Cholinergic Receptors

Subjects: Neurosciences

Contributor: Samjhana Pradhan

Cholinergic receptors are activated by acetylcholine, a neurotransmitter that is released by the motor neurons for sensory
and motor processing.

Keywords: cholinergic receptors ; cholinergic neurons ; acetyl cholinesterase

| 1. Cholinergic Receptors

Cholinergic receptors are activated by acetylcholine, a neurotransmitter that is released by the motor neurons for sensory
and motor processing. The cholinergic system includes nicotinic acetylcholine receptors (nAChRs) and muscarinic
acetylcholine receptors (mAChRSs) which are mainly responsible for signal transduction of autonomic and somatic nervous
system. Nicotinic receptors function as ionotropic ligand-gated receptors and are receptive towards the agonist nicotine,
whereas muscarinic receptors function as G-protein coupled receptors and are receptive towards muscarine . The
cholinergic neural transmission modulates memory and is associated with normal and abnormal cognitive functioning 2.
Thus, memory impairment and cognitive decline related to aging and dementia are associated with cholinergic system
dysfunction . Drugs acting on the cholinergic network may represent an exciting therapeutic avenue for the treatment of
AD.

AD pathology is characterized by the loss of cholinergic neurons and the gradual down regulation of the brains
acetylcholine level, which is influenced by excess acetylcholinesterase (AChE) 4. AChE, a serine enzyme found at
neuromuscular joints and cholinergic synapses, hydrolyzes ACh to acetate and choline. The hydrolysis action terminates
the impulse transmission at cholinergic synapses 8. Acetylcholinesterase inhibitors (AChEi) treat AD symptoms by
improving cholinergic neurotransmission; however, acetylcholine esterase inhibitors only delay cognitive decline by
increasing the level of acetylcholine in the brain. It does not change AD’s underlying pathology regarding continued loss of
cognitive function &I,

In the search for new medicines to treat cognition and memory, researchers continuously look for molecules and
compounds which can target acetyl cholinesterase (AChE). Derived from various flavones, isoflavones, flavanols,
anthocyanidins, curcuminoids and stilbenes these compounds and play an important role in inhibiting the AChE enzyme
8, The key molecules found in the cholinergic system are shown in Figure 1.
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Figure 1. Key molecules comprising the cholinergic system.

| 2. Nicotinic Acetylcholine Receptors (nAChRS)

Nicotinic acetylcholine receptors are cholinergic receptors that respond to acetylcholine and bind to nicotine. They
represent the heterogeneous family of ionotropic receptors which mediate neurotransmission through ligand-gated ion
channels [, The nicotinic AChRs are located in muscles, the central nervous system (CNS) and peripheral nervous
system (PNS). They are responsible for neuromuscular transmission that causes muscular contraction at skeletal
neuromuscular junction and are also involved in synaptic transmission in the CNS and PNS 19, |n addition, nAChRs also
influence cognition and memory function in the brain and control the pre-synaptic release of neurotransmitters such as
dopamine 14, These receptors are large pentameric structures with a molecular mass of ~290 KD. Each receptor consists



of five types of protein subunits. These subunits can either be homologous (identical subunits) or heterologous (different
subunits) 12,

The nAChRs, in human beings are arranged in 16 homomeric or heteromeric subunits, consisting of a diverse set of
complex subtypes such as, al-7, a9-10, f1-4, y, & and € substructures. Among these substructures, a7 and o4p2
subunits are overly expressed in the CNS. Subtype 0432 subunits have high affinity for nicotine and cytosine and a lower
affinity for a-BTX (a-bungarotoxin), whereas, a7 subunit has a high affinity for a-BTX and lower affinity for nicotine and
cytosine. The subtype a7 has five subunits and is crucial in AD pathology because these subunits are involved in memory
and learning functions and participates in cholinergic anti-inflammatory pathways in relation to the autoimmune disorders.
The five a7 subunits are homologous receptors and are commonly referred as a7 nAChRs. It is the only a-BTX receptor
identified in mammalian brain. These receptors have an N-terminal peptide and a ligand binding site that has a high
affinity for a-BTX and its agonists L3,

Subtype a7 nicotinic AChRs in hippocampal astrocytes can regulate the calcium signaling cascade in the CNS and
contribute to cholinergic signaling. These receptors exhibit a high permeability to calcium compared to the sodium ion. On
activation, these receptors produce a calcium transient in the cell and increase the intracellular concentration of free
calcium. The process takes place via calcium induced calcium release and is triggered by the voltage gated calcium
channels. The calcium signaling cascade in astrocyte is different compared to the activation of these receptors on the
neurons 4. In neurons, the activated presynaptic a7nAChR increases the flux of Ca2*, depolarizes the presynaptic
membrane and merges this presynaptic membrane with vesicles containing neurotransmitters in the synapse. As a result,
this leads to exocytosis and induces the release of neurotransmitters, such as glutamic acid, norepinephrine (NE), ACh,
dopamine (DA) and y-amino butyric acid (GABA).

Nicotinic AChRs have important role in regulating the release of pro-inflammatory cytokines in macrophages, brain
astrocytes and microglia 2. These receptors mediate the cholinergic signaling, especially in learning and memory
function. In particular, a7-nAChR modulates the excitatory neurotransmitter release, improves learning and memory ability
and enhances the cognitive function. It has been reported that in the brain of AD animal models and AD patients, the
functioning level of a7nAChRs along with the level of expression is altered (8. Higher level of a7nAChR is observed in the
brain of early embryonic stage and this level progressively changes with age, inferring the importance of a7nAChR in
growth, development, and aging . Thus, a7nAChR may participate in AD pathogenesis and may serve as a novel
therapeutic target for AD treatment.

2.1. Interaction between Amyloid Beta and a7nAChRs

The subunit a7nAChR is involved in cholinergic signaling and has been associated with amyloid beta deposition and AD
pathogenesis. Relevant to cognition, synaptic plasticity and the neurotoxic properties of A peptides, several studies have
proposed both agonistic and antagonistic relationships between A and a7nAChRs. Activation or inhibition of a7nAChRs
blocks AR peptide mediated neuronal cell death and is considered a critical step in the identification of potential
therapeutic strategies to treat AD pathogenesis. Accumulated evidence suggests that subtype a7 nicotinic acetylcholine
receptors mediate AB induced neurotoxicity in hippocampal neurons L4 and A induced tau phosphorylation via activation
of tau kinases, extracellular-signal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK-1) 18l |n these cases,
a7nAChRs demonstrates an agonistic effect on A peptide induced neuronal cell death. Inhibition of the a7nAChR
subunit, rather than activation, may imply a pathway that eliminates the neurotoxic properties from AB peptides. A
induced neurotoxicity is mediated by the up regulation of a7nAChRs in hippocampal neurons. Liu et al. emphasized that
a7nAChRs up regulation produces AR induced neuronal hyperexcitation and possibly, AD pathogenesis 2. The up
regulated a7nAChRs are also responsible for the down regulation of ERK2 mitogen-activated protein kinase (MAPK)
activity that is critical in hippocampus synaptic plasticity and learning. The in vitro and in vivo studies demonstrate that
AB42 pairs up with MAPK cascade via a7nAChRs, leading to the up regulation of a7nAChR. The ERK MAPK cascade
may regulate the production of AB42 peptides and the down regulated ERK2 MAPK may alleviate the accumulation of
ABR42 peptides 29,

Immunohistochemical studies of human brain tissues confirm the agonistic relationship between AP peptides and
a7nAChRs. Wang et al., illustrated that AR 1-42 has high affinity with a7nAChR and binds to form a stable complex that
inhibits the release of ACh and alters Ca®* homeostasis in the cholinergic neuron causing neuronal dysfunction (Figure
2). They have also reported that AB1-42 mediates the death of human neuroblastoma cells that overexpress a7 nicotinic
acetylcholine receptors, which contrast with a7nAChR agonists, nicotine and epibatidine that protect human
neuroblastoma cells from neuronal death induced by amyloid beta peptides 2. Likewise, in vitro studies have also shown
that nicotine inhibits the formation of A fibril from AB1-42 and disrupts preformed A fibrils protecting the neurons from A



toxicity via the up regulation of nicotinic receptors 2. Similar studies have also provided evidence demonstrating
nicotine’s effectiveness at reducing the insoluble A peptide plaques in treated transgenic mouse brain of (23, Together,
these studies suggest that the reduction of amyloid beta peptide in brain may be mediated by a7nAChRs and nicotinic
drug may prove a novel protective AD therapy.
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Figure 2. Amyloid beta interacts in a futile cycle with a7nAChRs. Amyloid beta interacts with a7nAChRs increasing the
flux of intracellular Ca2* in the presynaptic region. Ca2* releases glutamate, resulting in postsynaptic depolarization
followed by NMDAR activation. Long-term activation desensitizes and internalizes NMDARs and a7nAChRs post
synaptically, inhibits the release of ACh, and alters Ca?*. In addition, AR up regulates a7nAChRs and induces tau
phosphorylation via the activation of tau kinases, ERK, and JNK-1. The figure was created using tools obtained from
BioRender.com.

The cerebral cortex of AD patients has low AChE levels within the amyloid plaques 4. The activity of AChE increases
around the amyloid plaques and is believed to be caused by the direct action of AR on AChE 22, AChE is a cholinergic
enzyme that terminates the synaptic transmission between the synapses 28, Fodero et al. have demonstrated that the
effect of AB1-42 on AChE is due to the agonist effect of AR on a7nAChRs. In primary cortical neurons, a7nAChRs mediate
the AB1-42 induced AChE increase. The inhibitors of a7nAChRs and L- or N- type voltage dependent calcium channels
(VDCCs) block the effect of AB on AChE and a7nAChR agonist s increases the level of AChE 2. In this case, AChE
inhibitors have been used to reduce ACh breakdown and enhance their levels. This subsequently makes the
neurotransmitter available to the nicotinic and muscarinic receptors, enabling them to increase cholinergic signaling and
thereby reducing AD memory deficits (28],

AD is pathologically characterized by the presence of extracellular amyloid plaques and intracellular NFTs. The a7nAChR
subtype is involved in synaptic plasticity in the brain and AB1-42 is closely associated with AD pathogenesis. Such
agonistic results suggest that AR may exert some of its toxicity through a7nAChRs and thus provide a possible pathway
for AD treatment by blocking the action of AB 42 on a7nAChRs. In contrast, several other reports have elucidated the
antagonistic relationship between a7nAChRs and AP peptide. The nicotinic acetylcholine receptors with the subunit a7
mediate synaptic current and plasticity in the brain. They modulate cellular function in the nervous system and their
responses affect cognitive processes and memory forming abilities. However, the responses of a7 containing nicotinic
receptors are blocked by the presence of nanomolar concentrations of AB1-42 in the hippocampal neurons, thereby
affecting their proposed cognitive roles and leading to learning and memory dysfunction 2. In a different study, Puzzo et
al. demonstrated that a picomolar concentration of AB, exerted a positive modulatory effect on hippocampal synaptic
plasticity and memory, whereas a higher concentration resulted in neuronal dysfunction and cognitive failure B9,
Nonetheless, these studies suggest that nicotinic receptors are a subject of interest for treating AD pathogenesis. Their
central role in synaptic regulation offers an exciting opportunity for therapeutic development that specifically targets these
receptors or alternatively intercepts the action of Ap peptides on the nicotinic receptors.

2.2. Allosteric Modulation of nAChRs

In addition to the hallmark AR plaques and hyper phosphorylated tau proteins, neuroinflammation appears to have a
significant role in the development and progression of AD pathogenesis. The neuro-inflammatory process is marked by



microglial activation and is considered to be induced by the binding of AP peptides to cluster of differentiation 36 (CD36)
protein and toll like receptors (TLR) of four and six heterodimers, such as TLR4 and TLR6 1. Activation eventually leads
to the production of proinflammatory cytokines, for example, interleukins (IL-1pB, IL-6, IL-8) and tumor necrosis factor
(TNF), along with anti-inflammatory cytokines, such as transforming growth factor B (TGFB), chemokine, and small
messenger molecules, namely, nitric oxide and reactive oxygen species, which over time, cause nerve impairment and
neuronal death [2],

In this context, the microglial activation leading to neuroinflammation has also been reported to take place via the brain
cholinergic pathways involving a7 nAChRs, where the release of microglial TNF-a, as induced by lipopolysaccharide
(LPS) through activation of a7 nAChRs, is regulated by the acetylcholine and nicotine levels B3l The use of nAChR
allosteric modulators is a promising strategy to reduce neuroinflammation 24 earlier. The current treatment, which uses
NAChR agonist and AChE inhibitors, is limited by their desensitization properties £,

In AD, allosteric modulation intensifies the ACh activity at pre- and post-synaptic nAChR. This is particularly important
because the presynaptic ACh level is significantly lower and impaired in AD patients. Allosteric modulators of NAChRs
increases the presynaptic ACh level and enhances the cholinergic nicotinic neurotransmission by amplifying the
interaction between the nAChR and ACh. This presynaptic release of ACh is considered to be mediated by a7 and a4p2
nAChR 8. Accordingly, some of the allosteric modulators of nAChRs are capable of producing positive modulatory
effects on nAChR. These positive allosteric modulators (PAMs) may have therapeutic potential. For instance,
desformylfulstrabromide (dFBr), PAM of a4B2 receptors, enhances cognition in rat B4, Galantamine, type | PAM for a7
and 04p2 nAChR, elevates ACh levels and ameliorates cognition in AD patients (38 and cotinine, PAM of a7 receptor, is
neuroprotective, improves memory in primates, and lowers the AB burden in AD mice B2,

| 3. Muscarinic Acetylcholine Receptors

The cholinergic receptors most responsive to muscarine are referred to as the muscarinic acetylcholine receptors
(mAChRs). Members of the metabotropic receptor class, mMAChRs mediate the physiological action of acetylcholine in the
CNS and PNS using G-protein for as the signaling mechanism ¥9. Found throughout the human body (e.g., renal and
cardiovascular systems, gastrointestinal tract, eyes, brain, salivary glands) mAChRs are responsible for many distinct
physiological functions including motor control, cognition, and sensory processing, dependent upon location and receptor
subtype (4142l The mAChRs are the receptive group of the acetylcholine neurotransmitter and mediate cholinergic
transmission related to learning, memory, and cognition in the forebrain region thus the implication in AD 3],

Muscarinic receptors are part of the ligand-gated G-protein coupled receptor and perform either as a simulative regulative
G-protein (Gs) or an inhibitory regulative G-protein (Gi) 44, The muscarinic AChRs have been divided into five receptor
subtypes, M1-M5. Subtypes M1, M2 and M4 muscarinic receptors are adequately present in the brain, whereas M3 and
M5, are sparsely distributed 3146l The receptors M1, M3, and M5 are stimulatory receptors that interact with the Gg/11 G
protein family and are involved in the stimulation of phospholipase C and instigation of the phosphatidylinositol
trisphosphate cascade, resulting in the intracellular Ca2* mobilization and the activation of protein kinase C. In contrast,
the inhibitory receptors M2 and M4, interact with the Go/i family of G proteins. This set of receptors are responsible for
inhibiting adenylyl cyclase i and activating G protein-gated potassium channels. The inhibitory action of adenylyl cyclase
reduces the level of protein kinase A, ultimately decreasing cAMP (cyclic adenosine monophosphate) levels in the cell 44,

The subtype M1 muscarinic receptor extends throughout the brain and is found primarily in the hippocampus, cerebral
cortex, amygdala, and corpus striatum 44, Amyloid plaques and NFTs develop in the cerebral cortex and hippocampus
Given that M1 receptors are highly expressed in these sections, the M1 muscarinic receptor is a potential therapeutic
target for restoring cholinergic signaling &. M1 muscarinic receptors are associated with numerous physiological
functions, including neuron excitation, synaptic plasticity, learning and hippocampal-based memory, neuronal
differentiation during early development, modulation of cognition, and short-term memory 2. Besides the obvious AD
associated plaques and tangles, presynaptic cholinergic hypo function is also considered an equally attributive factor in
progressive dysfunctional cognition. Lending weight to the cholinergic hypothesis, post-synaptic M1 mAChR remains
unaffected, and in this case, several studies have suggested M1 muscarinic agonists as prospective AD treatment
candidates 59,

M1 muscarinic agonists have been reported to reduce amyloid-f3 peptides and tau pathologies in the hippocampus and
cortex regions of an AD mouse model. Caccamo et al. administered AF267B, a low molecular weight M1 muscarinic
agonistic, in the 3xTg-AD model of Alzheimer disease. 3xTg-AD model mice experienced a reduction in both AR and
tangles in the hippocampus and cortex. Cognitive deficits related to spatial tasks were additionally reversed. Likewise,



they also reported that dicyclomine, M1 antagonist, amplified AR and tau pathologies, highlighting the importance of M1
agonist against the biomarkers of AD pathologies. M1 activators modulated the amyloid precursor protein (APP)
processing away from the amyloidogenic pathway by generating a-secretase products via the activation of protein kinase
C (PKC) and extracellular regulated kinase (ERK ¥2), ultimately diminishing the AP peptides. The activation of PKC also
reduced the activity of tau kinase, glycogen synthase kinase (GSK) 3, decreasing tau pathologies in the AD animal
model 48], The M1-selective agonist, VU0364572, was administered to 5XFAD mice, by another group, which showed that
levels of soluble and insoluble AB40, 42 were significantly reduced in the hippocampus and cortex of the animal
preventing memory impairment as demonstrated by the Morris water maze task B, These findings reinforce the
development of M1 activators as a disease-modifying treatment for AD pathology. The activation of PKC is linked with
increased APP metabolism, secretion, and processing 54; selective cholinergic agonists and M1 muscarinic agonists
increase PKC activity and serve as an effective AD modifying therapy B3, M1 mAChR’s significance to APP processing
and amyloid pathology has also been demonstrated in vitro and in vivo AD transgenic mouse model studies. Removal of
the receptor increased amyloid pathology, indicating that M1 mAChHR is instrumental in modulating amyloidogenic APP
processing in neurons with M1 activators as potential therapeutic resources for treating AD 241,

Like M1 agonists, M2 antagonists are also considered a prospective therapeutic measure for treating AD behavioral and
cognitive symptoms. As mentioned previously, increased M2 mAChR activity decreases the adenylyl cyclase activity,
which later decreases cAMP levels, ultimately leading to memory loss as well as reduce synaptic plasticity. Decreased
CcAMP levels correlate with depression and dementia severity. It has been reported that blocking M2 mAChR increases the
level of ACh in the brain. The elevation of ACh then activates the postsynaptic M1 mAChR, which is involved in cholinergic
signaling, eventually improving the cognitive processes 3,

Acetylcholinesterase inhibitors (AChE-Is), such as donepezil, galantamine, tacrine, and rivastigmine have been used for
the symptomatic treatment of AD to ameliorate the cognitive function status. These inhibitors do not modify the disease
progression, but rather they inhibit the action of the AChE enzyme on ACh and increase the ACh level to bind with AChRs
to improve cholinergic signaling 8. However, this treatment lasts for shorter period of time and is not considered
effective. M1 muscarinic agonists offer a greater advantage than AChE-Is and can activate cholinergic receptors, which is
less susceptible to ACh degeneration of. The successful development of M1 selective agonists is essential to treating AD
pathology.

Various studies have demonstrated that muscarinic and nicotinic agonists are viable therapeutic targets for the treatment
of AD. Several preclinical and clinical phases studies have shown that the agonists viz. xanomeline, encenicline,
nelonicline (ABT-126), AF102B effectively treat mild to moderate stages of AD through neural regeneration and
decreasing amyloid-p concentration B2, Most of these agonists mimic the action of the physiological neurotransmitter
(ACh) found in the CNS. Although these agonists are possible therapeutic targets, and passed initial clinical trials, they
were suspended or terminated during phase three of their respective clinical trials. Reasons for failure included cross-
activity with other receptors, especially 5-HT3 and insufficient selectivity with cholinergic receptors. Rather than
developing a thorough understanding of AD mechanisms and recruiting diverse populations for clinical studies, most of
the agonists were designed solely to decrease amyloid-B concentration Most of the agonists were designed solely to
decrease. Many laboratories remain focused on cholinergic receptor agonists by manipulating or modifying existing drugs
or by designing completely new moiety using computational drug design tools. Enrolling patients during the earliest stages
of the disease, selecting more diverse participants, and paying attention to specific structure-based and ligand-based drug
design could increase AD treatment therapeutic target success.
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