140: This trial is focused on rosiglitazone extended release tablets (RSG-XR)
as adjunctive therapy in subjects with mild to moderate AD and has completed phase 111
trials. This study tests whether RSG XR safely provides clinical benefit to people with mild
to moderate AD when combined with one of the currently approved AD medications,
Avricept®, Razadyne® or Exelon®. RSG XR is a new approach to AD therapy and this study
tests a new way to treat AD by testing whether one’s genetic makeup affects the response to
the study drug; 8) NCT00096473: This clinical trial focused on donepezil hydrochloride
(Aricept) and was approved to treat symptoms associated with mild to moderate AD. Aricept
has been shown to improve cognition and learning abilities in AD patients. The purpose of
this study was to further investigate the effectiveness and safety of donepezil in patients with
severe AD and it has completed phase I11; 9) NCT00369603: The purpose of this study was
to determine whether standard medications approved for AD treatment differ in their action
on brain function, and while this study was completed, findings are not yet available (data
were taken from ClinicalTrials.gov); and 10) NCT00001933: This clinical trial conducted by
the National Institute of Neurological Disorders and Stroke (NINDS) aimed to examine the
ability of Nefiracetam, a new drug that stimulates acetylcholine, to improve memory,
cognition, and routine-living activities of patients with mild to moderate intellectual
impairment due to AD, and successfully advanced through phase |1 clinical trials.

Based on these findings regarding M1 agonists and AChEls, M1 agonists have more
beneficiary relief when compared to AChEIls. M1 agonists could be regarded as disease-
modifying agents, as well as provide symptomatic relief in AD. The benefit of AChEIs in
the behavioral symptoms of AD and their synergistic role in combination therapy with
memantine will be discussed in the following section.

NMDA inhibitors: a glutamatergic neurotransmission system—Glutamatergic
neurotransmission is an important mechanism involved in learning and memory; therefore it
is involved in establishing LTP, which is affected in AD patients. In AD, AR induces
oxidative stress, which in turn, deregulates the glutamatergic neurotransmission system,
ultimately leading to the failure of its role in cognition, learning, and memory in AD patients
[78]. Therefore, therapeutic avenues involving glutamatergic neurotransmission may play a
crucial role in AD prevention.

Glutamate is the most abundant neurotransmitter in the CNS and its concentration is
regulated by the glutamate cycle between pre- and post-synaptic neurons to establish strong
synaptic connections (Fig. 2). Glutamate transporters such as VGLUT1 and VGLUT 2 in
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presynaptic neurons maintain glutamate levels in the vesicles. During neuronal transmission,
the neuronal signal activates synapses and thus favors the release of glutamate into the
synaptic cleft. The released glutamate activates different types of glutamate receptors such
as NMDA, AMPA, kainite, and metabotropic. NMDA receptors may become active once
synchronized with AMPA receptors, which upon activation cause depolarization of the
postsynaptic membrane and allow the flow of calcium (Ca2*) ions into the postsynaptic
neuron [79]. The activated glutamate receptor activates downstream cellular signaling
pathways, while glutamate released in parallel from the synaptic cleft is removed by another
set of glutamate transporters, and these are mostly expressed in astrocytes. Once glutamate
has completed its function, it is immediately converted to glutamine by glutamine synthetase
and returned to the presynaptic neuronal terminals, where, in presynaptic terminals,
glutamine converts back to glutamate by glutaminase. During AD progression, this
glutamate cycle gets affected and thus causes extracellular accumulation of glutamate and
increased NMDA receptor activation, thus leading to excitotoxicity [48]. Excess glutamate
causes the activation of NMDA receptors and enhances the production of Ap and, vice
versa, AP oligomers binding and activation of NMDA receptors, further substantiating the
importance of the glutamatergic system in AD [48, 80].

The main molecule for the NMDA-based therapy in the treatment of AD is memantine,
which is the uncompetitive antagonist and used in the treatment of moderate to severe AD in
more than 60 countries including the USA and several European countries [81].
Symptomatic effects and tolerability of memantine are due to an affinity with NMDA
receptor (IC50 around 1 uM at =70 mV) along with strong voltage dependency. This
association resulted from double exponential blocking/unblocking Kinetics in AD patients
[82-85]. These NMDA beneficial therapeutic and functional properties have been confirmed
by various groups in rat hippocampal and cortical neurons by using patch clamp recordings
and HEK 293 cells [81, 83, 86-94]. Usually NMDA receptors are blocked by magnesium
(Mg*2) ions, but in the presence of a strong synaptic signal, glutamate relieves the Mg*+2
from the NMDA receptor channel, thus allowing Ca*2 ions into the post-synaptic neurons.
However, in AD, this action is poorly driven due to the accumulation of Ap peptides. These
toxic peptides decrease membrane potential and unblock the Mg*2 ions from NMDA
receptors, leading to defective flow of Ca*2 ions into the post-synaptic neurons. Numerous
physiological experiments revealed that memantine binds within the ion channel of the
NMDA receptor [83, 95] and regulates Ca*2-Mg*2 voltage gradient across the pre- and
postsynaptic neurons [83, 84, 96, 97]. However, during normal physiological conditions, the
high concentrations of glutamate dissociate memantine from the NMDA receptor channel,
leading to normal neurotransmission [84, 96-98]. In the case of AD, memantine may
compete with AP peptides to bind with the NMDA receptor channel in a normal glutamate
cycle. This generates a voltage-dependent gradient that is employed in postsynaptic
intracellular signaling events [99]. Furthermore, /7 vivoand in vitro testing has shown that
this effect translates into a reversal of learning impairments induced by overactivation of
NMDA receptors [96, 100]. Recent experimental results in animal models revealed that
memantine improves spatial learning by protecting neurons from Ap toxic insults, and thus,
synaptic plasticity is preserved by preventing concomitant cognitive deficits [101].
Memantine also has antagonizing effects not only limited to the NMDA receptor channel,
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but also extended to a7, a4p2 nAChRs, 5-HT3, a3p2, 5-HT2A, dopamine D2 receptors,
and histaminergic neurons [21, 102-107]. Evidence of the multiple receptor-binding
activities of memantine, the therapeutic activity of this molecule has been noted to be
consequent of binding to receptors such as NMDA, AChRs, and AMPA. However,
experimental evidence has only reflected the binding of memantine to AChRs and NMDA
receptors [108].

Currently, memantine is widely used for treating moderate and severe AD patients with a
Mini-Mental State Examination (MMSE) score of less than 15 or less than 20, respectively.
But the clinical action of this drug in the early stages of AD is still under investigation [109-
113]. Regarding the efficacy of memantine in treating mild AD, a recent meta-analysis study
[114] suggests administering memantine alone or in conjunction with cholinesterase
inhibitors to assess the potential efficacy of memantine in mild to moderate AD in
prospective trials. The possible reason for this is attributed to the early damage of
cholinergic neurons when compared with the loss of the glutamatergic system in the
progression of AD [115]. Alternatively, the blockage of a7nAchRs by memantine in the
early stages of AD would affect neurotransmission [116]. AChEIs and memantine are
licensed for the symptomatic treatment of mild-moderate and moderate-severe forms of AD,
respectively. High doses of the AChEI, i.e., donepezil, were licensed in the USA for
moderate-severe AD, and the association AChEI with memantine was proposed for AD at
this stage. Molino et al. [131] reviewed different clinical trials regarding effectiveness of
memantine, donepezil, or the two drugs in combination to manage moderate-severe AD. The
authors considered double-blind, placebo-controlled, randomized trials, employing
memantine, donepezil independently or in conjunction with memantine and compared to
placebo treatments in moderately severe AD. The combination of memantine and donepezil
treatments yielded no major advantages. Notwithstanding, the conditions of heterogeneity
explored by randomized controlled trials in a relatively short observation period (24-52
weeks), and the different cognitive assessment tools used did not permit a proper
comparison of different trials [117].

Arguably, this area requires intensive research to figure out when memantine needs to be
given to AD patients in the early stage of AD or if it better to avoid memantine treatment in
the early stages of AD. Across the world, numerous investigators tried the combination of
AChEIs with memantine to treat AD [113, 118-123], and results of these studies suggest
that it would be beneficial to treat patients with moderate to severe AD. There is a phase IV
clinical trial (NCT00505167) on memantine versus donepezil in the early stages of AD of
which glutamatergic hyperstimulation is understood to result in neuronal death in AD, and
further reflects memantine as a low-affinity antagonist of NMDA glutamate receptors that
confer neuroprotective effects and delay progression of the disease in its early stages. The
effects of memantine should be compared to those of donepezil, which is the most
prescribed AChE drug. The final results of this study are not yet published on
“ClinicalTrials.gov”. There is another clinical trial (NCT00255086) mainly focused on
determining if the NMDA receptor antagonist memantine has a neuroprotective effect on
magnetic resonance spectroscopic imaging (MRS) measures of brain N-acetyl aspartate
(NAA) and magnetic resonance imaging (MRI) volumetric measures of hippocampal
volume. In their secondary analyses, they want to determine if measures of clinical
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stabilization produced by memantine in the treatment of AD parallels stabilization of MRS
measures of brain NAA and MRI volumetric measures of hippocampal volume. This clinical
trial has finished phase 111. SUVN-502 with donepezil and memantine for the treatment of
moderate AD, a phase lla study (NCT02580305), is currently recruiting patients and the
study is a proof-of-concept, 26-week, double-blind, multicenter, randomized, parallel group,
placebo-controlled study to compare the efficacy and safety of treatment with SUVN-502 to
placebo treatment in subjects with moderate AD receiving stable doses of donepezil HCI and
memantine HCI. NCT00234637, a completed phase IV trial, examined rivastigmine
monotherapy and combination therapy with memantine in patients with moderately severe
AD, who failed to benefit from previous AChEI treatment.

Per the Alzheimer’s Association website information, the FDA approved drugs for the
treatment of AD (Table 1) include three AChEIs: donepezil (Aricept) is approved to treat all
stages of AD; rivastigmine (Exelon) is approved to treat mild to moderate AD; and
galantamine (Razadyne) is approved to treat mild to moderate AD (http://www.alz.org/
alzheimers_disease_standard_prescriptions.asp).

GABA neurotransmitter modulation—GABA is a neuroinhibitory neurotransmitter in
adults. The role of glutamatergic and cholinergic neuronal transmission is widely
investigated in AD, but the precise role of GABA neurotransmitters in AD is not well
understood. It is demonstrated that the GABA (A) receptor of the GABAergic system is
altered in aging and AD. Intriguingly, in AD, there is a compensatory increase in GABA (A)
receptor within neurons [124]. Mizukami et al. demonstrated alterations of GABA (A)
receptor subunits a1 and $2/3 in AD patients. In another study, reduction in the a1 subunit
in the hippocampus is reported [125]. These two studies have shown that the B2/3 subunits
are relatively resistant to alteration in AD patients [126]. Ulrich [127] investigated the effect
of AP peptides on synaptic transmission through the GABA (A) receptor-mediated
endocytosis mechanism and found that Ap may weaken synaptic inhibition through
downregulation of GABA (A) receptors and reversed in the presence of GABA (A) receptor
agonist (isoguvacine).

In another study, Lagostena et al. found a neuroexcitatory role of GABA in AD11 mice
[128]. Genetically engineered transgenic AD11 mice show age-dependent neurodegenerative
pathology and failure in cholinergic function, which is similar to the pathology of AD
patients. 6-month-old AD11 mice in the presence of the GABA (A) agonist (isoguvacine)
have shown significantly increased firing of CAL principal cells. Thus, these results
suggested that chronic nerve growth factor deprivation shifts GABAergic signaling from the
hyperpolarizing to the depolarizing direction [128]. Etazolate is a selective GABA (A)
modulator that stimulates rat cortical neurons and, in guinea pig brains, produces SABPPa.
Etazolate protected cortical neurons from AP toxicity in a dose-dependent manner. When the
neuroprotective action of etazolate was blocked with GABA (A) receptor antagonists
(causes decreased AP toxicity), the neuroprotection was mediated through to GABA (A)
receptor signaling. Thus, etazolate shows its neuroprotective effect through SApPPa
induction. Therefore, it indicates GABA (A) receptor signaling is a potential therapeutic
approach in the treatment of AD [129]. However, it is not clear what kind of GABA function
damage occurs to the neurons/cells. Recently, Jo et al. determined that GABA from reactive
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astrocytes impairs memory in APP/PS1 mouse models. In this study, the authors found that
activated reactive astrocytes produce the inhibitory gliotransmitter GABA with the catalytic
action of monoamine oxidase-B (MAOB) and releases through the bestrophin 1 channel
[130]. This GABA reduces the spike probability of granule cells by acting on presynaptic
GABA receptors in the dentate gyrus. So eventually by controlling GABA production, it can
control LTP for learning and memory in the mice. Postmortem AD patients’ brains also have
shown significant increases in astrocytic GABA and MAOB expression. These results
indicated selective inhibition of astrocytic GABA synthesis or release and may be useful for
improving memory in AD [130]. In Parkinson’s disease, Smad3 deficiency as noted in
GABA (A) neurotransmission was observed to increase through the inhibition of dentate
gyrus LTP [131]. Similarly, alteration of GABA neurotransmission is thought to produce
hippocampal cognitive dysfunction in Down’s syndrome patients with AD. Townsend et al.
also found indirectly the above fact by a7 nAChR agonist (FRM-17848), which enhanced
neural plasticity in the hippocampus via a GABAergic circuit [132].

A comparative analysis of /n vivoimaging studies in neuropsychiatric disorders by focusing
on GABA (A) receptor function revealed that GABAergic dysfunction may be associated
with the disturbances of dopaminergic and serotonergic neurotransmission [133].

A clinical trial (NCT00093951) on SGS742, which is GABA(B) receptor antagonist, in the
treatment of patients with mild to moderate AD has completed phase I1. In another clinical
trial on EHT0202 (etazolate hydrochloride), a GABA (A) receptor modulator was the focus
of a 3-month, randomized, placebo-controlled, double-blind study that revealed clinical
safety and tolerability of EHT0202 as a primary objective, with secondary endpoints
(cognitive function, daily living activities, behavior, caregiver burden, and global
functioning). Although this clinical trial has completed phase 1A [134], the long-term
benefits of this compound still needs to be investigated on a large scale such as multiple
cohort and longitudinal studies. Triazolophthalazine compound selectively reduces the
effects of GABA (A) receptors subunit, i.e., Alpha5l1A, which plays an important role in
hippocampal synaptic plasticity and LTP. GABA (A) receptor alpha5 subtype-selective
inverse agonist alpha5IA triazolophthalazine was tested in elderly subjects and alpha51A
agonist was found to not improve performance in a paired-associate learning tasks, but it is
able to reverse the ethanol-induced impairment in performance in healthy young normal
volunteers. These data demonstrate that in humans, an alpha5-selective inverse agonist may
be effective at increasing performance under certain conditions [135].

These incomplete results are not sufficient to recommend the use of GABA modulators and
GABA (A) and GABA (B) antagonists in AD therapeutics, and further investigation in large
multi-ethnic populations at different stages of AD is required.

Serotonin receptor-mediated AD therapeutics—The serotonergic system is the most
abundant monoaminergic system in the CNS when compared with noradrenergic and
dopaminergic systems [136, 137]. Serotonin or 5-hydroxytryptamine (5-HT), which is
present in CNS, is responsible for pain, feeding, motor functions, sexual functions,
emotions, and a sleep-wake cycle [136, 138]. In addition, 5-HT is also involved in cognitive
mechanisms such learning and short- and long-term memory, both in the frontal cortex and
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hippocampus [138]. Reynolds et al. reported the significant loss of 5-HT 4 receptors in
hippocampal and cortical neurons of AD patients, which is consistent with cognitive
processing [139]. Earlier investigations demonstrated the abundant localization of this
receptor in the human caudate nucleus and intermediate density in the hippocampus. A
significant decrease in the density of this receptor was seen in the hippocampus of AD
patients and suggests an association with this receptor and cholinergic neurons rather than
with dopaminergic neurons [139-141]. There are seven types of 5-HT receptors represented
by G-protein coupled receptors (5-HTRL, 2, 4-7) and by ligand-gated cation channels (5-
HTR3) [136]. In the hippocampus and cortex where learning and memory processes are
involved, high levels of 5-HT1A, 5-HT4, 5-HT6, and 5-HT7 receptors were shown [138,
142], but the anatomical distribution of these receptors are different in the cortex and
hippocampus on the pre- and postsynaptic membrane [136, 143]. The results from Vilaro et
al. [144] suggested localization of 5-HT4 receptors at axons and somato-dendrites. In
addition, 5-HT4(b) present in olfactory tubercle, striatum, hippocampus, inferior colliculus,
substantia nigra, and parietal cortex with 5-HT4(a) and 5-HT4(e) show a somewhat more
restricted distribution. In other regions, such as periaqueductal gray, reticular formation,
medial septum, and the diagonal band of Broca had shown 5-HT4(a) + 4(e) and 5-HT4(b)
receptors. Stimulation of the 5-HT1A receptor, which is present on the post-synaptic
membrane, inhibits cholinergic transmission; interestingly, pre-synaptic 5-HT1A
(autoreceptors) exerts a negative feedback on serotonergic transmission [136, 144]. In
another study;, it was revealed that basal ganglia and hippocampus also have a high density
of 5-HT6 receptors [145]. Serotonin receptors co-localize with cholinergic neurons,
GABAergic neurons, and glutamatergic neurons, and thus serotonin receptors regulate the
above neurotransmitter system [142].

AD has shown a decreased number of serotonergic neurons in the dorsal and the median
raphe nuclei [136, 146-150]. These results were further confirmed in postmortem studies on
AD-affected brains where there is a reduced density of 5-HT neurons in the raphe nuclei
[151]. Abundant A plaques and neurofibrillary tangles in the dorsal and the median raphe
nuclei of AD have been associated with a rapid progression of clinical symptoms [148, 152—
154]. AD patients with a family history of AD also show raphe pathology for the reduction
in the density of 5-HT neurons with the progressive clinical AD pathology [148]. 5-HT
neurons are also correlated with age, and there is a greater 5-HT neuronal loss when age
advances [149, 155]. It is also true in APPswe/PS1 transgenic mice [156, 157], but not in the
triple-transgenic (3xTg-AD) mice.

Based on 5-HT transporters anatomical localization and its function, numerous investigators
studied AD therapeutics. 1) Citalopram, selective serotonin reuptake inhibitors (SSRIs)
tested on AD patients with behavioral symptoms, showed improved behavioral patterns
[158]. 2) In another study where AChEI with monoamine oxidase inhibitor (MAOI) was
tested on AD patients with depression, agitation as well as depressive behavior along with
episodic memory was improved [159]. 3) Moclobemide, reversible MAQOI (400 mg/day),
improved depressive behavior in AD patients with depression [160]. 4) AChEI + sertraline,
SSRI, (50-200 mg/day), in AD patients with behavioral symptoms showed improved
irritability, anxiety, agitation, and affective symptoms, and reduced aggressive behavior
[161]. 5) Citalopram, SSRI (5-30 mg/day) tested in AD patients with behavioral symptoms
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for 36 weeks, showed significant improve in behavioral patterns without sedation [162]. 6)
AChEIs + SSRI, (5-50 mg/day) tested on AD patients with depression for 9 months, showed
significant preservation of cognitive function along with improved depressive behavior
[163].

Currently, various serotonin-mimetic compounds (MAQOI+SSRI) are under consideration in
AD as monotherapy for treating not only behavioral disturbances and cognitive disturbances
but also for reducing pathological changes [136]. The 5-HT1A antagonist lecozotan [164],
5-HT4 agonist, such as PRX-03140, velusetrag, TD-8954, RQ-00000009, SUVN-
D1003019, and SUVN-1004028, proved to be safe and also improved cognitive disturbances
[165]. In phase Il trials, SB-742457 (5-HT6 agonist) with donepezil [166, 167] showed
improvement in AD-related behavioral symptoms. In a recent study, a 5-HT6R antagonist,
SB271036, rescued memory impairment by attenuating the generation of Ap through
inhibition of y-secretase activity and the inactivation of astrocytes and microglia in the AD
mouse model. In this study, the authors found significant recovery of reduced serotonin
levels by SB271036, which was mediated by an indirect regulation of serotonergic neurons
via GABA. To support these findings, another serotonin-mimetic compound, fluoxetine, a
(SSRI), significantly improved cognitive impairment and behavioral changes [168].

The role of 5-HT7 in AD treatment is still under consideration. However, the clinical use of
5-HT6 ligands is yet to be understood in AD therapeutics.

Histaminergic role in AD therapeutics—Histamine is produced from neurons, mast
cells, and circulating basophils by the mediation of 1g-E. Histamine is synthesized from L-
histidine by histidine decarboxylase (HDC). The important functions of histamine are
mediated through H1, H2, H3, and H4 receptors. All these (G-protein-coupled receptors)
GPCRs receptors are mediated while executing their functions. In particular, the H3 receptor
plays a pivotal role in the CNS by inhibiting histamine release. The histaminergic system
involves cognitive functions along with the sleep-wake cycle, sensory and motor functions,
and energy and endocrine homeostasis [169-171]. Histaminergic neurons localize to the
hypothalamic tuberomammillary nucleus, and then project to many brain areas, including
the basal forebrain, hippocampus, thalamus, cortex, amygdala, basal ganglia, pyramidal
cells, raphe nuclei, and substantia nigra. Various studies on the histaminergic system in AD
have contradictory results. Few studies reported the elevated histaminergic system in AD
[172, 173] with the expected increase in CSF histamine levels in the frontal cortex, basal
ganglia, and hippocampus. On the other hand, decreased histamine levels were observed in
the hippocampus and both the frontal and the temporal cortex [174, 175] of AD patients.

In a recent study, cognitive deficits were demonstrated along with changes in histaminergic
neurotransmission [176, 177]. Higuchi et al. also reported the correlation between H1R
binding action and memory loss in AD patients of frontal and temporal regions, where they
found decreased expression of H1 receptors [178]. Interestingly, HDC and H1R knockout
mice have also shown behavioral and neurochemical alterations [177, 179, 180]. Adult H1R
deficient mice also exhibit the severe impairment in learning and memory, thus affecting
both spatial and working memory [181, 182], novel objects [183], temporal order memory
[184], and the retrieval of formed episodic memories [185]. However, in these H1R deficient
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mice, there is an increase in ACh concentrations in the frontal cortex and amygdala [183].
Therefore, based on this, researchers investigated H3R antagonists: 1) Haig et al. conducted
a randomized study on the efficacy and safety of ABT-288 (H3R antagonist) in mild-to-
moderate AD patients and found that ABT-288 had no significant effect on cognitive
impairment (assessed using the 13-item Alzheimer’s Disease Assessment Scale-cognitive
subscale) when compared to placebo [186]. 2) In another randomized, double-blind,
placebo-controlled study on a H3R antagonist (GSK239512), partial beneficial results on
cognitive function in mild to moderate AD were found [187]. 3) Previously, another group
tested the clinical efficacy of GSK239512 and beneficial effects on measures of attention
and memory on a small sample with moderate effect sizes between 0.56 and 1.37 [188]. 4)
Some investigators studied H3R modulators for AD behavioral therapy and found an
alleviation in disease-related behavioral patterns [189].

H3R antagonists/inverse agonist molecules such as JNJ-10181457, Thioperamide,
Clobenpropit, INJ-5207852, Pitolisant, Spiro fused piperazine amides, ABT-288,
GSK189254, SAR110894, and CEP-26401 are able to reverse partial lost cognitive
functions in amnesia models of C57BL/6J mice, Wistar rats, Long-Evans rats, CD1/ICR
mice, Sprague Dawley rats, CD-1 mice, and lister hooded rats [177]. The first H3R
antagonist, i.e., pitolisant, was evaluated in human trials for treating narcolepsy patients
[177, 190] and facilitates the consolidation of memory in mice [191, 192]. It is currently in
clinical trials and completed phase 1l trials in schizophrenia patients (NCT00690274). While
pitolisant reduces cognitive deficits in schizophrenia, it would be interesting to study these
effects in AD patients based on the recent findings of H3R antagonist, i.e., ABT-239, where
it reverted the reduced pSer9GSK-3p hippocampal expression in ABPP-overexpressing
Tg2576 mice [177, 193, 194]. WakixR is marketed for pitolisant and has been approved by
the European Medical Agency in November 2015 for narcolepsy [192].

Recently, Provensi et al. did experiments by combining H3R antagonist (ABT-239) with
AChEI (donepezil) in normal and histamine-depleted mice. The effect of the ABT-239 and
donepezil was evaluated in the object recognition test and on the levels of GSK-3p
phosphorylation. Their results indicate that both donepezil and ABT-239 require the
integrity of the brain histaminergic system to exert their procognitive effects [194]. However,
all these findings are in the primitive stage, so there is a need to search for H3R antagonists
to treat the AD patients in an early stage as the histamine plays a crucial role in oxidative
stress and inflammation, and there is also a need to the check the efficacy and tolerability of
novel H3R antagonists [195] including pitolisant [191] in AD mouse models and patients.

Adenosine receptor modulation in AD therapeutics—To date, it is known that
adenosine is a nucleoside and involved in the production of ATP, but recent research on this
nucleoside revealed its role in neurodegeneration through the modulation of inhibitory Al or
facilitatory A2A receptors (A2ARs) for the regulation of synaptic transmission. Al or
A2ARs are located in the synapses of the neocortex and limbic system [196, 197]. A1Rs are
involved in the inhibition of glutamate release, NMDA activation, and calcium entry into the
neurons, but researchers considered only A2Rs in therapeutics of neurodegenerative diseases
because of the rapid downregulation and functional desensitization with neuronal insults of
AlRs [198]. A2ARs can easily show a neuroprotective role against chronic neuronal insults
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in the adult brain [199, 200], thus increasing the extracellular levels of adenosine [198].
Caffeine is a non-selective A2ARs antagonist and is able to reverse cognitive impairment
through a p38 mitogen-activated protein kinase pathway [197] and thus gives
neuroprotection in different rodent models [201, 202]. Previously some studies also reported
caffeine consumption decreases the incidence of AD [203] and improves memory loss in AD
mouse models [204, 205]. In these studies, the protective effects are mediated through
A2ARs and prevented the formation of toxic Ap peptides, thus reducing synaptic toxicity
[201].

Recently, Laurent et al. removed the gene encoding for A2AR in THY-Tau22 mice, and then
investigated pathological, inflammatory changes, neurotransmitter profile, hippocampal
plasticity, and spatial and learning impairments [206]. They found that the deletion of
A2ARs protected mice from tau-induced spatial and learning deficits including
hippocampal-mediated LTD. The normalization of glutamate/GABA ratio in the
hippocampus, reduction in neuroinflammatory markers, and a reduction in tau
hyperphosphorylation were also observed. In addition, oral therapy of MSX-3 (A2AR
antagonist) significantly improved memory impairments and reduced hyperphosphorylation
of tau in THY-Tau22 mice [206]. In another study, Espinosa et al. studied the effect of
caffeine on A2ARs in the prevention of memory impairment and neuronal damage in the
hippocampus of a rat model of sporadic AD-type dementia. Initially, the authors developed
sporadic AD by intracerebroventricular injection of streptozotocin (STZ) [207]. Caffeine
consumption, which is an A2ARs antagonist, prevented the STZ-induced memory
impairment and neuronal damage [207]. Similarly, Pagnussat et al. studied the effect of
caffeine on A2ARs for revoking the cognitive impairments in scopolamine-induced
neurodegenerative mice and found the reversal of cognitive deficits with the caffeine [208].

In the clinical trial, NCT01409564, cilostazol augmentation in mild to moderate AD patients
with subcortical white matter hyperintensities treated by donepezil was studied. Cilostazol is
a cyclic adenosine monophosphate phosphodiesterase 3 inhibitor and was used as an
antiplatelet agent in white matter hyperintensities. It also upregulates phosphorylation of
cyclic adenosine monophosphate pathway response element binding protein, which plays a
crucial role in memory enhancement and synaptic plasticity related to neurodegeneration
prevention. This study completed phase 1V but an outcome of the study is not available.

All these findings suggested that A2ARs antagonists play a significant role in reversing
cognitive impairments in mild AD, but it requires a few meta-analysis and longitudinal
studies along with drug trial studies to confirm the reversal of cognitive impairments in
sporadic and mild AD.

CONCLUSIONS

All of the above described neurotransmitter(s)-based AD therapeutics were successful in
relieving the symptoms of AD. The combination of AChEIs and NMDA-based therapy is
successful to some extent, but it is limited to the moderate to severe AD cases. Regarding
H3R antagonists, it remains to be determined in clinical trials for histaminergic
neurotransmission in AD. Furthermore, refined H3R antagonists are also essentially required
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treat AD patients who have other disorders such as epilepsy and schizophrenia. A2ARs

antagonists play a significant role in reversing cognitive impairments in mild AD, but
additional research is required to prove its efficacy in the early stages of AD.
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Figurel.
Different types of pathogenesis mechanisms in Alzheimer’s disease. a) Oxidative stress

factors and their role in activating caspase in neuronal death, mitochondrial dysfunction [15-
17], DNA damage, and in reducing synaptic plasticity. b) Activation of kinases/proteases by
oxidative stress and the formation of Ap oligomers and the phosphorylation of tau. ¢) The
formation of senile plaques and neurofibrillary tangles, and generation of oxidative stress
through various mechanisms [18, 209].
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Cholinergic and glutamatergic neuronal transmission in the healthy and Alzheimer’s disease
brains. a) Normal cholinergic and glutamatergic neuronal transmission, b) cholinergic and
glutamatergic neuronal transmission in Alzheimer’s disease, ¢) acetylcholinesterase inhibitor
role in cholinergic and glutamatergic neuronal transmission in Alzheimer’s disease.
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Multiple approaches in Alzheimer’s disease therapeutics, such as amyloid-based therapies,

tau-based therapies, neurotransmitter-based therapies, signaling-based therapies,

inflammation-based therapies, mitochondria-targeted therapeutics, vaccine therapy, and

oxidative stress reducers [210, 211].
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Figure 4.
Neurotransmitters based therapy in Alzheimer’s disease such as cholinesterase inhibitors,

NMDA receptor inhibitors, GABAergic modulators, serotonin receptor modulators,
histaminergic modulators, and adenosine receptor modulators [211].
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Figure5.
Structures of the FDA-approved acetylcholinesterase inhibitors including donepezil,

galantamine, and rivastigmine and the NMDA antagonist, memantine, in Alzheimer’s
disease therapy for delaying neuronal death.
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