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ABSTRACT

The M1 muscarinic acetylcholine recep{™:R) is highly expressed in the nervous system, and
has beerstudied to discover newherapeutiadrugs for a range of neurological and psychiatric
disorders. Studies from our lab and others also highlighted the fact that antagonig®s cafuldl

be therapeutic agents for neuropathies. However, the mechanism(s) otlaciggh which MR
antagonists exert their therapeutic effects are not well undersfto®dous studies indicate that
both pirenzepine (PZ), a selectiva®antagonist, and muscarinic toxin 7 (MT7), a negativ&M
allosteric modulator, act via MR to pranote neuritogenesis in rodent primary dorsal root ganglia
(DRG) sensory neurons, in part, througlarrestindependent activation of extracellular signal
regulated protein kinase 1/2 (ERK1/2). Furthermore, these antagonists reverse nerve degeneration
in a variety of rodent models of peripheral neuropathy through multiple complementary pathways.
To undestand the therapeutic effects and mechanism @R Mntagonisinduced ERK1/2
phosphorylation, we tested the hypothesis that PZ and MT7 pdsaesstinbiased agonism at

M1R to drive activation of ERK and enhance neurite outgrowth. Treatment for @Gpnbn3with

PZ and MT7 doselependently recruitell-arrestin2 to MR (analyzed using narBRET) and
increased ERK phosphorylation in both HEK293 cells and DRG neurons. These novel
pharmacological effects occurred in the absence of activation of G pragealiisg or receptor
internalization. PZpromoted M1R phosphorylationat six specific serine/threonine residues
(Thr30 Ser™L Thr™4, Serf?l Thit®, Ser®™®) and deletion mutation of these sites suppressed PZ
and MT7 induction ob-arrestin binding to MR and inhibited ERK activatior-arrestinbiased
activity of PZ and MT7 involved the mobilization of casein kinase 2 (CK2) and this occurred in
the absence of GUg or G protein recep-based ki na:

inhibition of CK2 blocked PZinduction of b-arrestin association, ERK activation and neurite



outgrowth in DRG neurons. In conclusion, PZ/MT7 activata® Kbward theb-arrestin signaling
pathway in both HEK293 cells and DRG neurons to augment ERK activation and neurite
outgrowth via engagement of CKResults of this work provide novel findings with far reaching

conseqguences on our understanding of the signaling mechanism of antimuscarinic drugs.
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Chapter 1:

Background and literature review

1.1 Overview d cholinergic system

Acetylcholine (ACh) is synthesized by choline acetyltransferasbAT) and is hydrolyzed by
acetylcholinesterase (AChE) in different biological systems. Cholinergic receptors, including
nicotinic acetylcholine receptors (nAChRs) and muscarinic acetylcholine receptors (mMAChRS),

are responsible for the biological effectsA@Ch. These two classes of receptors have significant
structural and functional differences. Having high affinity to nicotine, the nAChRs are the well
characterized members of the pentameric liggaegd ion channels (LGIC) family, which are
distributed n neuronal and neneuronal cells and contribute to the regulation of several
physiological responses such as cognitive functions, food intake, and anxiety. Nicotine binds to
the U subunit of the r ec e pdexificcatiomthanaetconsisteait e s t
of di fferent combi nati ons (Dahi araltBérteand, 20Qrkhe ni t s
muscarinic effects of ACh are mad)iegptessed int hr o u ¢
almost all cell types in the bodZaulfield, 1993; Caulfield and Birdsall, 199&)nlike nAChRs,

the mMAChRs are seven tsanembrane €rotein coupled receptors (GPCR) and are divided into

two distinct functional classes according to their ability in the activation of diverse heterotrimeric

G proteinsGenerally, hemuscarinic M2 and M4 receptors couple to G proteins of théa@ily,

which inhibit adenylate cyclag@C) activity and the M1, M3, and M5 receptors couple to G

proteins of the @G, family, which activate phospholipase(BLC) (Caulfield, 1993; Caulfield and

Birdsall, 1998) However these receptors are able to bind to more than one G protein subtype, and



MiR bi ndia n d ofd@iliés as wel(Avet et al., 2022)The muscarinic actions of ACh on
peripheral tissues (such as deseen the heart rate, increase in glandular secretion and smooth
muscle stimulation) are mediated by mAChRsulfield, 1993) In the central nervous system
(CNS), mAChRs are responsible for the regulation of a wide range of behavioral, cognitive,
autonomic, sensory, and motonttions(Bubser et al., 2012; Thiele, 2013; Thomsen et al., 2018;
Wess et al., 2007Ample evidence indicates that dysregulated signaling through distinct mMAChR
subtypes plays a critical role in the pathobiolagf many human di sorder s
diseasdAD) (Flynn et al., 1995)epilepsy(Friedman et al., 2007%chizophrenigCrook et al.,

2000) cancer(Shah et al., 2009nd metabolic disorders like type 2 diabetes and ob@siegs

et al., 2007) It is important to note that involvement of cholinergic system in the pathogenesis of
human disorders is not limited to the nervous system. Increasingofimesearch indicate nen
neuronal cholinergic system (NNCS) is dysregulated in several human diseases and contributes to
their pathophysiologyBeckmann and Lips, 2013; Wessler and Kirkpatrick, 2008)he curreh

work, | briefly introduce mAChR subtypes (with a focus oaRY) discuss the role of ACh in
neuronal damageepair process and axonopathies, and finally review the evidence for the

therapeutic effects of muscarinic antagonists for peripheral neuropathies.

1.1.1 General introduction for G Protein-Coupled Receptors (GPCRS)

GPCRsaresevertransmembranspanning proteinsvhich are known asne ofthelargest protein
families encoded by the human genorffeouthan et al., 20)6 Mostly located on the cell
membraneGPCRslay crucial roles in transding extracellular signal@n response tpeptides,
ions, neurotransmitterspheromonesodorantsand photon$ into key physiologicalresponses
(Katritch et al., 2013; Pierce et al., 200@)PCRsareimplicated in asast majority ophysiological

processesand large number of diseases such as metabolic disorders, neurological disorders,

2



cancers and many others. GPCRs are easy to accesapvathdiversified downstream signaling
pathways whichmake themnteresting candidates fdrug developmentindeed, GPCRs athe
target of a large proportiomlfnost30%) of drugsn the marke{Overington etl., 2006; Sriram

and Insel, 2018)However, it should be noted that GPCRs have extreme diversity in their cellular
function, tissue distribution/expression, and endogenous/exogenous ligands. Theselfaatures
led to slow progress in drug discovery jexis due to poor efficacy or eférget adverse effects.
Currently, drug discovery programs aim to expand the list of targeted GPCRs to findndrietys

are more selectiveith better efficacyand less oftarget effects. To do this, the focus of GPCR
research is to discovedllosteric and/or functionally selective modulatovghich are able to
activate biased downstream signaling toward specific G profeig,U G/Ga)-activatedor b-

arrestinactivated pathway&atritch et al., 2013; Stallaert et al., 2011; Valant et al., 2012)

1.1.2 Classification of GPCRs

GPCRs are a diverse, complex group of integral membrane proteins, but they have a common basic
structure. They share Ghelical hydrophobic transmembrane (TM7)ldomains bridged by 3
intracellular (ICL) and extracellular (ECL) logpand connected textracellular Nterminus and

an intracellular @erminus(Venkatakrishnan et al., 2013hternational Uniorof Pharmacology
Committee on Receptor Nomenclature and ClassificationIWEHAR) classified GPCRs into
subfamilies based on phylogenetatures, and divided them infossubfamilies includind, B,

C, Frizzled andbther receptorgFoord et al., 2005; Lagerstrém and Schitth, 20B8ase see

Figure 1.

1.1.2.1Family A/Rhodopsin GPCRs



Family A/Rhodopsin ionsideredhe largest andhost intenselstudiedfamily of GPCRswith
almost700members including light activateda@olfactory receptorérang et al., 2021)n recent
years,researchers have determinseveralcrystal structures o€tlass A GPCR<ound with
differentligands, peptides; proteirs andantibodieqHaga et al., 2012; Hanson et al., 2012; Thal
et al., 2016) Thesevaluable studieprovidednovel nsights into the structural and functional
diversity ofclass A GPCRsOne interesting fact about this family is that they hawaede range
of endogenous ligands. They digided intodgr ou p s ( Ubasedon this ligand diversity.
Endogenous ligands falgroup GPCRs are amines (such rasiscarini¢c adrenergicdopamine
andserotoninreceptorsw h i tgeup lGPCRs$n clas A are activated bgeptides (such aghe
oxytocin receptgr GPCRs ino-group are activated by both peptides and lipié ligands
(angiotensin and opioid receptors),h i | e-grdujh receplorprefer purines and proteases
their ligands(Lageastrom and Schitth, 2008pespite thdigand diversity forffamily A GPCRs,
all ligandsare knowrto bind inaligand binding pockeinh the extracellular side of the TM bundle

with keyresiduesn TM3, TM6 and TM7(Hulme, 2013; Venkatakrishnan et al., 2013)

1.1.2.2Family B/Adhesion and Secretin GPCRs

Family BGPCRs, the second largestimily in humansis comprisel of 15 Secretirlike receptors
and33 AdhesiorreceptorsThe Secretidike receptorare marked witlan extacellular hormone
binding domainaconserved cysteine residsequencé the Nterminus andextracellular loops
which enables them to bind several hormones sugiuaagon corticotrophinreleasingfactor
(CRF), calcitonin, gastric inhibitory polypeiples (G1B, glucagonlike peptide (GLP)secretirand
vasoactive intestinal peptide (VIRJe Graaf et al., 2017; Yang et al., 202Dphe of the main
differences betweeAdhesion receptorand Secretinlike receptos is N-terminal architecture,

which hasmultiple domainscontributing tothe specificity of receptor ligand binding interactions
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(de Graaf et al., 2017; Lagerstrom and Schiéth, 2088ddition, unlikeSecretinlike receptors
Adhesion receptorsind extracellular matrix molecules rather than peptide hormbagerstrom

and Schiéth, 2008)Glucagon and the CRE receptorsvere among the first studleGPCRs in

class B for their crystal structurgblollenstein et al., 2013; Siu et al., 201B)espite some
similarities in the intracellular positions, class B GPCRs show obvious differences with class A
GPCRs at the extracellular doma{@exton and Wootten, 2013 nother difference between the

2 classes is that class B GPCRs ldmkconserved amino acid mot{faich aDRY and NPxxYj,

whichare seen in class A GPCR&u et al., 2013)

1.1.2.3Family C/ Glutamate Receptors

Th e-aminobutyric acid receptor B (GAB#, the metabotropic glutamate receptors (MGIuRS),
and the calciunsensing receptor (CaSRye among the 22 members fainily C/ Glutamate
GPCRs&n humans. These recept@assess aniquedistinct extracellular domaiinclusive of the
Venus flytrap module (VFTM)which isresponsible for ligand recognition and bindithgdeed,
mostGPCRs in this familypind their endogenous orthosteric ligand withinrtiheterminal region
(Cao et al., 2009AlIso, famly C GPCRsxistconstitutivelyin the form ofhomao or heterodimers,
which isnecessaryor their structurabnd functional activities such as trafficking and signaling
(CompsAgrar et al., 2011; Kniazeff et aR011) Among class C GPCRB)GIulR and mGIu5R

crystal structurewere studied in recent yegiBoré et al., 2014; Wu et al., 2014)

1.1.2.4Frizzled/ Taste 2 GPCRs

This family of GPCRs (also known as F family) consistshaf smoothened recept®MO) and
10 frizzled receptoré~ZD 1-10). The frizzled receptorare involved in Wnt signaling and play a

major role inembryonic development and adafganogenesisSmoothened receptdindssmall



organic compoundsnd contribues to Hedgehog signalingwhich is critical for maintaining
homeostasis of cellular differentiatiqiBansal et al., 2023; Schulte and Kozielewicz, 2020; Wang
and Malbon, 2004)Taste 2 receptors (TAS2Rs), the @ptors modulating taste perception of
humans, show structairsimilarity with class A GPCR&uttheir low sequence homology (<20%)

with the existing types of GPCRs isolates them to a novel category of class T GR1aRg et

al., 2024) Both FZD and SMO receptors have extracellular cgteinerich domain where Wnt
glycoproteins bind to FZD receptors, but its role is not clear for SMO req®jéng et al., 2013)
Recently crystal structures of several members of F family GPCRs have been studied. These
studies provided detailed insights into the structure and function of these re§éfdarset al.,

2014; Wang et al., 2013)



Receptorligand complexes count (from low to high e

5-HT
5

Oxoglutarate

ey,
Dy
/V =}
My
Moy, M
f'om
M R
Mm%ﬁﬁ”
8
MT‘?M
Melajomn
Mcs, )
MC41§ od Bradyldnin
MC3R paratny BKRB1
AASI;;ER hormane < BKRB2
R proteinase- oid
) Cannabino
Melanocortin PTHIR activated o
PAR1 CN
MCHR2 PTHZ2R PAR2 CNR2
MCHR1 Chemerin
Melanlgé vi PAR3 P
sonc. hormo P& PACAP PAR4 ML1
s1 PRi Relaxin famjj CML2
24PR2 R RXFp; CCRry
s1PRY Virg, :m:e CCCCRQ
sophos'pho“p\ l/’p’?e oR1 CCRE
Y \PARE CCrs
P CRe
Sepy Cr7
oM CRg
[Sain Sy Crg
oM Ss, CR1o
P S@S"? Ry
e 8, s 43
e,
%, Yo
0, O
Y, 7
o e,
0. A%.
o oy
’50/ O@("Pg
o’ 6 Jf*ze
/ %, Yol %,
Q, %
G,
GRS,
) 7,9‘?, o
s %
® %

| W
3
)
O

=
N F&o ol o n e b 5 2
£ OPEISTEcy § e rmmmm 1 TEE 8 0352 %
§ So S5 BRx Fazann 2332 0% 35
<) &5 0 FIF S xzPEr 3 AR R B
0od T FEARRE =
2 ]
(=%

Figure 1. GPCR classification.The GPCRome wheel plot shows ratorant human
GPCRome. The outer to inner layers list receptors by their class, as follows: class A with known
physiological ligands, class @1/Secretin and B2/Adhesion families), class C, class T2 and

class F. Plot represents GPCRs named according to their UniProt gene name and are organized
according to the GPCR databaBmgure is extracted fromittps://gpcrdb.org/structure/statistics



1.1.3 GPCR activation

1.1.3.1G protein signaling

In classic pharmacology, activation of GPCRs occur wdrémosteridigandsbind tothe GPCR

orthosteric site (wherthe endogenous ligand binds). Orthosteric ligands are divided into 3 main
categories including 1) agotss(@activatingGPCR), 2)inverse agonistéinactivatingGPCRs by
reducingconstitutive activity)and 3) antagonistsiéutralcompoundshatbind tothe orthosteric

site andhave no effegt While the majority ofnatural ligands are agonissgme are angwonists

(such as melanocortin antagonists). Activation of GPCRs resulie @utward movement 6fM

V and Vlhelices forminga cavity on the cytoplasmic side of tteeeptor which acts aa docking

site for the heterotrimeriG proteins(Farrens et al., 1996; Gurevich and Gurevich, 2029)
diverserangeof extracelluladigands are capable of activating GPCRs in several different ways.

A classic GPCR signaling pathway is where ligaativated GPCRengage intreellular G
proteing(Wang et al., 2018)G proteins arbeterotrimeric proteinthat are madeaf | pha ( U) , b
(b) and gsabomitsxGilnfan, ) 1987) As mentioned before, GPCR activatios
accompanied by conformational chandgesding to TM helices rearrangementhich provides

space for bindingnany effector proteinssuch asG proteins(Pierce et al., 2002)he ligand
activatedGPCRs acas a guanine exchange factobtmstthe catalyic exchange of GDP for GTP

at t he oflG moteinaOnce activatedheheterotrimericG pr ot ei n di s-soci at
GTPbound subunit aheteathhseapabte ofcegutapny distinct effectors and
triggening several signaling plaways(Gilman, 1987; Milligan and Kostenis, 2008Yhile classic

G proteinrdependent signaling accepted worldwide, there are some exceptions such as activation



of cell signaling withouteterotrimeric G proteidissociation(Frank et al., 2005and GPCRG

proteinpre-assemblyChalliss and Wess, 2011; Qin et al., 2011)

G proteins classitation is based oh h e i r  Uvhishwate glassically divided intb
major familiesGd @ ieadin d 1243 Bach of these G protein familiastivates apecific
intracellular signaling pathway&ilman, 1987; Wess, 1998 ecruitment o Jby GPCR results
in enzymatiactivity of theACs, which converATP to cyclic AMP (CAMP), andactivates protein
kinase A (PKA).However the activation ofG ik blocks ACs activation andcAMP signaling
Recruitment ofG 11 by GPCRsleads to activatiorof PLC, which causes hydrolysis of
phosphoinositell,4,5biphosphate (PH intoinositol1,4,5 triphosphate (1B) and diacylglycerol
(DAG). Each of these secondary messengers activates separate signaling pathways by increasing
intracdlular C&* levels and stimulation gdrotein kinase C (PKQ)Felder, 1995)Lastly, G W13
G proteinsind and activate Rhgpecific guanine nucleotide exchange factors initiate a range
of effects such as cytoskeletal rearrangem@vitdigan and Kostenis, 2006; Wess, 1998he
effects of Gprotein activatiorarenot limited toU-subunitsandtheb 2 ¢ o atgoplagsa major
role in cellular signalingprocesss (Bondar and Lazar, 2014; Khan et al., 2018yleedtheb 2
complexcontributes tdheacivation of 1)extracellular signatelated kinase 1 and 2 (pERK1,/2)
2) G proteingated inward rectifier K(GIRK) channelsand 3)PLC and phospdi i dy | i nosi t o
kinase (P13K)Gutkind, 2000; Whorton and MacKinnp2013) Most GPCRs couple to more than
one G protein and trigger sevesajnaling pathways. This effect depends on several factors such
as celitype doseandnature of drug¢Defea, 2008; Liu et al., 2015; Wislet al., 2018)Figure

2 shows the G protein coupling selectivity thfferent classes d6PCRs.



Figure 2. GPCRs and G protein coupling selectivity. Subfamilies of GPCRs and ihe
correspondinggnownbindingG proteirsareshown.Graph is derived froMasuhoet al. (Masuho

et al., 2023)
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1.1.3.2G protein independent signaling

In addition to G proteitependent signalingecent studies on GPCRs discovesederal new
modesof GPCR activation, which shed light ¢me complex behavior of GPCRs. Among these
new modes of activatiof-arrestinaverestudied extensivelgPyne and Pyne, 2011; Shukla et al.,
2013; Shukla et al., 2014; Wang et al., 2018; Zheng et al., 2BtE2himals epress4 arrestin
subtypeswhich bindactivated phosphorylat€dPCRs. Among 4 arrestin subtypes, arrestinl and
4 are expressed in photoreceptors in the retina, and arrestin 2 and 3 (also kixawest:n 1 and

2 or nonvisual arrestins) are responsibler sening all other GPCRs(Gurevich, 2024)
Classically, following GPCR activation, G proteirsignaling is terminatedvia receptor
phosphorylationat the cytoplasmic loops and-@il by G proteircoupled recefor kinases
(GRKs). Thispromoteshinding ofb-arrestins to the receptor andcouping of the receptor from

G proteirs, a proces&nown asdesensitizationRe c r ui t ment  aarrdstindeadstbi ng o f
initiation of receptointernalizatiorvia clathrincoated pit§CCP)(Gurevich and Gurevich, 2024;
Rajagopal et al., 2010¥lassically, ativated GPCRgouple to 1) GRKs, 2heterotrimeric G
proteins and 3)b-arrestins, whrethe latter two serve as signal trdosers. Indeed-arrestins

not only are known as mediaton§ GPCR desensiation, but also as multifunctional adaptor
proteinscapable of initiating several signaling pathways, particularitypgenactivated protein
kinases (MAPKsandc-Jun Nterminalkinases (JNKs)Defea, 2008; Gurevich and Gurevich,

2024; McDonald et al., 2000)

1.1.4 Biased signaling

Initially, GPCR signalingwasthought to be governed mainby intracellularG proteins In the
classic twestate nodel bindingof full or partial agonists stabde the active statef GPCRs, while

inverse agonists stabilize the inactive stated antagonistblock both agonist/inverse agonist
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induced activitiegStallaert et al., 2011However,in recent decadesnany studieshowedthat
thetwo-state paradigmvasunable to explain some drug responseSPCRsthus a new concept

of biased signalingvasemerged in pharmacolog@zzi et al., 2003; Violin et al., 2014Biased
signaling, also known as functional selectivelybiased agonisnrefers to the ability oéach

ligand for adistinct receptor toinduce differential efficiency fordiversesignaling responses
Indeed, different ligands for a particular GPCR are able to uniquely induce conformational changes
in the receptor, which leads to activation of one or several signaling pathways. For example, when
a ligandselectivelyactivates eitherthe G proteinor the b-arrestinpathway it is calleda G protein

b i a s e-arestirrbiaded liganfliolin et al., 2014; Wootten et al., 2018) An e x a-mp | e
arrestin biased signaling @giotensinl type 1receptor(AT1R). Onceactivated by angiotensin

I, activation ofthe G protein pathwayresults in vasoconstriction and increased blood pressure,

w h i |-arestibn signaling is associated with beneficial effects such as antiapoptotic and
cytoprotection effectsSIRV120027is aAT1R ligand thatselectivelya ¢ t | vaareéstnsignaling
mediatedcardiomyocytecontractility and cardiac output while blockng G protein signaling
mediatedvascularcontraction. ThusTRV120027i s -aarestin biased ligand for AR with
potential for teating acute heart failuf@dhn et al., 2009; Ryba et al., 2017; Violin et al., 2010)

An example for G protein biased agonist is TRV130 (Oliceridine), which actitfe¢sopioid
receptor, and is the first FDAapr oved bi ased a g o-aressitsignalingis s o me
associated with unwanted/adverse effects, while G protein signaling mediates beneficial and
therapeutic effects. In the case ebpioid receptor, adverse effects of morphine (suchaas
tolerance, constipation,and respiratoryarrest) are mediated bythe b-arrestin pathway, while

therapeutic effects such as analgesia are mediatdte B/ proteinpathway. TRV130, has lower
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adverse effects on gastrointestinal tract and respiratory functida idwing analgesic effects

(Daksla et al., 2023; DeWire et al., 2013)

Generally,biased responses occur 3ndifferent levels in biological systems; ligands,
receptors, and transduceBsased receptorare GPCR that have been modified in a way that their
ability to bind specific ligands/transducers are altefés canbe the result of mutations, different
splicing, and epigenetic regulations. An exampla biased receptor isubstitutionof Ala293in
the alphal adrenergic receptarhich leads toconstitutive G protein activityKjelsberg et al.,
1992; Smith et al., 2018pystem biagalso known aspparent biased agoniymaccurs when
receptors and transducers haliferential expression in different cell types and tissues.
example, somdopamine2 receptor (BR) agonistanduce different responsestime striatum and
prefrontal cortexdue to different expression levels of arrestins and GRKs in these 2 brains
structures(Smith et al., 2018; Urs et al., 2016)gure 3 shows schematic concept for G protein,

a n darrdstin biased signaling.
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Figure 3. Biased signaling at GPCRSchematic presentation of ligands actiatyGPCRs. A
balanced ligand activates both arrestin and G protein pathways. A G greatsaa ligand
activates G protein signaling without triggering arrestin pathway, and an abieséd ligand
activateghearrestin pathway without triggering G pristesignaling.

1.1.4.1 b-arrestin biasedsignaling

Ligand-stabilized receptor conformationdrive the selection ofb-arrestins orG protein
interactionsand these selections can be discerned within G predduanit familiesFor example,
oxytocin analogs differentiate betweerdividual G, family members(Busnelli et al., 2012)
Ligand bias betweesubunit members of G protein familiegs reportedor agonists fop-opioid
receptors (Gl1, GUba) (Saidak et al., 2006anddopamine receptors (G, GUz, GUsz, Glba, o U
(Moller et al., 2017)Bias between Gand Gy, subunitactivation alsavas reportedFor example,

thesmall molecule agonist GUE16%dr G-coupled oxoeicosanoid receptaeisednhibition
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of Gp sotherwise allowing activation of &ddependenpathways(Blattermann et al., 20127s

mentioned abovecertain liganddor a distinct GPCR are capabof inducing conformational

changes in theeceptor, which results in selective activatiorthad b-arrestin pathway. To date,
there are several | i ga natrestjnbiashdligahds forseveral BPECRsN r e |
(Morales et al., 2024)ndeed, ligandsnduce specificalterationsin the GPCR secondary and

tertiary structure and facilitate the recruitment of a range of proteins, which are capable of
inducing postranslational modifications in the-terminus or intracellular loops 0&EPCRs

Among these modifications, GPCR phosphorylation abidjuitinationinduce biased signaling

through facilitating the recruitment of selective transdu®aswardhan et al., 2Q; Shenoy and

Lefkowitz, 2011)

1.1.4.2b-arrestin biased signalingand GPCR phosphorylation

Phosphorylation of GPCRs is mainly regulated BRKs In addition to GPCR
phosphorylationGRKshave several functions in cellS8RKs only phosphorylate seritiedeonine
residues in the activated receptor, and facilitate binding of arrestins to phosphorylated GPCRs with
higher affinity than unphosphorylated recept{@sirevich and Gurevich, 2019here are/ GRK
geneswhich are conserved among mammaiging rise to GRK17, which are soluble proteins
GRK1and7, also known as visual GRKare expressed in the retinal rod cells and their expression
is restricted tahe visual systemThese GRKsave a prenylated -@rmini, whichallows their
constitutivemembrane localizatio(Penn et al., 2000Another group of ®Ks arethe cytosolic
GRK2 and GRK3, whi ch bi nd pleckstriGiomologyi(RH) dornadallawing
localization tothe vicinity of the plasmamembrangKoch et al., 1993; Touhara et al., 1994)
Unlike the ldter 2 groupsGRKs4, 5 ands are mostly attached themembrane via palmitoylation

and/or lipidbinding motifsin most cells Interestingly, activation of GR&4, 5 or6 does require
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binding toagonistactivated GPCRsandthey can be activated lavariety of molecules (such as
phospholipids)Kunapuli et al., 1994)Also, GRKs 4, 5 and hosphorylaténactive GPCRs
(Baameur et al., 2010; Li et al.,, 20156RK4 expression is restricted myometrium brain,
testes,kidney and uterus while GRKs 2, 3, 5, and 6 are ubiquitously expresseall cells

(Gurevich et al., 2012)

Althoughthemajority of GPCRs are phosphorylated by GRKSs, there are other kinases that
phosphorylate and regulate GPCR activity and functemong the first kinases shown to
phosphorylate GPCRs were protein kinas@”KA) and protein kinase C (PKQBenovic et al.,
1985) Casein kinases (CK) such as CK1 and CK2 phosphorylate a range of GRDORs2002)
These proteinscomprise a small parbf the whole kinomge but are responsibldéor the
phosphorylabn of 40-50% of nonredundant phosphositéaa humans(Jiang et al., 2018;
Venerando et al., 20143K1 phosphorylats adrenergic and muscarinic receptors, and in the case
of muscarinic acetylcholine M3 recept@¥isR), CK1 phosphorylation activateabe ERK1/2
pathway(Budd et al., 2001; Tobin, 20Q8pimilarly, CK2 phophorylates thyrotropinreleasing
hormone receptofTRHR), and muscarinic recepto(slanyaloglu et al., 2001; Torrecilla et al.,
2007) Early studies ol€K2 showed that this kinaseostly phosphorylasreceptors atheir ICL3
region which is associated with arrestin binding but not receptor internalization and ERK1/2
activation. However, recent studies showed that receptor phosphorylation (for exaiRpleyM
CK2 r e sarrkstingecruitmenband ERK1/2 actiait(Jung et al., 2017; Tobin, 200&)iso,

CK2 was reported to negatively regulate insulin reléeasgughM3zR bothin vitro andin vivo
(Rossi et al., 2015CK2 activity alsonegativelyaffecs G signalingassociatedvith dopamine

D1 (D1R) and adenosine A2A receptdiRebholz et al., 2009)
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It is important to note that phosphorylation of GPCRs by GRKs or CKs alkggrole in
GPCRuarrestin interaction. Ample evidence indicates that each ligand has the potential to induce
unique patterns of GPCR phosphorylation, which is associated with recruitment of specific GRK
or CKenzymegSmith etal., 2018; Tobin, 2008)ntensity and pattern of receptor phosphorylation
determines the strength of GP@Restin interaction and subsequent activation of downstream
pathways(Butcher et al., 2011; Cahill et aR017; Zidar et al., 2009This ability of ligands to
induce specific phosphorylation patterns has been termetiedsarcode hypothesis, which
explains how phosphorylation of different patterns of residues at GPCR results in different arrestin
relatedsignaling pathwaygTobin, 2008) It is clear that specific patterns of phosphorylation
change GPCHRrrestin interaction, whiclthen activates a certain signaling pathwa{Bouzo
Lorenzo et al., 2016; Jung et al., 2017; Leelet2d16) Despite the fact thahe majority of
literature supporthe concept of barcode hypothesis,iémains unlear how different patterns of

phosphorylation affect arrestin behavior and conformation

1.1.4.3 Downstreanconsequences of biasdatarrestin signaling.

First, I t s h eaudstthastp@ated sighadind) octuinsaeitivea free arrestins othe
GPCRarrestin complexin this section | focusn the GPCRarrestin complexelated signaling
events and free arrestin signalingébeendiscussed elsewhe(&urevich and Gurevich, 2024)
In recen yearsthere has been remarkable progress in our understanding of the stretaital
of GPCR b-arredin interactiors and how various conformations of recepbmund b-arrestins
regulate receptor signaling and desensitizatolarge body ofstudiesidentified two distinct

elements in receptors as key for their interaction Wwitlrrestins.These are the phosphorylated
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carboxyl terminus (also referred tothaECR he r e
(also referred to as the receptorc o (Rargah et al., 2017)n someGPCRs likevasopressin
receptor(V2R), partially bound arrestin (tail mode) is enough #orestinmediated receptor
desensitizatiorinternalization and ERK activatiofKumari etal., 2017) Ho we v-arrestin f ul | |
engagement (core) is required fmrestinmediated G protedimdependent signaling pathways,

such as the activation of EREr most GPCR$Chen and Tesmer, 2022)

As statedearlier, aredins act as a scaffold for ERK and JNK. MAPK cascadesre
conserved in all eukaryotestarting withMAPK kinase kinases (MAP3Ks), whighhosphorylate
the kinases dfIAPK kinases (MAP2Ks)and the latter activatdfector MAPKs(Johnson, 2011)
Since arrestins often contribute to ERK1/2 activation by GPCRs, ERK1/2 activation is considered
as a hallmark of GPCR signaling through arresiithough GPCRs are capable of activatain
ERK1/ 2 5 b ys UG eémed@fecd mechanisms, and ERK1/2 activatiars veported in
arrestin knockout cellgf is clear thatGPCRinducedERK1/2 is sensitive to the presence of
arrestingBurghi et al., 2023Coffa et al., 2011; Luttrell et al., 2018; Naor et al., 2000; O'Hayre et
al., 2017; Shenoy et al., 200l visual and norvisual arrestins bind to all 3 memberstoé
ERK1/2 activation cascadeshich arecRaf (Qu et al., 2021)MEK1 (Meng et al., 2009)and
ERK1/2 (PerryHauser et al., 2022However,the GPCRarrestin compleshas a higher affinity
for ERK (Luttrell et al., 2001)Interestingly, binding of arrestins to GPCRs is necessary for their
ability to activate ERK1/2GPCRs induce a specific conformational change in arrestins, which
enables them to activate ERK1/2, and thisafie persistent even when arrestins dissociate from
GPCR4Eichel et al., 2018; Eichel et al., 2016PCRarrestin complex signaling is not restricted
to theERK1/2 pathwayArrestinsbound to GPCRs are able ttisatethe Src pathway in the case

of b 2 Adahd DR (Kaya et al., 2020; Luttrell et al., 199Brc is a nofreceptor cytoplasmic
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tyrosine kinasén which its activation occurs upon stimulation of cell membraneptecs such

as integringGuarino, 201Q)

Another protein that arresit@PCR complex activates isignattransducing adaptor
molecule 1 (STAM) Upon activation othe C-X-C chemokine receptor type (EXCR4), b-
arrestin 1 recrug STAML1 resultingin the activation ofocal adhesion kinas&QAK) and CXCR4
induced chemotaxiZhuo et al., 2020) T h-arrestin blased signaling has 3 branches including
ERK1/2, Src, and FAKactivation.Among these branches, ERK1/2 is the most studied one with
few studies published on the Src and FAKith regard tathe peripheral nervous system (PNS),
in vitro studiesshowed the development of peripheral neuronsquired neurotrophins and
corsequently ERK1/2 activation, whidéd to differentiation and neurite outgrowtAtwal et al.,
2000; Kolkova et al., 2000; Markus et al., 2002; Newbern et al., 2Blbijever Newbernet al,
showed that ERK1/2 didot play a crucial role in therenatal development of dorsal root ganglia
(DRG) and motor neuronmderin vivo conditions In contrast, ERK1/2 signaling was necessary
for PNS myelination and Schwann cell developn{dl@wbern et al., 2011 hey also found that
cutaneous innervatiomediated byDRG neuronsvas ERK1/2 dependent. Other studies showed
that reduction in ERK phosphorylatioring PNS development viaBAF deletion had no effect
on DRG survival but ERK/2 phosphorylation pladan essential role in the survival of sensory
neurons in adulthoofD'Brien et al., 2015; Zhong et al., 200%)milarly, ERK activatiorwas a
necessity for the axotorripduced growth conérmation(Chierzi et al., 2005; Wiklund et al.,
2002) Some studies also showed an increaseERK phosphorylation following sciatic nerve
injury (Agthong et al.,, 2006; $u et al., 2000; Yamazaki et al., 2008)was reported that
phospheERK-vimentin complexwas transported to the nucleus and increased the expression of

genes (such d&slkl1) associated with regenerati(fPerlson eal., 2005; Perlson et al., 2006)

19



Results from our lab showed that treating DRG neurons mitiscarinic antagonist,
muscarimc toxin 7 (MT7), increased ERK phosphorylation and neurite outgrowtrcAMP
response elemetinding protein(CREB) activation (Sabbir and Fernyhough, 2018)here are
similar studies in the literature that showed activation of a GP@RestinRERK pathway
increased neuronal survival. Ematyal, showedhatactivation of mGI&R1 was associated with
neuronal survival vias u s t a-{amestidl afid ERK1/2 signaling (Emery et al.,, 2010)

Il nterestingl y,-arrestin2EaRKolt/ 2e rb i satsuedddrenegfiw necepton bya t b
propranol and carvedilol increased survival of hippocampal neyfiaisgounis et al., 2010)
These results highlighted the importance of ERK1/2 signaling in neuronal survival in both CNS

and PNS.

1.2 Muscarinic acetylcholinereceptors

1.2.1 An overview d muscarinic acetylcholine recepors

More than a cemry ago,Henry Hallett Daleeported the differences between muscarinic
and nicotinic actions of ACh, which today we consider as ACh effects through muscarinic and
nicotinic receptorsin 1951, Riker and Wescoe reported the first evidence on the exisience
MAChR subtypes by showing the cardiospecific effects of galla(Riker and Wescoe, 1951)

The introduction of pirenzepin@®2Z) in the early 80ded totheidentification of three subtypes of
MAChRs(Birdsall et al., 1983; Hammer et al., 198H8pweverprogress in our understanding of
the function and role of distinct mMAChRs subtypes has been achievied timing of five genes
encodingmammaliarmuscarinic receptors the 80s and 90¢Bonner et al., 1987; Bonner et al.,
1988; Kubo et al., 1986a; Kubo et al., 1986b; Peralta et al., 188¢prding toNC-IUPHAR,

mAChRswere classfied as M1, M2, M3, M4, and5 (Caulfield and Birdsall, 1998)These
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receptors arenembes of class Iseven trammembrane helbGPCRs, whichare distributed in
almost all tissues and mediate the hormonal/neuronal effects of IAGeneral, mMAChRs are
involved innumerousbehaviorg sensory, andhotor functionsn the CNS, while their eminent
role in theperipheryis to regulate heart ratglandular secretioand smooth muscleontraction
(Eglen, 2006; Wess et al., 200Cpnsidering the &y physiological effectmediated bynAChRs,
numerous attempts have been made to develop and design pharmacologic agents that selectively
modulate distinct subtypes of mMAChR#ie majority ofmuscarinic ligands bind tive orthosteric
binding site(endogenus ligand binding sitewhich isa highly conservedegionplaced within
mMAChRs(TM3 and TM5TM7) (Hulme et al., 2003)Except Asp®®, which is conserved in many
GPCRs of Classdndrecognizeshepolar head oACh, Thr23L, Thr34 Tyr!48, Tyr®% Tyr®2% and
Tyr°33are key residugsvolved inmAChRsfunction(Hulme et al., 1999; Leach et al., 201R)e
to the high homology among mAChRbe majority of developed deritrees exhibit nointra
subtype selectivity andhow several adverse effects restricting their clinicaé (Felder et al.,
2000) Besides orthosteric site, several allosteric sites have been identified in mACHhé&sarve
capable ofmodulating the receptor function following ligand bindirjlosteric agonistsare
capable oftabilizinga unique receptor conformatiomhichalters(increase/decreastiereceptor
response to orthosteric ligan@@resland, 2005; Wess, 200®)triguingly, recent advances in
molecular pharmacology resulted in the developmenseaferal allosteric compounds that

displayedintra subtype selectivitfjor mMAChRs(Conn et al., 2009a; Conn et al., 20Q9b)

As described above, mAChRmgnalthroughheterotrimeric G proteins aridggerseveral
second messengdrsvarious tissuesThe preferencdor the coupling between theAChRsand
GU s uibdeterimined within théCL3. Interestingly, he amino acid residues in th€L3 are

similar between group | and group II, but the homology is low among these two different groups
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(Kostenis et al., 1999.iu et al., 1996) In general, poup | MAChRs mobilizdP; and DAG
throughthe activation ofPLCh, leading to theelevaton of intracellularC&* levels Also, other
cellular messengers (such as nitric ox\d@) are activated via M1, M3, and M5 recest@n the
other handGroup I mAChRsnhibit AC activity, andprolongthe opening opotassium channel
andtransientreceptorpotential cation (TRPC) channe$ (Eglen, 2005) Prolonged activation of
MAChRsleads to theirdesensitizationwhich is associated with a decrease in thamction
Receptor desensitizatiamccurs through different mechanisms, which; ) uncouplingpetween

G protein and the receptd®) internalizationof receptors (decrease in cell surface numaed

3) decreasettanscription of the recept¢Koenig and Edwardson, 1996; van Koppen and éais
2003) The phosphorylation of the mAChRsy GRKsis required fothereceptor internalizatian
Receptor kinaseecognize théigand-bound form of the recept@nd phosphorylate seriraad
threonine amino acids in th€L3 and Gterminusof mMAChRs(Moro et al., 1993)Intriguingly,
the phosphoriation of GPCRs by GRK2 and GRKresults in the receptor internalization, while
receptor phosphorylation by GRKhd GRK leadst o-arrestin biased signaling and ERK1/2
phosphorylatior{Reiter and Lefkowitz, 2006}t is now evident that mMAChRs couplertwiltiple
cellular effector pathwaysuggesting their capacity for biased agonigmntony etal., 2009)
Signaling via multiple pathways isreliant onthe agonistpropertiesand alsothe complex

interactionof bath the agonist and the recep(&hlert, 2008; Thomas et al., 2008)
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Figure 4 Location of cholinergic neurons and their projections in the rodent brain

Cholinergic neurons exist in eight distinct clusters labeledCihfl(van der Westhuizen et al.,
2020) Chl and 2 send projections to the hipmopus (HiF), medial cortex, and thalamic nuclei
(Th). Ch3 to the olfactory bulb (OB), Ch4 to amygdala (Amg), Ch5 and 6 to the thalamus (Th),
Ch7 to the interpeduncular nucleus (IPN), and Ch8 to the superior colliculus (Sc).

1.2.2 Muscarinic M1 receptor (M1R)

M1R is encoded btheCHRM1gene and icated orl1g1213 in humangBonner, 1989)
These receptorare highly expresskein the CNS, namelforebrain areasuch aserebral cortex,
hippocampus, and striatugRigure 4) (Levey, 1993; Levey et al., 1991; Wess, 2004us, it is
expected that MRs largely mediate AChactions in the feebrainregions.Using MiR knockout
mice (MiR”) and pharmacological approachseveral studies revealed thaifé are involved in
the regulation of a wide rangeloéhavioral, cognitive, motor, physiological and sensory functions

in the CNS(Bymaster et al., 2003; Dennis et al., 2016; Kurimoto et al., 2018; Thomsen et al.,
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2018; Wess, 2004A pioneer study by Hamilton and colleagues showed MiR” mice were
resistant to proconvulsant effeas pilocarpinedue to MiR-depenént dysregulation othe M
current(Hamilton et al., 1997)Results from the latter study and others suggest titNay an
important role in the control dfyperexcitability andeizure via regalting M current and TRP
channelsn the brain(Carver and Shapiro, 2019; Miller et al., 201FheM current is a type of
norrinactivating potassium curremégulated by the Mhannels, a group of voltagmted K
channels, which control phasiand toniefiring of neurons (discussed in 1.3@)arrion, 1997)
Ablation of MiR gene has been shown to increase locomotor actfignimalsin several
behavioral testpossiblydue toan increase in dopamine releasdha striatum(Bradley et al.,
2020; Crans et al., 2022; Gerber et al., 2001; Miyakawa et al.,.200&se results suggest that
M:R antagonistsmay have therapeutic effects foma P k i $1 gdiseasdhrough increasing
dopamine release from the striatumterestingly, early studies usingiR’"” mice revealed that
these animals sha@no cognitive deficits isomehippocampusiependent learning and memory
tasks(Miyakawa et al., 2001 However, MR ablation was associated withe y ci t s -4 n t he
arm radial maze tésauditorycued and context testingnd nonmatchingto-sample working
memorytask(Anagnostaras et al., 2003; Miyakawa et al., 20BijtherstudiesshowedM1R play

a keyrole in regulatinglong-term potentiation(LTP), longterm depression (LTD)neuronal
differentiation,synapticplasticity, and auditory cortical functioim the hippocampus and cortical
areas(Dennis et al., 2016Kamsler et al., 2010; Shideler and Yan, 2010; Shinoe et al., 2005;
VanDeMark et al.,, 2009; Vijayraghavan et al., 2018hese findingsindicae that MiR is
physiologically linked tamumerousexecutive functionsf the brainin this context, selective \R
activationhas been the focus of scientiatsa therapeutic approach toeat AD, schizophrenia

related cognitive deficits araje-associated memory impairmgiitable. 1) (Jiang et al., 2014)
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Ablation of MiR also is associated witkslectrophysiological deficiten sympathetic ganglion

neuronsiue to dysregulation of M current and&hd P/Qtype C&* channel§Carver and Shapiro,

2019; Hamilton et al., 1997; Shapiro et al., 199¢cently,our lab and others showed that

genetic/pharmacologic manipulations ofifMin DRG sensory neurons might have potential

therapeutic benefits against peripheral neuropathies and axonop@hiestt et al., 2017,

Deshmukh et al., 2013; Jolivalt et al., 2020; Sabbir and Fernyhough, 2018; Saleh et al., 2020)

Table 1.MR-based drugs used in clinical studies for ADList of Mi1R ligands used for the treatment of

AD. Table wasadopted from Jiangt al (Jiang et al., 2014)ith slight modifications.

M1R orthosteric agonists

Compound Effects
Xanomeline Improves cognition and reduces psychotic symptoms in both clinical and preclinic
studies
Talsaclidine Enhances neamyloidogenic procesi ng of APP and decr ea:
patients.
AF102B Reverses cognitive impairments at | ow
drug ever shown to have such an effect in human patients.
AF267B Improves cognitive function,deera s es Ab, hyperphosphory
AD mice
WAY -132983 Enhances performance memory and cognition in animal models.
MR positive allosteric modulators
Compound Effects
Brucine The yrst  -RAMorRetdert i at eeBR. ACh af
VU0029767 I ncreases A&h afynity to
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VU0090157 I ncreases A@dh afynity to
BQCA Reverses learning impairment in an AD mouse model.
AC-42 The yrst conyrmedi;Rall osteric
TBPB Highly selective bitopic agonist for 8 subtype. Shifts APPrgcessing toward the nen
amyloidogenic pathway in cells and appears to have antipsydiketieffects.
77-LH-28-1 Hi ghly sel ective andinAChHRhPromotes teyerali e r
physiological functions related to cognition.
AC-260584 Orally bioavailable with favorable antipsychotic and cognitive enhancing effect.
\VU0184670 Highly selectvetoMRand excel |l ent phar macoki net
receptormediated current in hippocampal neurons
VU0357017 Highly selectivetoMRande x cel | ent phar macokinetic
induced by mAChR antagonist in animals

1.2.3 Muscarinic M2 receptor (M2R)

Muscarinic M2R is encoded byCHRM2 gene and is localized othe long arm of
chromosome 7 (7q335) in humans. These eeptorsare abundantlyexpressed in bothervous
systemand peripheral tissues, namely in the heart and smooth myiselesy, 1993; Stengel et
al., 2000) The M2 and M4 mAChRs are bothUsoupled receptorsand share similar
physiological and pharmacologicatoperties particularly in the CNJWess, 2004)However,
M2 and M3 mAChRs areo-expressed iseveraperipheral tissues (mainly smooth muschkasj
mediate the effects of AQlEglen, 2012; Ehlert, 2003Regarding the role of AR in the nervous
system, evidence indicates:Rl are involved inthe muscarinic agontsnduced akinesia and
tremor (Gomeza et al.,, 1999ahypothalamiepituitary-adrenocortical (HPA) axis activity

(HemrickLuecke et al., 2002)egulation ofhypothermic rgsonse{Gomeza et al., 1999and
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cognitive function, namely learning and memdBeeger et al.,, 2004; Tzavara et al., 2003)
Focusing on the latteasing pharmacologicgsuchasSCH 5779GndBIBN-99) or geneablation

(M2R" mice) approaches, previous studigsowedthat the MR played a critical role in the
regulation oflearning memory anchippocampal synaptic plastici{Carey et al., 2001; Rowe et

al., 2003; Seeger et al., 200lpwever, while complete ablation/antagonisnveR is associated

with behavioral deficitspartial antagonism of BR has been suggested as a better pharmacological
approach for cognition enhancemeint diseases such a8D. Interestingly, clinical and
experimental studies revealed thlhé CHRM2 genewas associated with alcohol dependency,
bipolar and major depressive disordé@annon et al., 2011; Comings at, 2002; Hemrick
Luecke et al., 2002; Wang et al., 200H) addition, results of the previous studggygest that
centralM2R (namely spinal cord) contributes to thealgesic effects of muscarinic agon{$i&ess

et al., 2003)Intriguingly, therole of McR in mediating the analgesic effects of muscarinic agonists

is not restricted tthe CNS. Studies on the skin and skin saphenous nerveRf dice showed
thatmuscarine treatmenid notinduce peripheralrdinociception effect@Bernardini et al., 2002)
Acetylcholine, as a neurotransmitter, regulates its own release through activation of inhibitory
autoreceptors, MR (in the hippocampus and cerebral cortex) mnecarinicM4 receptor (MR)
(striatum) on cholinergic synapséshang et al., 2002a)n addition, both MR and MR are
considered as muscarinic heteroreceptors, which inhibit norepinephrine release from peripheral

sympathetic nerveg-uder and Muscholl, 1995)

In the peripheal tissuesthe MiR is abundantlyexpressed in the myocardiuand is
responsible forACh-inducednegative chronotropic and inotropic effec&tudies using MR
knockout mice showed that administration of muscarinic agonidtsal induce bradycdia in

the animalfGomeza et al., 1999a; Stengel et al., 20@0)as been reported thebR is voltage
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sensitive andlterations irmembrangootentialaffectsthe conformation of the receptorthosteric
binding site(Ben-Chaim et al., 2003; Harvey and Belevych, 2003; NavRolanco et al., 2011)

In smooth muscle, bR is the predominalyt expressednAChR along with smaller numbers of
M3R (Eglen et al., 1996Also, gudies on the MR’ and MsR”- miceshowed that treating isolated
smooth musd (from trachea and bladdesjth muscarinic agonists Haess effects othemuscle
contractionsvhen compared to wild type counterpaitéatsui et al., 2000; Stengel and Cohen,
2002) These findingsuggest theale of MpbR and MR in muscle contractioasM2R/M3sR double
knockout mice showe@ complety abolished contraction response to muscarinic agonists

(Matsui et al., 2002)

Muscarinic MR was purifiedand clonedy the early studies on the GPCRs and since, then
M2R has been considered as an appropriate model system to study GPCR pharmacology and
biology (Kubo et al., 1986b; Peterson et al., 198%)cusing on thellsteric malulation of
MAChRs signaling studies on the inactive structures ofRVland MR demonstrate@ large
extracellular vestibulewhichwasresponsible for binding to allosteric ligan@@ock et al., 2012;
Gregory et al 2007; Kruse et al., 2013further studies showeldat two aminaacid residues in
the M2R were responsible forthe allosteric activity of pharmacological compoundsich as
alcuroniumandgallamine(Gregory et al 2010) Despite attempts to design highly selective and
biased bitopic ligands fomAChR subtype, designed compounds showed less affinity to the
receptors(Lane et al.,, 2013)However,theant agoni st [JoscEs¥es todsiderdble

affinity for M2R with high selectivity(Steinfeld et al., 2007)

1.2.4 Muscarinic M3 receptor (M3R)

28



M3R is encoded byhe CHRM3 gene and is localized dhe long arm bchromosomel
(1943) in humans These receptorsre expressed in botiervous systerand peripheral tissues,
namely in the smooth musclesd salivary glandgWess et al., 2007)in the CNS, MR is
expressed in the hypothalamus and regsigpetite and body metabsin (Gautam et al., 20064a;
Yamada et al., 2001bPreviousstudiesrevealedhat MsR” mice exhibited increased locomotor
activity, energyconsumptionandcore body temperatuf&amada et al., 2001byhe hypophagia
phenotype in MR’ mice has been attributed to a decreasmétaninconcentrating hormone
(MCH), which controls théypothalamic feeding centef&autam et al., 2006&chwartz et al.,
2000) A recent study revealed that stimulatioh cholinergic neurons in the dorsomedial
hypothalamuswas associated withncreasd food intake andadministration of4 D A NaP
selective MR antagonist) reverdehis effect(Jeong et al., 2017)nterestingly, usingCre/loxP
technology Guatam and colleaguggneratd a mutant mousevhose neurons and glial cells
lacked MR (bran-MR™). Unlike MsR” mice, the brairMsR” mice showed no alteratioirsfood
intake, glucose and insulin levels and metabolism, but exhibitddatflike appearancand a
decrease irthe growth hormone (GH) and insulike growth factorl (IGF-I) in the serum
(Gautam et al., 2009 hese results suggesturonal MR contribute to the proliferation dhe
anterior pituitaryand release of growth hormordthough MiR and MR are known tanediae
cholinergicinduced hippocampal learning and memorstudies on MR’ mice showed that
Chrm3ablationwas associated withdeficits in learning and memorgue to fear conditioning
(Fedoce et al., 2016; Poulin et al., 2Q1®esllts of these studies suggest that lack of
phosphorylatiordependent signaling through MR (namely arrestinbiased signaling)is

associated with cognitive impairment irs®R" mice
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As notedabove,M2R and MR are ceexpressed in several peripheral uiss (mainly
smooth muscles) and mediate the effects of ACh. Using selective pharmacological agents for
MAChRs subtypes, previous studies showed théR played a key role inthe smooth muscle
contraction(Caulfield, 1993; Eglen et al., 1996)n agreement with pharmacological studies,
smooth muscle tissues derived frisiR” mice exhibiteda decrease inontractile responses to
MAChRSs agonist treatmenits a tissuespecific manner ranging from almo#d% in trachedo
~90% in bladdefMatsui et al., 2002; Stengel et al., 2002pnsidering the key role of R in
smooth muscle contraction, numerous pharmacological studies have been conducted teRarget M
as a therapeutic get for pathological conditionsuch as overactive bladder (OABiyitable
bowel syndromé¢IBS), and chroniobstructive pulmonary disease (CORBE¥retto et al., 2009
For example Darifenacin, a selective 8 antagonistis an FDA approved drug that inhibits
bladder responsiveneasd reduces OABHaab et al., 2004; Zinner, 2008olifenacin also a
selective MR antagonisthasa longer halflife than darifenacirand these two drugsre the
frontline therapies for the OABCardozo et al., 2004Different mMAChRsubtypes arexpressed
in theairwaysand pulmonary systeand among with, MsR and MR mediate the effects of ACh
(Coulson and Fryer, 2003)n vivo studies on MR’ mice showed thatvagal stimulation or
methacholine treatmefdiled to induce broncaonstriction suggesting the impant role of MR
in ACh-inducedbronchaconstricton (Fisher et al., 2004)ntriguingly, the same studshoweda
significant increase ithebronchoconstrictor respongetiowing vagal stimulation in WR”mice.
Authors of this study suggested thmtimonary prejunctional M2 autoreceptanfibited ACh
releasefrom parasympathetic nervendings (Coulson and Fryer, 2003)t is known that
inflammatory factors pkaa majorrole in the pathobiology of COP{Thung and Adcock, 2008)

In this context, it has been @hn that MR is required fothromboxaneA 2induced bronce
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constriction (Allen et al., 2006) Based on these studies, muscarinic antagonists such as
ipratropiumandmainlytiotropiumhave been used for the treatment of C@RMDulton and Fryer,

2011)

Xerostomia (oral drynessy a pathologicakonditionassociated with decreased salivation
and is considered as one of main sympton&pof® g r e n 6 §Makek-Fisdhbazmeeal., 2024)
Evidence indicates that stimulation of glandular mAChRs causes saliva se¢fetraer and
Sugiya, 2002) Studies on MR’ and MsR” mice showed that these two mARs medhte the
salivary fluid secretionAccordingly,targeting MR and MR with muscarinic agonis{such as
pilocarpine and cevimelindad abeneficialuse in patients suffering from xerostor{kx et al.,
2001; Gauten et al., 2004; Nakamura et al., 2004) addition,M3R contributes to bone mass
regulationby reducing bone resorption and increasing bone formationheéaarasympathetic

system(Shi et al., 2010)

One ofthe important roles of MR is to mediateACh-induced insulin secretion. Many
hormones and neurotransmitters reguldteasestimulatedinsulin secretion (GSIS)hrough
GPCRse x pr e s s e din the parfecreagAdiién, 2000; Gilon and Henquin, 2001)sing
Crel/loxP technologyGuatam and colleagugseneratd amutant mous&vh o s e p a-pelisr e at i ¢
lacked MR -MB”) . St u dMRE sniceoshowella significant decrease in GSIS and
impairment inglucose tolerance suggesting the role aRMn insulin releas€¢Gautam et al.,
2006b) Further, authors of this studgneratectransgenic rausethat overexpressed a modified
MsRinb c € bl-82 mice). Un | i-kIR" mice, theb Mgl mice exhibited reduced
levels of blood glucose and elevated levels of serum insulin suggestingsRatipancreatib-
cellsplay an importantrole in glucosehomeostasithrough regulating insuli releaséGautam et

al., 2006b)
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Numerous attempts have been made to develop and design pharmacologic agents that
selectively modulatenAChRs and the gructure and dynamics of tbe receptors have been
recentlydiscoveredHaga et al., 2012; Kruse et al., 2012; Thal et al., 2016; Vuckovic et al.,.2019)
There are compoundsat acias allosteric ligands of AR and recent studies have tried to use these
drugs fortherapeutt purposeqBock et al., 2018)For example a recent study by Zhu and
colleagues showed that treating wiighbe mice withvU0119498(a positive allosteric modulator
at MsR) increasd serum insulin levels and recdett blood glucose, while the same effect was
a b s e n-MR”imite doe to lack of BR. In addition, a recent study reported thaogarpine
waseither an agonigt t h r eaweaptmbidsed signalingdr antagonist of NR depending oithe

cell typeand expession levels of recept@Pronin et al., 2017)
1.2.5 Muscarinic M4 receptor (M4R)

M4R is encoded bYCHRM4 gene and is localized ahe long arm of chromosomE
(11p11.2 in humans These receptorare expresseth both CNS (mainly striatumand the
peripheralnervous system (mainlgrejunctional nerve endingéLevey, 1993; Trendelenburg et
al., 2003) As mentioned aboveh¢ MR and MR are both Gl-coupled receptormndshare similar
physiological and pharmacologigaiopertiesparticularly in the CNS. For example, both of these
receptors mediate the inhibitory effects of ACh as-aeteptors and heterorecepteentrolling
parasympathetic anslympathetic transmissipnAlso, activation ofM4R autereceptors in the
midbrain reduces dopaminergic activity in the ventral tegmental (8fEB4) and results in the
attenuation of reinforcing effects afldictive druggTzavara et al., 2004Jsing MiR”" mice,
studies reveallsR wasinvolved in theregulation of muscarinic agonistducedanalgesa at the

spinal and supraspinkdvel (Gomeza et al., 1999dn agreement wth KO mice studies, previous
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research using MR sdective agonists@MI-936 and CMi1145 showed these compoundgre

capableof inducing analgesia in miq&llis et al., 1999)

Results obtained fronthe studieson M4R” mice showed that MR facilitates striatal
dopamine releaséGomeza et al., 1999b; Zhang et al., 2002hyleed,balancé interaction
between mMAChRsind dopaminergisystem in the striaturs necessaryor the regulation of
locomotoractivity andstimulationof striatal mMAChRs facilitatedopaminegic activity (Di Chiara
et al., 1994; Raiteri et al., 1984 the striatumstriatal projection neurorexpress both BRand
M4R andregulatelocomotion(Ince et al., 1997)Studies on MR’ mice showedtriatalM4R has
an inhibitory role onD;R-inducedlocomdion (Gomeza et al., 1999bYhese findings on the
regulabry role of iR on DR-dependent locomotion may be useful to design therapeutic
compounds against Par ki ns eypdand MR" siecavsretreatddn an o
with haloperidol (a BR antagonist), an antipsychotic drug known to induce ep$sl, and
scopdamine, a muscarinic antagonistaloperidol treatment induced cataleptic behaviors in both
wild-type and MR’ mice, andscopolaminetreatment only succeeded teversecataleptic
behaviors ofwild-type, but notMsR” mice (Karasawa et al., 2003 hese resultagreewith
previous research thatlectveMsR ant agoni sts may be usef ul i n
disease. Further studies onR1" mice revealethat these animals exhibitseverémpairment in
the prepulse inhibitiortest (a test used in the diagnosis of psychosis) following treatment with
phencyclidingFelder et al., 2001 Related to the role of MR in psychosisxanomelingla mixed
M1/M4 agonis}) possesssantipsychotic propertiewith few side effectgMirza et al., 2003)In
recent decades, several allosteric ligands have been developedRi¢BMk etal., 2018) For
instance,LY2033298 and MWJ10010 are selective MR agonists and were examined for their

antipsychotic properties in animal mod@awaratne et al., 2010)
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1.2.6 Muscarinic M5 receptor (MsR)

The last identified member of MAChRs issM, which is encoded b§HRM5gene located
onchromosome 15 (15g14) in humans. These receptors are mainly expressed in the CNS and are
involved in the regulation of dopaminergic system actiiW§ess, 2004)Both pharmacological
and genetic studies showed that dopaminergic neurdhs stibstantia nigra pars compg&hic)
express MR, and their stimulationfacilitates striatal dopamine releagéelder et al., 2000;
Yamada et al., 2001aplso, MsR is expressed in the VTA, which consists of dopaminergic
neurons that project to timeicleus accumbens (Namd limbic regiongKoob et al., 1998; Vilaro
et al., 1990) It is well known that VTA andthe mesolimbic dopaminergic pathwaye highly
involved in the regulation akeward and behaviors associated with addicfiGoob et al., 1998)

In this context, widies on MR’ mice showedhat morphinenduced reward seeking behavior
wasimpaired in these animals when assess#ueoonditioned place preferen(@PP)test These
behavioral abnormalities were associated vétldecrease in Fe8 expression andeduced
dopamine release in the Ndaoterestingly, slight withdrawal symptoms were observed in these
animals following the administration of naloxo(®asile et al., 2002)Further studies revealed

that MsR mediatd behaviors associated with cocaine withdrawal and reinforcement, thRs, M
selective antagonists may be useful for the treatment of addiction dis@fddesensen et al.,
2003) Although thee are fewselective liganddor MsR, amiodarones a selective allosteric
modulatorof MsR (Stahl and Ellis, 2010)Collectively, pharmacologicaktudies with novel
compoundsand evidence from transgenic mice demonstrated that each mAChR subtype has
specific and defined function and regulates a wide range of ACh actions in both CNS and
peripheral tissuesSeveraleffects of mMAChRs on cellular functisrare mediated through ion

channels. The communication of mMAChRs and ion channels is highly complex, anchexthe
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section, egulation of ion channels bAChRs (namely NMR) will be discusseddA summary of

the behavioral and physiological characterishEsmAChRs KO mice are presentedrigure 5.

o Hypotheimia J, e Autoreceptor funciion M1R”|° Seizure ‘ f : :::;T(ns:il:njation ‘
e Tremor e Cognitive ability * Locomotion ula

e Bradycardia { e Blockade of DA release ‘ * Cognitive ability‘ ;_P' hydrolysis in ‘,

e Smooth muscle e Analgesia { ¢ Neurite outgrowth ~ NIPPOcampus
contraction ‘ in DRG neurons f

_/_
M 5 R ¢ Morphine-induced reward
seeking behavior ‘
e Morphine and cocaine
- withdrawal syndrome ‘

o Cerebral vasculature tone ‘

M2R/‘}

M3R”" /\/

® Hypothermia ‘ o body temperature f e Autoreceptor function l,
o Salivation e Energy consumption e Blockade of DA release
o Weight " e Hypophagia 1 e Analgesia ‘
« Papillary dilation § « Gsis (B-MR") § « Locomotion
o Smooth musle ‘ e Growth (Brain-MR”") ‘ e Prepulse inhibition ‘
contarction

M4R”

Figure 5 A summary of the impact of the ablation of the mAChR subtype genes in mice
Genetic knockout of each muscarinic receptor is associated with specific physiological,
behavioral, and biochemical respeasn miceArrows indicates increase/decrease in the effects.

1.3 M1 muscarinic acetylcholine receptor

1.3.1 MiR signaling
1.3.1.1M1R activation and trafficking
Acetylcholine (ACh) as the endogenous ligand fotRjis a signaling biomolecule present

in a wide range of prokaryotic and eukaryotic cells (e.g bacteria, algae, yeast, and plants) for about
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3 billion years, and it is now clear that ACh mediates multiple biological functions in neuronal and
nortneuronal cell§Horiuchi et al., 2003; Wessler et al., 1998though MiR has been identified
decades ago, the crystal structure and detailed characterizationoghdsteric and allosteric
binding siteshaveonly just recentlybeendiscoveredHammer et al., 1980; Thal et al., 2016)
Previous studies used Alanine substitution mutation to identify key residues in the TM domains of
M1R. Amino acid residues in the TM3 (A8p Tyr'%, Sef Asntl9), TM5 (Thrt8, Thrt% Alal%),

TM6 (Tyr®®% Asrt®?d), and Tyf%*in TM7 comprise the ACh binding pocket and are critical for
ACh binding to MR (Allman et al., 2000; Lu et al., 1997; Lu and Hulme, 1999; Lu et al., 2001;
Ward et al., 1999)As mentioned abovéhe highsequenceonservation of therthosteric binding

site among mMAChRbBasurgedcurrent researctowardtargeting allosteric sites dd:R. There

are several selective /R allosteric ligands that have been synthesized in recers fggathe
treatment of neurological and psychiatric disordémst example AC-42 (4n-butyl-1-[4-(2-
methylpheny4-oxo-1-butyl]-piperidine hydrochloridels a highy selective MR bitopic ligand

that binds taheupper region ofheTM1 and TM7 domainand directly activates MR (Langmead

et al., 2006; Spalding et al., 200@)triguingly, M1R Ago-PAMs (such asAC-42 and 74H-28-

1) are able to activate the 1M in the absence of therthosteric agonis{Conn et al.,
2009a)VU0090157 and VU002976Aas MR positive allosteric modators (PAM), indirectly

modulate MR via enhancingesponses t8Ch (Marlo et al., 2009)

Achieving M1R selectivityhas beeran importangoal in the development of therapeutic
ligands.However the majority ofPAMs for Mi1R have several central and/or peripheral side
effects,making them inappropriate for clinical applications. The most concesmiegeffects of
M1R PAMs or orthosteric selective ligands is epileptogen@sidley et al., 2020; Davoren et al.,

2016) Thus there is a need fdocusingon the development of selectivegands with minimal
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side effects and maximum efficacy. Interestin@yadley and colleagues demonstrated thg®-M
i n du eagasdtin biased signalinggas associated with improved learning and memanyd
alleviatal the MiR-associated adverse effects such as ankietybehaviors, hyperlocomotion
andseizuresAuthors of this study usgohosphedeficient ancchemageneticallymodified M1R,
and showed that MR phosphorylation anthe b-arrestin pathway (but not G protguathway)
playeda critical role in attenuation of adversiects (Bradley et al., 2020Results of thistudy
highlighted the importance of & phosphorylation patterns, biased agonism,taad-arrestin

pathway.

Despite the ability of MR to bind all 4 groups of G proteinsgRl pr i mar i Ilg r ecr u
when exposed to nepiased ligands such asCA and arbachol. However, as mentioned above,
each ligand has its own signature on GPCR baged the barcode hypothesis. In this regard,
M1R ligands can be divided into several groups such assed, G protein biased (could be
multiple or individual G protes) ,-arréstin biased, and even biased toward a particular transducer
such as PLD/PLC (sé&ble 2). Classically, bindingf ACh to MiR leads td5 11 coupling,PLC
activation generation ofPz and DAG, and consequently activationRIKC andCa* signalirg
pathways(Figure 6). Also, G \-PLC is associated witltAMP activation throughPs-calcium
release and calmodul{relder et al., 1989; van der Westhuizen et al.,, 2020Upon a€t i vat.i
arrestins (mostly-arrestin 2) bind to MR to uncouple G proteins, arrest signaling, and initiate
receptor internalization. InternalizationoitRl i s b ot h @rrgstin dependent withand D
i mportant r ealrer eosft ilnCLr3e cf rauréstibsodvViaRt malesBiscaftbld thag b
recruits members dhe clathrindependent endocytic machineagd initiates the internalization
of the receptofOakley et al., 1999; Yeatman et al., 2Q1#arrestins also cluster receptorsoin

CCPs by bridging between CCP proteidaptor proteir2 (AP2) andreceptor. Following this,
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dynamininitiates the scission of vesickefrom the plasma membrarend formation of early
endosomal compartmentgJearAlphonse and Hanyaloglu, 2011)Carbachcinduced
internalization of MR involves formation of early and recycling endosomes in 10 minutes.
Prolongedcarbachol treatment resulted in increasedRMegradation by lysosomé€geatman et

al., 2014) GPCR internalization and subcellulsafficking via endocyticmachinery isligand
dependent For example,PZ a selective orthosteric antagonist forrR induce receptor
dimerization and oligomerizaticand increasethe receptor expression on the cell suriacatro

(llien et al., 2009; Pediani et al., 2016; Zhou et al., 2024)

Kea TRPC  NMDA

""'""::::::::::::3 TR

Km Kieak Ksarp  KIR2
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Closure

ERK1/2 activation cGMP
signaling

Figure 6 Schematic MR signaling and regulation of ion channelsActivation of MR
(in)directly engages several signaling pathways. GRKs (G proteipled receptokinase) and

CKs (casein kinases) phosphor ysigndlirg resutiseantiree c e pt
generation of IP3 (Inositol trisphosphate) and DAl&agylglycerol) byPLC (Phospholipase C).

PIP. hydrolysis by PLC leads to closure of potassichannels. Betarrestin binding to the AR
uncouple G protein activity and activates arrestin pathway by ERK1/2 phosphoryldtiwn.
(potassium Mchannels), Ikak (potassium leak channels) A& (Potassium slow after hyper
polarization channel), Kir2 riwardrectifier potassium ion channel), &Ksmall conductance
calciumactivated potassium channels), TRPC (transient receptor potential cation channels),
NMDA (N-Methyl- d-aspartate receptor),PKC (Protein kinase C), ERK (extracellular signal
regulatedkinase), NO (Nitric oxide), nNOS (neuronal nitric oxide synthase), cGMP (cyclic
guanosine monophosphate)
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1.3.1.2M1R phosphorylation and signaling

Similar to all other GPCRs, MR is a subject of phosphorylation by different kinases, which
regulate the functioand behavior of the receptdihereis only a limited set o$tudiesfocused on

M1R phosphorylation in the literature. Both GRKs and @ge been reportdd phosphorylate
M1R. Interestingly, unlikehe majority ofGPCRs, there is no specific GRK respobisifor ViR
phosphorylation in response to agonist AQh fact, d non-visual GRKs contribute tdhe
phosphorylabn of the receptor to some exte(@@rube et al., 2022)GPCR phosphorylation
depends om variety of factors such as type of cell and ligand. For example, treating CHO cells
overexpressingMR wi t h carbachol was r e-grestt2aatruitment i nv o |
to the receptor, while treating HEK293 cells overexpressifig With ACh engaged all nevisual
GRKs at the same tim@®rube et al., 2022yeatman et al., 2014Additionally, GRK2 directly

i nt er ac §tsblogkiPs signaldig)event§Willets et al., 2005)The work byButcherat al.
showed thaACh treatment phosphorylated:® at X residuesat ICL3 and 2 residues at the C
terminus Authors of this work concluded thagi&2experienced the highest phosphorylation level

in response to ACh, and considelieas thehallmark of MR activationin vivo, where they
observed high phosphorylation &hwof SrP?8in response to medicatiorgnomeling or memory
acquisitionin the hippocampu@utcher et al., 2016Another study showed thae&2and 2"

phosphorylatiorwaslinked tob-arrestin 2activation and ERK phosphorylation.

As mentioned above, different ligands have the potential to activate one or more signaling
pathways on a distinct receptor. In the case (R Mhere are several pathways that were linked to
this receptor pon activation by different liganddung et al., 2017; van der Westhuizen et al.,
2020) Previous studies indicate thatRIbinds to a variety of G proteifavet et al., 22) Mi1R

binds to themembers of the Gyuuc | ass: uGUGBHN G ®Eic et al., 2024)
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Interestingly, previous studies showed thaiRM d i r e c t | yiznzsemdgaeatigated RhG U
proteins, which contributed to cytoskeleton formation and mangbirafficking(Borroto-Escuela
etal., 2011; Sabbir et al., 2018; Suzukietal., 2009R a |l s o ranadincieasés SAMB h
response to several agonists in different cell lifgasford and Nahorski, 1996; Russell et al.,
1994)The primary signaling pathwafpr MR is the G -IPs-calcium-PKC pathway. Another
signalingroutethat MiR is linked with isthe G ¢-A kinaseanchoringprotein (AKAP) 79-PKC-
potassiumchanné pathway, through whicthe M1R-AKAP79-PKC complexregulate neuronal
excitability by activating potassium channels anagirentsCarver and Shapiro, 2019; Hoshi et
al., 2010) Another pathway is linked to kines such as PI3K and Src, whdéveR-induced
ERK1/2 activation by carbachol was blocked by PI3K and Src inhibitors. Thigsabtivation is

linked tothe G -PI3K-Src-ERK1/2 pathway(Rosenblum et al., 2000)
1.32 Regulation of ion channels byM1iR

MAChRs do not act as ion channef®wever,their effects on cellular functions are
mediated bya range ofendogenouson channelsRegardless of some exceptions (e.g. arrestin
mediated signaling pathways), the majorityn@AChRs effects are transcribed by ion channels
through Gproteins or effectors associated with thprGteins. Since ion channels aegulated by
a downstreanproduct ofmAChRs signaling (e.g. & activation), it is not easy to determine which
mAChR (M1, M3 or M5) has activated the G protein(Brown, 2018; Dascal, 2001However,
there are examples of subtypgecific regulation of ion channelsmeurors. For instancewhile
both M2R and MiR are expressed @ympathetic ganglias heteroreceptard is MsR (and not
M2R) that inhibitsCa,2 (a Ca* voltagegated channe(Bernheim et al., 1992)Another example
isthe connection betweeni® and potassiumoltagegated channels @Kor M-channels)which

has beerheavily studiedand is considered as a model sysigtille et al., 2014) In brief, M-
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channels require PiRo mantain the open statmnformationand PIB hydrolysisfollowing M1R
activation leads to Mhannel closur@Brown and Adams, 1980; Winks et al., 2008any factors
(such as agonist concentration, cell type, agdgfe) should be considered when studying the
connection between mAChRs and ion channels. For exaopike primary neuronNG10815
neuroblastomalioma hybrid cells release a large amount of intracellu@a* following the
activation of MR and stinulate Ca?*-activated potassium chanaghctivation of these channels
along with Mchannel closure is associated watlyreater sensitivitgf downstream response to
receptor activatiom NG10815 cell when compared to primary neurons, which relealsdvely
less intracellulaCa* (Delmas et al., 2002; Fukuda et al., 1988; Robbins et al., 1888)e the
focus ofcurrent workis M{R, the modulation of ion channdimainly potassium channelsy MR
will be disassed irthefollowing subsectionsin generaltheactivation of Gh-coupled mAChRs
(including MiR) is usually associated with excitatory physiological responses irttoeligyhthe

inhibition of potassium channeglshloride channe|sandactivation ofcation channels.
1.3.2.1M1R-mediated inhibition of potassium leakcurrents

Two-pore domain potassium (K2P) channéscoded byKCNK genes)causeleak
potassium current&nd are involved inthe regulation of resting membrane potentiand
excitability of neurons(Zinner, 2007) Based on their structure and function, K2P chanaeds
divided intosix mainfamilies, among whiciTWIK (tandem of Rlomains in a weak inward
rectifying K* channe), TREK (TWIK-related K channe), and TASK fwo-pore domain, acid
sensitive K channel are wellstudied members modulated byiR1(Brown, 2018; Goldstein et
al., 2005; Goldstein et al., 200Bince these receptors are not voltdgpendent, thepenstate
is not affected by membrane potential. FollowingRvstimulation, leak channels are inhibited (no

outwardleakage of K) and fcilitate cell depolarization through induciag action potential or
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increasing firing capacit{Galligan et al., 1989)TREK 1 and TREK2 (encoded B{CNK2 and
KCNKZ10, respectively) are active in the presence of Bifel are closed following PiRydrolysis
(Lindner et al., 2011; Lope=t al., 2005)It is possible thatlosure of TREK channels by 1R is
associated with PL{d4hduced PIRdepletion because this effect is reversed by addingt®igells
(Bista et al., 2015; RivaRamirez et al., 2b). Also, Mi1R-induced endocytosis of TASK1
(encoded bKCNK3) is another mechanism, by whichiRlincreases the excitability of neurons
(Matsuoka and Inoue, 20172P channels are widely expressediRG sensoryneurons and
play an important role in their excitatimand TREK and TRESK(TWIK-related spinal cord
potassium channekencoded byKCNK18 channelsare responsible fomore than 95 %ef the

background potassium conductafiCadaveiraVMlosquera et al., 2012; Kang and Kim, 2006)
1.3.2.2M1R-mediated inhibition of M-channels

Kv7 potassiunthannel subunits (Kv7-Kv7.5) are encoded b{CNQgenesand(Kv7.2i
Kv7.5) are expressed irearons Among these subunit&v7.2 ard Kv7.3 (encoded byKCNQ2
andKCNQ3 respectivelyare themain subunitef the slow voltagegatedpotassium channeld-
channes), which regulateneuronal excitiion. As mentionedarlier, activation ofGU-coupled
MAChHRs (such as NR) closesM-channelgesulting in cholinergic excitation. dhannel closure
is mediated by PL@nhduced PIR hydrolysisand depletionBrown and Passmore, 2009)he
subunit compositionof M-channels plays an important role in their datjon by muscarinic
receptor because their sansiy to PIP. levels variesThe affinity of Kv7.3 subunito PIP is
almost100-fold more tharnthe othersubunits,and M-channelscontainingKv7.3 requirea high
level of muscarinic receptarccupationand activationfor closure(Hernandez et al., 2009or
example,C-fiber sensory neurons abundantly express Kv7.thapredominant subuniwhile

medium and large size DRG neurangressheteremultidimer M-channels consisting of Kv7.2
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and Kv7.3 subunitgKing and Scherer, 2012; Passmore et al., 2003IR is responsible fothe
M-channel closure in sympathetic ganglion neu@ssnheim et al., 1992; Hamiltaat al., 1997;
Marrion et al., 1989¥ktriatal(Shen et al., 2008ndhippocampal pyramidadeurongRouse et al.,
2000) Interestingly DAG-activated PKC is able to inhttM-channels following MR activation
(Kosenko et al., 2012QAlso, in norneuronal cells, Mchannels can be inhibited by a mechanism
that involves intracellularC&* mediatedchannelattached calmodulifGamper and Shapiro,

2003)
1.3.2.3M1R-mediated inhibition of inwardly rectifying potassium (Kir) channels

Inwardly rectifying potassium (Kir) channgday an important role imaintainingthe
resting membrane potential the cels, potassium hemostasiedthe regulation othe electrical
activity of several types ofells including neurons. All members of Kir familgquirePIP, for
their functionand are sensitive to PARydrolysis and depletiofReimann and Ashcrofi,999)
The activity ofKir channels is regulated ljfferent modulators including PKG3U, -coupled
receptos, pH, magnesium ionandt h e-sulfiunits of G proteingDu et al., 2004)Evidence
indicates that MR stimulation is associated withe inhibition of Kir2 channelgKir2.1-Kir2.3
encoded b)KCNJ2 KCNJ12 andKCNJ4 respectively)mainly viaPIP: hydrolysis and depletion
(Brown, 2018) In vitro studies ortehtsA201 mammalian cell lineevealed that MR stimulation
inhibited all Kir2 channels througla*-dependent activation of the small GTPase R PIB
depletion (Rossignol and Jones, 2008Y1:R-meidated Kir2 inhibitionincrease dendritic
excitability in striatopallidal neuronEShen et al., 2007and enhancegemporalsummation of
excitatorysynapticpotentialsof pyramidal neurons iprefrontalcortex(Carr and Surmeier, 20Q7)
The latterresearch showed thahderin vivo conditions PIP. depletion plagdthe major role in

Kir2 inhibition and PKC or intracellula€&* alteration has no effect on Kir2 activi(¢arr and
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Surmeier, 2007)Another Kir subfamily is Kir3 channels (Kir3Kir3.4 encoéd by KCNJ3
KCNJG KCNJ9 andKCNJ5 respectively) Ample evidenceshowedthatGb o di mer s
from GU-coupled receptordirectly engaged wittKir3 channelsandinduced activaion. Because
Kir3 channels are activated Wby b,othese receptors are call& proteinrcoupled inwardly
rectifying potassium channels (GIRK@)iischer and Slesinger, 2010yowever, &h-coupled
receptor activation is associated with GIRKSs inhibitjbei et al., 2001)Hill and Peralta showed
that stimulation of MR inhibited GIRK1 and GIRK4hrough a mehanisnthatinvolves PKC and
intracellular Ca2* mobilization (Hill and Peralta, 2001)Another study showe@ABAg-induced
GIRK activationwasinhibited by stimulation oM1R/M3sR-induced PIRdepletionin hippocampal

neurors (Sohn et al., 2007)
1.3.2.4M1R-mediated inhibition of calcium-activated potassium channels

C&* activated potassium @) channels are sensitive to intracellu@g* levels and
membrane potential &fations. These receptors are widely disited throughout the CNS and
contribute to neuronal excitability and neurotransmitter releBased on their conductance
properties, ka channels araivided into three subfamilied) SK (small conductance), IK
(intermediate conductance) and BK (big doatance) channe(¥ergara et al., 1998Yhere are
inconsistencies between the studies whethdt Nas an inhibitoryféect on KcachannelgDasari
and Gulledge, 2011; Rouse et al., 2008%0, the mechanism ofd4 channels inhibition is not
clear and a number of studies support the role of &#pletion in MR-mediated k& chamel
inhibition (Andrade et al., 2012; Zhang et al., 201R¢lated to thisslective MR activation
inhibits SK channels in CA1 hippocampal pyramidal nesitimough PKC activatiofBuchanan
et al., 2010)A study by Giessel and Sabatini showed MaR enhance synapticpotentials and

c&* influx in dendritic spines byinhibiting postsynaptic SKchannelsvia a mechanisnthat
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involves CK2 (Giessel and Sabatini, 201@®imilarly, a recent study revealed thaiRvmediated
SK channel inhibition boost synaptic weight via PKA an@K2 contribution and SK channels
wereinvolved inthe activity-dependent plasticity of membrane excitapiih L2/3 pyramidal
neurons of the mouse primary somatosensory cd@k and Hansel, 2020)Interestingly,
Zivkovic and colleagues reported thaiRMmodulatel the endotoxemianduced loss of synaptic
plasticitythrough the inhibition of SK channels. Authors of this work showed that treaiire
with theselective allosteric MR agonist (TBPB) or SK channel inhibitor (apanmegtorel deficits

in synaptic plasticitynduced by endotoxemi@ivkovic et al., 2015)
1.3.2.5M1R-mediated activation of caion channels

GU-coupledmuscarinic receptors are capable of activa@iagf-dependent neselective
cationchannelsActivation of these receptorsassociated witla slow depolarizatiowondition
accompaniedtby long-lasting action potentialischarge®r burst dischayes(Constanti et al.,
1993; Rahman and Berger, 2011; Shen and North, 1)y of these biological processes are
mediated througtheactivation of TRPQ@hannelgStribing et al., 2001; Yan et al., 2009; Zhang
et al., 2011h)Also, stimulationof M1R triggerstheformation of amultiproteincomplex
centered on TRPCéhannelgKim and Saffen, 2005Based on fis evidencejt is believed that
M1R activationexcites neocortical pyramidal neurahsough TRPC channethatgenerate
c&*-dependengafterdepolarizing potentialsr ADPs)(Gulledge et al., 2009; Yan et al., 2009)
However, Dasaret al showed thaTRPC5 and TRPC6hannelsverenot necessarjor MR-
inducedexcitation of layer 5 pyramidal neurons in the mouse medial prefrontal ¢Ddsari et
al., 2013) M1R-mediated effects on ion chagls €.9.M- channels) are not similar in all tissues.
M1R activation is associated witheinhibition of M-channels and GIRK channels in CA1

pyramidal neuronssimilar to the effects observed in the peripheral tissues. Hovikesgme
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study found thaM 1R activation le to the activation of Mchannels and GIRK channels in the
dentate gyrugranule cells in the hippocampus. Authors of this work showedktisat
phenomenomwvasregulated byC&*-mediated stimulation of PiRynthesidollowing M:R
stimulaion accompanied bgimultaneous activation of TRR&annels by PLECarver and
Shapiro, 2019)Another subfamily of TRP channels are transient receptor potential melastatin
(TRPM) channels, which are n@electivecation channels (TRPM&), and are involved in

membrane depolarization by allowing the entry of sodium, magnesium dn{Z@alos, 2010)
1.3.2.6M1R-mediated regulation of TRPM channels

Upon act i yeotpled@PCRsfPHGYdr ol ysi s by o®dpletion,r esul t s
which is necessary for the activity of mamgmbers othe TRP channels familyEvidence
indicates the regulation of TRPM chragis by MR. A recent report by Chauhan and colleagues
showed that PHcontributed to MR-mediated regulation of TRPM3 and antagonizingRNby
PZincreased PlPevels leading to TRPMS3 activity in DRG sensory neur@isauhan et al.,
2025) Another study showed that activation offiMdepletedhe PIP. pool in HEK293 cells
leading to the inhibition of Gacurrents by TRPM4Nilius et al., 2006) TRPM5is asodium
permeablehannel involved in the taste transduction process. ActivationBftWACh in
HEK293 cells increased intracellularCévels and TRPM5 activation. Interestingly,
continuous exposure to Ealesensitized TRPMS5, but PIReversed channel desensitizat{hiu
and Liman, 2003)Xie et al, showed that PlPwas a strong regulator of both TRPM6 and 7.
Application of carbachol depleted Bi¥a MR activation and blocked TRPM6 and TRPM7
currents in HEK293 celléXie et al., 2011)Lastly, TRPM8inhibition was reported in response

to MiR-associated PRiepletion in DRG sensory neurofhsu et al., 2019a)Also, asimilar
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effect was obseed in a study on liver cells, thedvealed tha R activation negatively

regulated TRPM&Youhanna et al., 2025)

Table 2Biased profile of orthosteric, allosteric and bitopic ligands at MR.

Experiments wereonducted in recombinant Chinese hamster ovary (CHO) or Human embryonic kidney
(HEK) cells stably expressing either the rat (rM1) or human (hM1) mAChR«33CGnouse tumor cell
lines or Spragu®awley rat dorsal root ganglia (DRG) neurons. AbbreviatioAslle, cyclic adenosine

monophosphate; IP3, inositol trisphosphate; ERK, extracellular siggalated kinase.

Ligand Pharmacology Bias profile References
Acetylcholine Agonist.yIPs,, cAMP, pERK1/2, Non-biased (Gurwitz et

b-arrestin pathwaygCHO-hM1 or rM1 al.. 1994

cells
Keov et al.,
2014 van
der

Westhuizen
et al., 2018)

Carbachol Agonist.yIP, Ca&*, ¥ ¢ A MoParrestin Non-biased (Davis et
pathways(CHO-hM1 or rM1; HEKhM1 al., 2010a:
OC-033rM1, HEKCRISPR/Casépb Davis et al.,

arrestin, rat DR&ells) 2000:

Gurwitz et

al., 1994;
Sabbir and

47



Fernyhoug

h, 2018)

OxotremorineM

Agonist.GU, IPs,§ ¢ A M Parrestin

pathway (CHO-hM1 or rM1 cells)

Non-biased

(Davis et al.,
2010a;
Davis et al.,
2010b;
Gurwitz et
al., 1994;
Thomas et

al., 2008)

cis-dioxolane

Agonist. §cAMP

Biased cAMP> IP3

(Gurwitz et

al., 1994)

Pilocarpine

Agonist. IR, C&*, ¢ c A-Mrestin

pathway(CHO-hM1 or rM1 cells)

Non-biased

(Davis et al.,
2009;
Gurwitz et
al., 1994;
Thomas et

al., 2008)

Arecoline

Agonist.GU, IP;, ¢ ¢ A-MiRstin

pathway(CHO-hM1 or rM1 cells)

Non-biased

(Gurwitz et
al., 1994
Thomas et

al., 2008)

Xanomeline

Agonist, IR, -affestin pathways

(CHO-hML1 cells)

Non-biased

(Dauis et al.,

2009)
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McN-A-343 Agonist.IP;,y ¢ A NGHO-hM1/rM1 Non-biased (Gurwitz et
cells) al., 1994)
AC-42 Bitopic agonistGU,, IP;,  § ¢ AM Biased without (Davis et al.,
b-arrestin pathways efficaegy 2009;
Thomas et
al., 2008)
77-LH-28-1 Bitopic agonist. G, IP;, ¥ c AM Biased without (Thomas et
(CHO-hM1 cells) efficagy al., 2008)
AC-260584 Bitopic agonist.IB, andCa* Biased Gprotein over| (Davis et al.,
(CHO-hM1 and HEKhM1cells) b-arrestin 2010a;
Davis et al.,
2009)
TBPB Bitopic agonist. CandERK1/2 Biased Gprotein over| (Davis et al.,
(CHO-hM1 andHEK-hML1 cells) b-arrestin 2010b; Keov
et al., 2014)
VU0357017 Bitopic agonistCa*, ERK1/2 Biased Gprotein over| (Digby et
(CHO-rM1 cells) b-arrestin al., 2012)
VU0364572 Bitopic agonist.Ca*, IP; ERK1/2 Biased Gprotein over| (Digby et
(CHO-rM1 cells) b-arrestin al., 2012)
BQCA PAM. ¥ signaling on IR, ERK1/2,GU, Non-biased (Canals et
GUo, GO, GU2, 9 ¢ AMP, al., 2012;
b-arrestin pathway@CHO-hM1) Yeatman et
al., 2014)
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MIPS1645 PAM. ¥ signaling on IB, ERK1/2 Non-biased (van der
a n darrdstin pathway@CHO-hM1) Westhuizen
et al., 2018)
MIPS1780 PAM. ¥ signaling on IB, ERK1/2 Non-biased (van der
a n darrdéstin pathway€CHO-hM1) Westhuizen
et al., 2018)
VU6004256 PAM. § signaling on C& Biased C&a n d | (Rooketal.,
b-arrestin pathway§CHO-hM1) arrestinwithout 2017)
interndi zation
VU0029767 PAM. ysignalingon IP; (CHO-rM1) Biased PLC-PLD (Marlo et
al., 2009)
VU0405645 PAM. ysignaling on IR (CHO-rM1) Biased PLC-PLD (Moran et
al., 2019)
Pirenzepine Ant agoni s tarrestt RREB/| Biasedb-arrestins | (Sabbir and
pathways. (O@33rM1, HEK-CRISPR/ overG proteins Fernyhough,
Cas9qbarrestin, raDRG cells) 2018)
Muscarinictoxin 7 Ant agoni s tarrestbRREB/ | Biased b-arrestins| (Sabbir and
pathways. (OD33rM1, HEK-CRISPR/ | overG proteins Fernyhough,
Cas9barrestin, raDRG cells) 2018)
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1.4 Acetylcholine impact on neuronal plasticity, differentiation andneurite outgrowth

1.4.10verview o the impact of ACh on neuroplasticity

It is well known that multiple factors are involved in the process of nervous system development
and among which epigenetic factors, growth factors, adhesion molecules and neurotransmitters
play the major role in cell survival, fiber elongation, differentiation, proliferatzom plasticity
(Jessell, 1988; Liptoand Kater, 1989; Roth and Sweatt, 2011; Snider, 1994he developing
nervous systepneurotransmittergre not involved in synaptic neurotransmission and instead
contribute to developmental processes such as neuronal differentiation, prolifenation a
outgrowth (Lipton and Kater, 1989)Among neurotransmitters, ACE releasedrom growing
axonsand regulate neunal growth, proliferation,differentiation, and plasticitgf vertebrates and
invertebrategAbreuVillaca et al.,, 2011; Biagioni et al., 2000; Lauder and Schambra, 1999)
Based on the neuron phenotype, the effetCh can be inhibitory or stimulatanjlso, ACh is
considered as a chemoattractant in both centrattenperipheral nervous system of amphibian
and mammalian speci€Kater et al., 1994; Kuffler, 1996; OwendBird, 1995; Zheng et al.,
1994) In this reviewhavingafocus onDRG neuronsthe effects of ACh omeuite outgrowth,
plasticity, and differentiation are discussed.

1.42 Acetylcholine andneuronal proliferation and differentiation

The dolinergicsystem isactive during early stages of nervous system development. In
rats, ChAT immunoreactivaneuronsemergeafter the differentiation ofprogenitor cells while
ChAT positive cells appean the germinative zonesf the forebrainn mice duringthe seond
trimester from embryonic day (E) 12.5 to E18.5uder and Schambra, 1999; Schambra et al.,

1989; Semba and Fibiger, 1988) addition the expression of mMAChRs starts at the same time in
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the forebrain andlindbrain duringembryonic developmer{Gremo et al., 1987; Schlumpf et al.,
1991) Severalines of research shatlat cholinergic neurorroduceACh during their migration
and release ACh from their growth conesurites, and som@llen and Brown, 1996; Antonov

et al., 1999; Hume et al., 1983; Tatsumi et al., 1995; Young and Poo, Re83sed ACh from
these neuronis involved in shapingeuronal networksaxonal navigaon, neuriteoutgrowthand
growth cone morphologfOwen and Bird, 1995; Ridiger and Bolz, 2008; Zheng et al., 1994)
Neurotransmitters stimuldtehibit the proliferation ofneuronghrough stimulation of GPCRs dn
cognate second messenger associated sigrn&liegss et al., 1998%timulation of proliferation

is mostly associated withhe activation ofGU- or GUy-coupled (but not G-coupled) receptors.
Stimulation of Gl-coupled receptor and increas@AMP-signaling usually inhibits cell
proliferation(Lauder and Schambra, 1998) this regard, ACh is considered as a neurotransmitter
that promots cellular poliferation In relation to this, pevious studies showed that transfected
fibroblasts with human M1, M3, and M§enes exhibéd proliferation following carbachol

administratiorin vitro (Ashkenazi et al., 1989; Mazie et al., 1992)

The pivotal growtkpromoting impacbf ACh wasreported by studies that showed ChAT
knockoutin C. elegangriggeredsevere growth defec{®and and Russell, 1984nother study
on embryonic P19 carcinoma cellgs anin vitro model systemfor neurogenesisshowed that
treating progenitor cells with muscarine inddgaroliferation via stimulation of G-coupled
muscarinic recepts and increasedtracellularCa* mobilization(Resende et al., 2008a; Resende
et al., 2008h) Moreover activation of mAChRs stimulatethe proliferation of multipotent
precursor and neuronal progenitor cellshaventricular and subventricular zones of embryonic
rat cortex(Ma et al., 2004; Ma et al., 20Q0Further research revealed mAChRduced

proliferation was mediated through ERK1/2 phosphorylation d@hd PI3K pathway(Li et al.,
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2001) To confirm these findings, treating progenitor cells with atropine inhibited the proliferation
and differentiation of these celis vitro (Zhou et al., 2004) Neurogenesis occurs in the
hippocampal formation of attuorain and newborn neurons expressRvand MR. Inducinga
lesion in septal cholinergic nuclei(which innervate hippocampus) inhibiggoliferation and
survival of dentate gyrus neurons and impgiratial memoryMohapel et al., 2005)n agreement
with this, treating mice witha@hepezil, sselective AChE inhibitorincreasedeuronsurvival and
scopolamine administration suppressed donezmeghiiced effectsn the hippocampal dentate
gyrusby blocking the CREB ignaling (Kotani et al., 2008)Iinterestingly the proliferative effect

of ACh is not restricted to neuronal lineage cells and ACh irdioic#iferation in the glial lineage
cells, such as astrocyte amtigodendrayte lineagegAshkenazi et al., 1989; Cohen et al., 1996;

Guizzetti et al., 1996)
1.43 Acetylcholine and neuite outgrowth and plasticity

ACh has an inhibitory effect on neurite outgrowth in rat retinal gangiais (Lipton et
al., 1988)ndchick sympathetic neuror{$mall et al., 295), while prevening serotoninmediated
neurite outgrowth inhibition irHelisoma(McCobb et al., 1988)Evidence indicates thdioth
nAChRsand mAChRs mediate the effects of ACh on neurite outgr@dineu-Villaca et al.,
2011) Each cell type expresses a unique pattern of NAChRs and mAChRs, thus the effects of ACh
on different cell types may vary. Fexample ACh administration to primary neurons isolated
from the thalamus of E14 mice reduced axon length in a dose dependent manner and mAChRs
played the major role in neurite outgrowth suppresgiidiger and Bolz, 2008 However
stimulation of MR by carbachol resulted in accelerated axonal outgrowth in neocqryreahidal
neurons(but not cerebellar granule céligia increasedCa* mobilization, PKC activation, and

ERK1/2 phosphorylatiofvanDeMark et al., 2009Also, the inhibitory effect of ACh on neurite
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outgrowth and motilityvasreported ircultured embryonic mouspinalcord neurongOwen and

Bird, 1995)

Since ACh suppresses neurite outgrowth, it is expected that ACh metalbgl&ChE
preventsthe suppressingffects of AChon neurite outgrowthinterestingly, AChE not only
prevent AChinduced inhibition of neurite outgrowth, but guides nearitevarcs atarget by a
nonrenzymatic mechanisrthrough recruitment of adhesive moleules (Paraoanu and Layer,
2008) Treating differentypes of cellsi( vitro) with specific AChE inhibitorsthat do not inhibit
enzymatic activesite (such aBwW254c51, propidium, and fascicu)jmeduces neurite outgrowth.
Intriguingly, treating cell cultures with AChE inhibitors, which target enzynaatto/esite (such
asechothiophate and galanthamjihad no effect on neurite outgrowupree and Bigbee, 1994;
Layer et al., 1993; Olivera et al.,, 2003hese findings suggest thperipheral anionic sitef
AChE enzyme is responsible fine non-catalytic function of AChE, In agreement with this,
several studies using primary cultured cells or cell lines demonstrated that overexpx€sding
S (synaptic variant of AChE)ncreasd neurite outgrowth, while supmsion of enzyme by
antisenseligonucleotideded to aredudion (Bigbee et al., 2000; Karpel et al., 1996; Sternfeld et
al., 1998) Also, addition ofAChE to the medium of hippocampal neurons increased neurite
outgrowth and synapse formatig®livera et al., 2003)A summary of the effects of cholinergic

drugs on neurad behaviorare listed inTable 3.
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Table 3.A summary of the effects of cholinergic drugs on the neural proliferation, differentiation,

and outgrowth.

phosphorylation and Ca
signaling through

M2R/M4R activation

Treatment Mechanism Effects References
Proliferation and Differentiation
Carbachol Increased DNA synthesi Increased the proliferation of Chinese | (Ashkenazi
through MR and MR hamster ovary (CHO) cellgrimary etal., 1989)
involvement astrocytes
Carbachol Increased PlPhydrolysis | Increased proliferation of Chinese hamst¢ (McKenzie
through MR lung fibroblast (CCL39) cell line et al., 1992)
Muscarine Increasing free cytosolic  Increased the proliferation of P19 Neural (Resende et
Ca&* levels through MR progenitor cells al., 2008a;
and MR Resende et
al., 2008b)
Nicotine Increasing free cytosolic  Increased the proliferatiosf P19 Neural (Resende et
Ca&* levels through progenitor cells al., 2008a;
NAChRs Resende et
al., 2008b)
ACh and Carbachg Different mechanisms | Increased proliferation and differentiation ( (Ma et al.,
including the activation o neural progenitor cells 2004; Ma et
MAP kinase al., 2000)
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(Li et al.,

Carbachol Activation of PI3K and Increased neural stem cell proliferation
ERK1/2 through mAChRs 2001)
ACh Increased Casignaling | Increased neural stem cell proliferation ar, (Zhou et al.,
through MR differentiation 2004)
Physostigmine Increased ACh levels in| Enhancedeurogenesis and neuron surviv, (Mohapel et
the hippocampus and | in the hippocampus following brain lesion, al., 2005)
increased neurogenesis
through MR/M4R
Donepezil Increased CREB Enhanced the proliferation and @ifentiation| (Kotani et
phosphorylation by of newly born neurons in the hippocampu al., 2008)
increasing ACh in the
hippocampus
Carbachol Increased-fosexpression Increasedligodendrocyte precursor cells| (Cohen et
through mAChRs proliferaion al., 1996)
mediated increase in PK
activity
Carbachol Increasd DNA synthesis Increased the proliferation of primary | (Guizzetti et

through MR mediated

increase in PKC activity

astrocytes

al., 1996)

Neural outgrowth

UTubocurarine

Mecamylamine

Blocked nAChRs

Increased sprouting or regenerate neuror

processes in retinal ganglion cells

(Lipton et

al., 1988)

ACh, Carbachol,

Oxotremorine

Stimulation of

MAChRs/NnAChRs

Inhibited neural outgrowth in chick

sympathetic neurons

(Small et al.,

1995)
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ACh,

Stimulation of both

Inhibited neurite outgrowth and induced

(Rudiger and

Oxotremorine, NAChRs and mAChRs morphological changes in developing | Bolz, 2008)
Nicotine thalamic neurons. Effects reversed by th
administration of nAChRs and mAChRs
antagonists.
ACh Stimulation of cholinergic Decreased growth cone motility and inhibit (Owen and
receptors, mecamylamin neural outgrowth in mowsspinal cord Bird, 1995)
(but not atropine) reverse neuronin vitro
the effects
BW 284C51 Decreased in neural Decreased neural outgrowth in chicken ret (Layer et al.,
(AChE inhibitor), | outgrowth through both ganglion cells 1993)
Ethopropazine | (honkenzymatic
(BChE inhibitor) | mechanism
AChE Decreasing ACh levels. Increased neurite elongation, synapse| (Olivera et
formation, and surface expression of AMP  al., 2003)
receptors in hippocampal neurons
BW 284C51 AChE inhibition and Decreased neurite outgrowth and neuron| (Dupree and
cytoskeletal abnormalitie migration of cultured DRG neurons Bigbee,
in the cell body 1994)
ACh, DMPP IncreasedC&” influx and | caused pronounced filopodial elongationi (Zhong et
intracellular C&" levels. | neurons from the buccal ganglion of the pc¢  al., 2013)
snailHelisoma trivolvis
Carbachol, Involvement of both Increased neurofilament expression ang (Tata et al.,
Muscarine NAChRs and mAChRs i neurite outgrowth in DRG neurons from 2003)

neural outgrowth

chick embryo
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Carbachol Increased PKC and Increased axon length of pyramidal neuro| (VanDeMark
ERK1/2 activity through | from the neocortex but hoerebellar granule et al., 2009)

M:R activation neurons

1.44 Acetylcholine effects on DRG sensory neurons

Dorsal root gangliaare a complex structure ofhe peripheral nervous system, which
transduce peripheral @ssages and convey themtte® CNS throughthe spinal cord. These
structures consist of different types of sensory neurons andewgonal cells (such &broblastig
Schwann andsatellitecells) and appear ithe early stages of nervous system develept(Carr
and Simpson, 1978; Pannese, 19BBveral lines of research demonstrated that DRG sensory
neurons are ChAT immunoreactive and theyadile to synthesize and release A@hagioni et
al., 2000) The peripheral form of @AT (pChAT) is an alternative splice variant of ChAT
responsible foACh synthesis in the peripheral cholinergic system and DRG sensory neurons, and
is considered as the most reliable marker fowvikealization of cholinergic neuroriBellier and
Kimura, 2007, 2011)in addition nAChRs are expressed on the soma of DRG neurons in chick,
amphibia, and rafBoyd et al, 1991; Morita and Katayama, 1984; Sucher et al., 1980
MAChRs are also present in DRG neurons and glial cells of a wide range of species including
amphibia and rafMorita and Katayama, 1984; Tata et al., 99%ata et al., 2000b)The M2R
subtype is the predominant mAChR in DRG neurons of rat and ¢Batardini et al., 1999;
Bernardini et al., 2002; Tata et al., 1999)eating DRG neurons (isolated from bullfrogjth
ACh induced a longasting depolarization in the soma of neurons, which was mediated by a
decrease in membrane potassioonductancgMorita and Katayama, 1984)Yreating DRG

neurons with muscarine and oxotremorine increasehcellular C&* levels, which was
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suppressed by atropine administration (but mecamylamingindicating the involvement of
mAChRs. Using different antagonists against mMAChRs subtyfesa et al, showed Ca*
mobilization in DRG neuronsvas mainly regulated by MR/MsR (Tata et al., 2000a)
Accumulating evidence suggests that ACh inhibits neurite outgrowth in different types of neurons
(including DRG neuronshowever there are studies that show ACh increases neurite outgrowth
(AbreuwVillaca et al., 2011; Lauder and Schambra, 1999; Owen and Bird,.1988)example is

the study by Zhongt d. who showed ACh lengatal neuronalgrowth conefilopodia through
NAChRs inbuccal ganglion of the ponaail Helisoma trivolvis(Zhong et al., 2013ACh has a

role in neurite extension molluscanthe secondargest phylum of invertebrate animeatervous
systemgMcCobb et al., 1988)Another example is a study on DRG neurons isolated from chick
embryos at E12 that showed administration of carbachol and muscarine enhanced neurite
outgrowthby mAChRs(Tata et al., 2003)Authors of the study explained that DRG neurons at
E12 are posmitotic, but their differentiation is in progress and they do not requéurotrophins

for survival thus they removederve growth factorNGF) from the DRG culture in this study. It
seems that differences in the methodologies and model systems underlie the inconsistencies
between latter examples and previous studésdies in our lab on rat and mice DRG neurons
showed that blocking mAChRswvas associated with increased neurite outgrovehd(will be

discussed i1.47).
1.45 Acetylcholine at the motor endplate and muscarini@cetylcholinereceptors

In the vertebratesnuscle fibers are innervated by motor neurevispsecell bodies are
located in the spinal cord/brainstem. Motor neurons have myelinated axons that project to muscles
via a complex of peripheral nerves. Each axon enters the muscle and innervate mathydilogns

multiple branches. These branches are not myelinated and finalljifenauromuscular junction
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(NMJ) (Hughes et al., 20067 he skeletal muscle fibgthe motor axon terminahndperisynaptic
Schwann cellfnonmyelinating Schwann cells/terminal Schwann cellP&Cs)are the main
components ofte NMJ(Rudolf et al., 2019)The NMJ isconsidered a special type synapse

that transduceaction potential pulsesom neurons to muscles through AQ¥MJ structure and
functiondiffer between species. Fexample while ACh is the chemical transmitter in the NMJ

of vertebrates an@. elegansglutamate is the main neurotransmitteDirosophila melanogaster
(Keshishian et al., 1996Another example is that motor neurons eftgbrates make only one
contact with a single muscle fiber, while neurons of insects make multiple contacts with a single

muscle fiber(Slater, 2017)

There are several factors that contribotthemolecular organizatioof theNMJ structure
and function.Among the nervalerived componentsggrin is known to activatéhe synthesis
aggregatiorandclustering of AChRs (mostly nAChRseh the post synaptic sitgautam et al.,
1996; Nitkin et al., 1987; Tintignac et al., 2085)d Wnt signalings known toinduceand stabilize
AChR clustes at post synaptic structur¢Shen et al., 2018; Zhang et al., 2Q1&)s0, muscle
derived components of the extracellutaatrix (such as laminins and collagen) play an important
role in the shaping of presynaptic structure during development. For exénpie, n idinectlp 2
binds to the presynaptita? channelsind deficiencyfla mi n iismssdriated with a significant
decrease in neurotransmitter release due to shortage of synaptic (@ssti@aune et al., 2004,
Rogers and Nishimune, 201 Apart fromstimulatingnAChRs and mAChR ACh is one ofhe
main regulators of the NMJ machinery as it often negatively regulates NMJ function by inducing
dispersion and internalization of tpest synaptidChRs in a mechanism, which involv€sik5
(Lin et al., 2005)To understand the importance of AClpatterning and formation of mammalian

NMJ, studies using ChAT" mice showed thathese animaldas nospontaneous anderve
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induced postsynaptic potentialsAuthors of this work showed that ChAT embryoshad an
increasen thenumber of motoneurons, muscle hyperinnervation ah@hR clusters(Brandon
et al., 2003)Moreover otherstudesusedVAChHT (vesicular acetylcholine transporter) knockout
mice and Bowed significant aberrant changeshaneuromusculastructure and functiogimilar

to ChAT knockoummice (de Castro et al., 2009; Prado et al., 2006)

Emerging lines of research indicate the involvement ofOmRs in the development of
NMJ. In early postnatal daymuscle fibers arenulti-innervatedoy several motor axonsa the
NMJ, but following the competition between axorsachmuscle fiberis innervated by a single
axon. Evidence show tharesynaptic mAGR, adenosinereceptors andropomyosinrelated
kinase B receptor (TrkB)orchestrate the communication between axons and regulate the
competitive processes leading to synapse loss in the(NitRl et al., 2017; Nadlet al., 2016a;
Nadal et al., 2016b)}or example, a study by Garaa al. showedthat BDNF (Brain derived
neurotrophicfacto) and NT4 (neurotrophin 4) increasieACh release in the NMJ through the
activation of TrkB receptor. Administration of atiop, PZ, andmethoctramindlocked the effect
of BDNF and NF4 on ACh release. These results suggest th& &hd MR autereceptors are
required for TrkBassociated ACh releag&arcia et al., 2010)Other studiessuggest that
presynapticmAChRs (namely M1R, MzR, and MR) suppress ACh release by a mechanism
dependent to PKC and voltagatedC&"* channels in weak nerve endingghich consequently
lead to their elimination at early stages of postnatal8&ntafe et al., 2009; Santafé et al., 2003,
2004; Wessler, 1989Also, it has been reported that mMAChRs are expressed in the muscle fibers
and mediate the developmental effects of neurotransniiersn and Godinho, 2005; Reyes and
Jaimovich, 1996)An interesting study by Wriglgt al.usedseverapharmacologicahndgenetic

manipulatiorapproacheto determine the role @shAChRsubtypes at mouse NMJBhey showed
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that M2R wasthe sole mAChR in motor neuronsand MR, M3R andMsR were expressed on
PSCs/muscle fibers. Treating animals with atropine;seactive mAChRs antagonist, resulted

in terminal sprouting, terminal withdrawal, and muscle fiber atrogpiygesting that mAGks
werenecessary for the NMJ formation and muscle function and structure. Treating animals with
methoctramine, aselective M2R/M4R antagonist, resulted interminal sprouting terminal
withdrawal, but nomuscle fiber atrophyln agreement with these resIMoR” mice (and not

other mMAChRs knockout micghowedspontaneous sproutirgnd loss of terminal nerve endings.
Interestingly, authors found thatsR 7 mice hal small NMJs and muscle fibers and concluded
that while MbR wasessential fothe stabiliy of axon terminalsmuscle fiber growtliepeneédon

MsR (Wright et al., 2009)
1.45.1 Schwann cellsand motor endplate function

In the vertebrates, mature I®@nn cells are divided into three main groups, wiaod
myelinating Schwann celldfRemak Schwann cells, angkrisynaptic Schwann cellPSCs).
Perisynaptic Schwann celiday a role similar tastrocytesn the CNSIn vertebratesjeural crest
cells differentiate to glial lineage cells, and a subsetamntiives rise to PSCs in the peripheral
nervous system. PSCs are involved in the formation and development oamMdiffer from
myelinatingSchwann cellswhich are responsible for myelination of axg¢8sherer, 297; von
Bernhardi et al., 2016A study by Barik and colleagues showed that PSCs ablation at different
stages of lifespan dalevastating effects on the NMJ formation/function in mice. The authors of
this work revealed that PSC ablatianEL2.5(a timenerves approach to muscle fibeed to the
formation ofsmaller and fewer nerveduced AChRclusters which suggest $Cscontribute to
the maturation oAChR clustes. Further, they showed that PSC ablation at postnatal day (P) 30

(after NMJ maturationwasassociated witherminalfragmentation andmpaired neuromuscular
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transmissionBarik et al., 2016)Previous studies demonstrate taabnderived neuregulin 1
(NRG1) and itsignaling pathway play a majasle in Schwann cells development. Genetic studies
on the ablation of NRG1 d&rbB recepto(NRGL1 receptor) genes reveal that any defect in NRG1
signaling pathway result in the absence of Schwann(@atlisiding PSC) which are responsible

for the formatbn and maintenance of the NKLEu et al., 2003)in this regarda number of studies
usedErbB3", MHC-ErbB2", Nrg1’ knockout mice and showed lack of PS@asassociated

with retraction and degeneration of nerve terminals at KIMworski and Burden, 2006; Lin et

al., 2000; Riethmacher et al., 1997; Woldayeet al., 1999)nterestingly, ablation dtrbB3had

no impact on the initial development of motweuronsand DRG sensory neurons, bat later
stagesthe majority of motor neurons and DRG sensory neurons diEtbB3" embryos These
findings imply that Schwann cells not only contribute to NMJ development and funbtioplays

a pivotal role in motor and sensory neurons suriRathmacher et al., 1997)iu et al. used
CRD-Nrg1” mice that lack PSCsmuscle denervation and synaptic formatidfsing these
knockout miceauthors applied genetic manipulations at presynaptic regulators of NMJ formation
by ablatingparticularsgenes, such asSnap25(synaptosomahssociated 25 kDa protein) Ghat

and foundhattheablation of these genes prevetitnuscle denervation and synaptic los€ RD-

Nrgl’”- mice These findings suggest that PSCs modulate ACh release and presynaptic vesicular
activities, which are involved in synaptic formation and muscle innervétionet al., 2019b)

Collectively, these findings indicate PSCs play an indispensablenrtiie development of NMJ.

In the NMJ, PSCsexpress neurotransmitter recept@sd synthesizea variety of
neuromodulator compounds such as ATP and ACh. The extracellular ATP is hydrolyzed to
adenosine that activates purinergic receptors (such as P2Y1R) expressed by neurons, PSCs, and

muscle fibers. Both ATP and ACh activé2Y1RandmAChR (mainly GJ-coupled receptors),
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respectively, and increase intracelluG&* in PSCsincreased intracellula@a” is associated with
increased ATP release by PSCs, and consequently increased adenosine fahaiatiotivate
purinergic receptors on neurofi3arabid et al., 2013; Darabid et al., 201\8)hile high levels of
adenosine activateiARs A°ARs on neurons and induces neuronal potentiation, low adenosine
levels only activate MARs leading to neuronal depress{diodd et al., 2010)Thus, PSCs regulate

the patterns oheuronalactivity andsynapticplasticity at theNMJ. Overall, cholinergic system
plays an important role in the communication of NMJ components by regulatinigtielopment

of NMJ , synaptic pruningSmith et al., 2013)and injury responsg&ang et al., 2014)
1.45.2 Schwann cells and myelination

Large axonsare wrappedoy the myelin sheaths, which improve rapid conduction of
electricalmessages in nervesd promote thefficiency ofneuronalcommunicatios. Schwann
cells and oligodendrocytes are responsibletii@raxon myelination in the peripheral nervous
system and CNSiespectively.Accumulating evidence indicates that ACh is involved in the
process ohixonmyelination(Fields et al., 2017)Previous studies revealéaat myelin fractios
obtained from the brain contain high I&e¢ muscarinic receptors, mainlyR and MR (Evans
et al., 1985; Larocca et al., 1987; Watson et al., 138éYyious studies showeddatAChE activity
washighduring myelination processd AChE inhibitorémproved myelin integratior{Bartzokis,
2007; Fields et al., 2017; Kim et al., 197Zhese findings suggest thatolinergic signaling is
actively involved in therocess ofixon myelinationAlso, a series of pharmalogical studies
showed the presence of muscarinic receptors on myelinating glia. In this regard, treating
oligodendrocytes andligodendrogliomacells with carbachol resulted in increased intracellular
Ca* mobilization andinositol monophosphataccumuléion, respectively(Post and Dawson,

1992; Takeda et al.,, 1995Another study showed treating oligodendrocytes with carbachol
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increasd IP; andCa* signaling and these effeatgereblocked by the administratiorf atropine

and PZ indicating the role of MR in the oligodendrocyte developmef€ohen and Almazan,
1994) Other studies also showed that muscarinic receptersinvolved in the proliferation of
oligodendrocyte mgenitor cells (OPCs)by increasing ERK2 phosphorylatigiharocca and
Almazan, 1997)A study by De Anglis and colleagudemonstratedhat M1R, M3R, and MiR

were main mMAChRs expressed the OPCs and muscarine mchistrationwas associated with

OPC proliferationin vitro. Authors of this work showed that treating OPCs with mAChRs
antagonists, mainly atropine aRd, suppresseOPCs proliferation and enhanbeifferentiation

of OPCgDe Angelis et al., 2012%imilarly, Schwann cells also express muscarinic receptors and
mice lackingM2R and MiR exhibit axon degeneration and abnormal myelin organizétionmeti

et al., 2006; Uggentital., 2014) Stimulation ofmAChRsinducedthe proliferation andsurvival

of varioustypesof glial cells(De Angelis et al., 2012; Murphy et al., 1986; Ragheb et al., 2001)
Among mAChRs, MR is abundantly expiesed in mature Schwann cells and activation of this
receptor suppresses Schwann cell proliferation and enhances Schwann cells differentiation and
upregulation of promyelinating factofisoreti et al., 2007; Loretital., 2006; Uggenti et al., 2014)
These findings indicate the involvement of cholinergic system in the development and function of
myelinating glial cells.

Increasing lines of research during last decade indicate the therapeutic properties of
anticholnergic drugs for myelinopathies, mainly multiple sclerosis (M8)ltiple sclerosis i
complexneurodegenerative disderand is associated with varioesvironmental factorgender,
andgeneticbackground. This disorder is considered an inflammatagrder that impairs axon
myelination and results in axonal loss in the GR&zzard et al., 20177 research by Deshrikh

and colleagues useoh animal model of MS(iprizoneinduced demyelinatigrandexperimental
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autoimmune encephalomyelitis (EAE) mgdahd showed treating animals willenztropine
induced remyelination (bothn vitro andin vivo) through direct antagonis of M1R and/or MiR
(Deshmukh et al., 2013Ysing mcropillar array screenm a recent study by Met al.identified

a cluster of antimuscarinic compounds gf#¢ctivelyinduced oligodendrocyte differentiation and
membrane wrappind@ hese compoundatfopine, ipratropium, oxybutynin, trospium, tiotropi,
guetiapine, benzatropine and clemagtwere suggested as potential drugs for the treatment of
MS (Mei et al., 2024)Most of these drugs possess selective antagonistic activity agaRstrid
MsR more than ther mAChRSs. In relation to these findingshas been reported thats®l and
M1R arethe most abundant mMAChRs expressed on rat and human(@Bi&snan et al., 2015;
De Angelis et al., 2012; Zhang et al., 2014h)addition, Abiramaret al. used an animal model
of hypomyelination and reportatiat solifenacin, an MR/M3R selective antagonisénhancd
oligodendrocyte differentiatiofAbiraman et al., 2015Recently, theame research group showed
that loss of MR in human OPCs teto improved cellular differentiation and redddatracellular
C&* mobilization in response taxotremorineM. Further, authors of this research transplanted
M3sR’”- OPCs toa mouse model of hypoyelination ghiverer/rag2 mice) and observed a
significant increase in remyelination vivo (Welliver et al., 2018)Growing body of evidence
indicates thaFDA-approvedirug clemastine, muscarinicantagonistpossesses favorable effects
on myelin formationin this regard, clemastine was shown to enhanadination in therefrontal
cortexof socially isolated rats by enhancing O#fiterentiation(Liu et al., 2016)Usingcuprizone
mouse model of demyelinatiphi et al, showedhat clemastine treatment (10 mg/kg, 3 weeks,
oral) enhancednyelination and increased the number of mature oligodendrogitest al.,
2015b) Anothe study byCreeet al inducedneonatal hypoxian wild-type andChrm1cKO (a

mouse with conditional MR knockout in OPQamice. Clemastine treatment (10 mg/kg/day,-P3
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P10, oral) significantlyncreased OPCs differentiation, myelination, and functionavexy in
wild-type mice. However, same treatment failed to induoaective effects against hypoxia in
Chrm-cKO mice indicating the involvement of {® in mediating the effects of clemastine on
myelination and OPCs maturatidiCree et al.,, 2018)Interestingly, a recent report by a
randomzed, controlled, doubtelind, crossover triashowed that clemastine fumaraias a

reliable remyelinating therapy for M&reen et al.2017) Overall, mMAChRs antagonists possess
potential remyelinating effects in different animal models of disease and are considered as novel

therapeutic agents for the treatment of MS.

1.46 Non-neuronal cholinergic systemn the epidermis

As mentionedabove, NNCS plays an important role in the regulation of biological
processes in living systems and NNCS dysregulation is observed in several human disorders
(Beckmann and Lips, 2013; Wessler and Kirkpatrick, 2008Jeed,cholinergic components
(ACh, ChAT, AChE, mAChRs, and nAChRs) are present in manyneamonal cells, including
keratinocytes (KC), which are the main cellular component of epidermisepitiermis envelops
the skin and covers the oral and vagmalcosa and consists of different lay@fgyure 7).
Keratinocytes synthesize, secrete, and degrade ACh and express both nAChRs and mAChRs.
Ample evidence indicates thAINCS of human KCs (or ACh axiplays a major role in the
development and function tiie skin(Grando, 2006; Grando et al., 2008ketylcholine exerts
its modulatory effects on KCs through activation of both NnAChRs and mAChRs. It is important to
note that snultaneousactivationof NnAChRs and mAGRsoccurs in a unique manner, through
which thestimulation of a combination of NnAChRs and mACHRsACh results in a balanced

andsynchronizediological response.
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Figure 7. A simplified structure of epidermis and mAChRs expressiona) expression pern of
MAChHR subtypes in different layers, and b) Alterations (increase/decrease) in cholinergic component

during the differentiation of KC.

For example, increaséi’* influx following nAChRs stimulation is balanced by the activation of
inhibitory mAChRs in the KCs(Grando, 1997)Immunohistochemical studieshow that KCs
express all types of MAChRstaeRNA and protein levels and the expression pattern of mMAChRs
varies during developmentsiages of KCs. In this regard,s® (predominant subtype) ands®™

are expressed in the basal cells (Stratum basalg,|d§4R and MR are expressed in thpisous
cells(Startum spinosum layer), and.Rlare the main subtype expressed by granular cells (Stratum
granulosum layer\Ndoye et al., 1998)Although there are controversial reports about the

localization and expression ofz2M in the human epidermi&lwary et al., 2004)out granular cells
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of rat 6 s e pi RdHaberbergereaxdoBodesbgnnek] 2000feed, KCs express
different combination of mMAChRs at different stages of their development suggesting the distinct
role of each mAChR subtype the KCs maturation and functiarAlso, previous studies showed

that ChAT was expressedequally throughout the epidermibut AChE was predominantly
expressed in Stratum basgMguyen et al., 2001)These findings suggest that ACh levels are

higher in uppermost epidermal regions

1.46.1 Muscarinic regulation of KC proliferation and outgrowth

The Stratumbasale layercontains the KCprogenitor cells which giverise to transit
amplifying cells During the KC migration, these celisove upward$rom Stratum basale layer
and eventuallgxperiencderminal differentiatior(Kirfel and Herzog, 2004 Previous studies on
the role ofcholinergicagonists and antagonists on the Kiégelopmenshowed thaboth nAChRs
and mAChRswereinvolved in the proliferation and outgrowth of K@Srando et al., 2006)n
this regarg administration ofpropylbenzilylcholinemustard(PrBCM, irreversible muscarinic
antagonist to human KC culture causg a significant increase in cell numberhile the
administration of bromaceyicholine (BrACh, a specific ChAT inhibitor) suppressed KC
proliferation and outgrowth suggesting that ACh is necessary for KC prolife(@rando et al.,
1993) On the other hand, administration of muscarinmégfs (such as muscarine and arecoline)
to KCs {n vitro) was associated withmixed results with respect to cellular proliferation and
outgrowth. Treatment with muscarine increatdeelKC proliferationandupregulation of factors
associated withcellular proliferation and growth. These effects were abolished by the
administration of atropine. In another study, administration of arecoline (a partial agonist for

NAChRs and mAChRs) suppressed the KC proliferatfomedondo et al., 2003a; Chang et al.,
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2001; Thangjam and Kondaiah, 200%hese results suggest tmaAChRs are involved in the

KCs growthandproliferation.Moreover, MChRs are also involved in the differentiation of KCs.

In this context, previous studissh owed t hat Dbl ocking the &7 nAChH
in the inhibition ofterminaldifferentiationof KCs . Al s o, bl ockinpgyotl U7
bungarotoxindownregulatdpr oapopt ot i ¢ factors (such as Bad

NAChRis associated with KCs apoptog§fgredondo et al., 2002; Arredondo et al., 2003b)

1.46.2 Muscarinic regulation of KC migration

The migration of KCs plays a major roletime wound healing procesd any defet in
KC migration is associated wittlinical phenotypeassociated witimorthealing wound¢Santoro
and Gaudino, 2005Within 24 hours after wounding, KGs the basal layenndergo significant
morphological and structural changes and start migrating laterally oveotireded areéKirfel
and Herzog, 2004; Ortonne et al., 198%)awling locomotion and migration of KCs depend to
their ability to attach to the other cells asdrroundingmatrix. Interestingly, KCsre able to
synthesize aneéxpressa wide range oéxtracellular matriECM) materiak, which play a major
role intheircell-cell and celimatrix interactionThe integrins are family ofproteins thatink the
cell cytoskeleton to th&CM and are involved in the KCsdhesion and migration process.
Keratinocytes express s efstb,andlbsthatesablethemitont e g r
attach to ECM proteins such as fibronectin and vitrongtiarjava et al., 1993)Since KCs
express integrin receptofsecognize ECM of adjacent KGshhe lower cellsfacilitate the
migration of upper KCs by providing an abutmemt them(Kirfel and Herzog, 2004; O'Keefe et
al., 1984) Acetylcholine isa highly positive chargednoleculeand has been reported as

chemoattractant, whictletermineghe direction of migrating KCs(Chernyavsky et al., 2005)
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MiR and U7 nAChR are responsible for ACh chemo
the direction of KCs migration. Irelation to thistreating KCs with MT7, a negative allosteric
modulator of MR) or silencing the MR gene resulted in a decreasdhe number of migrating

KCs toward the cathode a direct current electric fielfhalvanotropism)a modelsystemused

for cellular migration studiesFurther antagonizing both MM and U7 nACH& r esul
completed suppression of KCs migratidime stimulation of MR and U7 nAChR is
with the activation of ERK and downregulation of sedentary integrins in(E8srnyavsky et al.,

2005) To evaluate the effects of pharmacological agents on KCsitoigrbehaviors, researchers

usal agarose gekeratinocyte outgrowth syste@AGKOS), which is a reliable test to investigate

KC function during reepithelization(Chernyavsky et al., 2004a; Grando et al., 1998ng

AGKOQOS, it has been shown that stimulation ofRVend MR exhibit reciprocal effects on KCs

migration distance. In this regar@hernyavsky and colleagues showed thgipressin of M3R

with siRNA resuledin theincreased migration distanoé KCs andtreating the cells with MT3

(a M4R antagonist) decreasehe KCs migration. Conversely, suppressingRMwith siRNA

resulted inthe decreased migration distance of KCs and treating the cells vib#hMP (a MsR

antagonist) had no effect on KCs migratigwthors of this work used MR’ and MiR” mice and

showed KC migration increasén MsR” mice, while therewas a significant decrease in KC
migration in MiR” mice (Chernyavsky et al., 2004kpterestingly, reults of this work showed

that MsR inhibition was associated witlthe upregulation of migratory integrins, while 4®

inhibition resuledin theupregulation of sedentary integrimsdeed, the inhibitory impact &fzR

stimulation on KC migration is mediatdy calciumdependent cGMP/protein kinase G signaling
pathway and MR stimulation suppresses the effects ofz® activation throughadenylyl

cyclase/cAMP/protein kinaspathway(Chernyavsky et al., 2004bYhese rsults indicate that
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stimulation of MR suppresses KC migration, whilesRlIstimulation is associated with increased

migration of KCs.

1.46.3 Muscarinic control of epidermal cohesionand cornification

Keratinocytes are strongly held togetherdaherensynctions(Zonulaandmacula
adherens), which are necessarytf@epithelium integrity and protecticagainst environmental
mechanobiological stressors. Evidence indicates that ACh sigiilabtignAChRs and mAChRS)
is highly involved in the regulationf &C adhesbn (Grando, 2006)In this regard, previous
research revealed that mMAChRs antagonists irtbacantholysisl¢ss of intercellular connections
and KC adhesion) suggesting that stimulation of mAChRs isinext) for KC adhesianFor
example, atropine has been reported to increaspdimeability ofKCs layers,and inducing
acanttolysis inanin vitro model ofhumanepidermig(Kurzen et al., 2006; Nguyen et al., 20D4b
Also, administration ofatropinewas showrto increasehe phosphorylation of desmoglein 3; E
cadherins and catenins suggesting that phosphorylation of adheretsias is involved in the
atropineinduced acantholysi@Nguyen et al., 2003; Nguyen et al., 200#iigrestingly, nAChRs
antagonists are able to impair intercellular connections and KC adhesion indicating that both
nAChRs and mAChRare involved inthe KCs adhesion(Grando et al., 1995; Nguyen et al.,
2004b) Usi ng knockout mi ce | acki ngtor8)Nguyetand and
colleagues showed the abnormal expression of adherence molecules in KCs. Authors of this work
also demonstratetiatsuppressio of each othese three receptors induced acantholysis in human
KCs, buts i mul t aneous 3stu9amM8receptoossy antisenseloligonucleotides
aggravatd acantholysigNguyen et al., 2004b)The effets of cholinergic antagonists on KCs

adhesion is reversible and previous studies showed that cholinergic agonists (such as carbachol
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and methacholine) reveibdhe acantholysis mainly through the upregulation of adherence

proteins like Ecadherin and desmgtein (Nguyen et al., 2003; Nguyen et al., 2004&)e anti

acantholytic effect of cholinergic agonists has béefocus of researchers for the treatment of

pemphigus vulgaris (PYa skin diseaseaused byhe generation olgG autoantibodiesgainst

adherence molecules that induces acantho(ifsieia et al., 2012; Grando, 2006; Nguyen et al.,

2004a) It has been suggested that therapeutic effects of cholinergic agori¥dfsare mediated

by suppressing thigG-induced phosphorylation @f120cateninando-catenin(Chernyavsky et

al., 2008; Nguyen et al., 2004&urther research showed that stimulation aRNby pilocarpine

increasd serine/threonine and tyrosine phosphatase activiteduce p120 a n d-catenin

phosphorylation, angirevened KCs acantholysisn vitro. Treating cells with MT7 abolished

pilocarpineinduced effects suggesting thatfis partly mediates thenti-acantholytic activity

of cholinergic agonistdn addition,stimulation ofU 7 n i ceoeptor byAR-R17779resulted

in similar effects but AR-R17779treatment inhibited Src kinase as wdlteating cells with

methyllycaconitine abolishe®lR-R17779i nduced effects suggesting t

involved in the antacantholyticactivity of cholinergic agonist€Chernyavsky et al., 2008)
Epidermalcornificationis accompanied b specialform of KCsterminal differentiation

and programmed cell dea#imd results irthe formation of theStratum corneum (alsbair and

nails), which responsible for protecting the body from dehydration and environmental chemical

injury (Eckhart et al., 2013)rerminally differentiated KCs synthesize different produstich as

lipids and humectant¢such as filaggrinJand secretethem in the form oflamellar bodies

(containing lipids and proteins) into the extracellular sp&@mncomitantly,granular celldose

their cellular organelles and nuclei and experience pnogngd cell death and consequently,

becomenonviable corneocytes in the stratum corneliimehumectantseleased by granular cells
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are filaggrin degradd products which serve asatural moisturizing facto(NMF) and are
responsible fothe plasticity of epgdermis (Eckhart et al., 2013)Evidence indicateshat ACh
contributes to the epidermal cornification as a secretagogue that promotes the secretion of
humectants. These effects of ACh are mediated by synergisticiaon of M1, U7, and
receptors, which increase the intracellular level§a@t (Nguyen et al., 2001 )reating KCs with
tropicamide (a MR antagonist) increased intracellu@&* concentrations sygsting that MR
stimulation may exert inhibitory effects on humectant secretion. As mentioned above, terminally
differentiated KCs do not expressiR] thusthe discharge does not occureatly stages oKCs
differentiation(Nguyen et al., 2001verall, ACh exerts its effects by orchestrating nAChRs and
MAChRSs during the different stages of KCs development.

As noted earlierKCs are not onlyhe building blockof the skinand they releasseveral
neuroactivatoand immunomodulatorompoundsand express diverse receptors suchgasnd
and voltagegated ion channelas well asgrowth factorreceptors. Accumulating evidence
indicates that KCs are in close contact with sensory afferent nerves and severlrmal cells
and are involved in the regulationmdciception and inflammatioflbanesi et al., 2005; Keppel
Hesselink et al., 2017A summary of the effects of cholinergic drugs on KC developmest
summarized iMable 4.
1.4.7 Role of cholinergic system in peripheral neuropathies
Peripheral neuropathy includes all disorders, which are associated with nerve injury in the
peripheral nervous system. One of the common types of peripheral neuropathy is distal symmetri
polyneuropathy (DBN), which is observed in a variety of disorders such as diabetes, Friedreich
ataxia, CharcétMariel Tooth disease type 2 and human immunodeficiency virus ¢d$gpciated

distaksymmetric neuropathfCallaghan et al., 20)5Sensory and autonomic dysfunction are the
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main manifestations of OFN and are accompanied by positive symptoms (such as pain and
dysesthesia) and negative symptoms (sensory abnormalitiefgct, distal dyingoack process

and axonal degeneration ahall fibers are observed in P8I (Ferrari et al., 2006; Klein, 2020;
Morral et al., 201Q)

As previously noted, both KCs and sensory neurons synthesize and release ACh that
suppresses neurite outgrowth in diffaréypes of neurons, mainly through the stimulation of
MAChRs. Studies in our lab examined the therapeutic potential of antimuscarinic drugs for
preventing/reversing DSDPWe applied selective/specific antimuscarinic drugs to different
animal models of pegsheral neuropathy such as diabetic neuropathy, chemothieidyged
peripheral neuropathy (CIPN) and HBssociated neuropathy. Oiar vivo andin vitro results
showed that MR blockade by VU025503%27 and MT7 stimulated AMPK and mitigated
diabetesnduced mitochondrial dysfunction. In addition, these treatments attenuated the depletion
of sensory nerve terminals, and improved nerve conduction and thermal hypoalgesia. 1Bsing M
" mice, we found that lack of MR enhanced neurite outgrowth of sensory nesirand diabetic
M1R” mice did notexhibit physiological and structural indices of sensory neuropathy. Further,
our results revealed that administratiorP@fand MT7protectedanimals against chemotherapy
or HIV-induced sensory neuropatfalcutt et al., 2017)

Previous studies from our lab and others highlighted the importance of mitochondrial
dysfunction in the pathophysiology of peripheral neurop@Bernyhough, 208; Leinninger et
al., 2006; Roy Chowdhury et al., 2012)o investigate how MR blockade ameliorates the
diabetesnduced mitochondrial dysfunctiokernyhough laldministered MT7 to DRG sensory
neurons of diabetic ratsResults showed th&ll:R blockadeincreasd AMPK phosphorylation

and improve mitochondrial function in diabetic and CIPN animals through a mechanism
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involving calcium/calmodulird e pendent protein kinase kinaseb
delivery of MT7 reversed diabetesr CIPN-induced decrease in corneal nerve der{(Safeh et

al., 2020) In another studypur labexamined the role of MR on mitochondrial trafficking and
dynamics.Results showed that {® overexpression in DRG sensory rens cause neurite
outgrowth suppressi on vipmoteid ansl dacrpassdad onitochonflrialt u b u |
trafficking in distal neurites. Treating transfected DRG sensory neurons with MTPand
normalized the cytoskeletal alteration, neurite outginoand mitochondrial traffickingSabbir et

al., 2018) Recent findings fromur lab revealed that pharmacological blockade aRMnducel
neurite outgrowth in DRG sensory neuarregstns i n &
dependent ERKCREB pathwaySabbir and Fernyhough, 20185 mentioned above, KCs are in

close communication with free nerve ending ofilé&rs and other neneuronal cells in the
epidermis. Indeed, epidermal primary sensory afferents are responsible foartbigom of
environmental stimuli into sensatioh&Cs activateneurons innervatingutaneous and contribute

to the initiation and maintenance of abnormal sensory transmission in pathological conditions
(Baumbauerteal., 2015) According to these findings, KCs are appropriate therapeutic targets for

the treatment of a variety of disorders including neuropathic(Bappel Hesselink et al., 2017;
Knezevic et al., 2017)In this regard, we recently showed that topical delivery of muscarinic
antagonists (such &, atropine) to diabetic mice prevedtand reversa peripheral neuropathy

(Jolivalt et al., 2020)Also, our results demotrated that topical delivery of oxybutynin (a
muscarinic antagonist) improved structural and functional indices of small fiber function, and
quality of life in persons withtype 2 diabets and exhibiting peripheral nepathy (Casselini et

al., 2024)
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Table 4. A summary of the effects of cholinergic drugs on KC development.

Drug/genetic Drug/genetic Effects on KC function References
manipulation manipulation
function
Proliferation and Differentiation
PrBCM MAChRs antagonis| Increased proliferation by blocking @gupled | (Grando et al.,

mMAChRs

1993)

bromoacetylcholine

ChAT inhibitor

Inhibits cell division

(Grando et al.,

1993)
Arecoline Partial nicotinic and  Inhibits KC proliferation by inducing cell cycle | (Thangjam ang
muscarinic agonist arrest Kondaiah,
2009)
Muscarine MAChRs agonist Increased proliferation and cell cycle proteins (Arredondo et
relevant to proliferation (reversed by atropine), al., 2003a)
Atropine, mAChRs and Blocked epidermal differentiation and proliferati¢ (Kurzen et al.,
Mechamylamine, nAChRs 2006)
Strychnine antagonists
Orientation and Migration
Carbachol nAChRs and Increased KC chemotaxis toward ACh througl (Chernyavsky
mAChRs agonist MR and U7 nAChR etal, 2005)
anttMsR siRNA Suppressing MR Increased KC migration by dowmegulation of (Chernyavsky
fsedentaryo i nt | etal,2004b)
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decreased KC migration by dowegulation of | (Chernyavsky

arti-M4R siRNA Suppressing MR
Ami gratoryo integrinetal,2004b)
MT-3 M4R antagonist Reduced KC migration distance (Chernyavsky
et al., 2004b)
4-DAMP M3R antagonist No effect on migration (Chernyavsky
et al., 2004b)

Epidermal cohesion and Cornification

Atropine, tubocurarine,

mMAChRs antagonis

Induced acantholjs by the phosphorylation of | (Nguyen et al.,

Strychnine

antagonists

strychnine adherence proteins 2004b)
Atropine, mAChRs and Induced acantholysis (Kurzen et al
Mechamylamine, nAChRs 2006)

Pyridostigmine bromide

AChHE inhibitor,

Anti-acantholytic activity through decreasing th

(Nguyen et al.,

carbaclol+Nicotine)

Carbachol nAChRs and phosphorylation of adherence molecules 2004a)
MAChRs agonist
Pilocarpine MAChRs agonist | Anti-acantholytic activity through decreasing th; (Chernyavsky
phosphorylation of adherence molecules b)RM | et al., 2008)
and the U7
A combination of mMAChRs antagonis Increased humectant release througiRM U 7 | (Nguyen et al.,
MAChRSs antagonists + and nAChRs the U9 medi at ¥devationmt r 2001)
NAChRs agonist (e.qg. agonists
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1.5Rationale, objectives, hypothesis, andims of the study
1.5.1 Rationalehypothesis, andbjectives

Results from oulab and others showed that genetic/pharmacologic manipulationgRoinv

DRG sensory neurons revealed protective effects against peripheral neuropathies and
axonopathies in anirhenodels of disease, such as in diabé@adcutt et al., 2017; Casselini et
al., 2024; Chauhan et al., 2025; Jolivalt et al., 2020; Sabbir et al., 2018; Saleh et al.TRE2O)
studies showe:1R selective orgecific antagonist®Z or MT7 enhanced neurite outgrowth in
rodentDRG neurons, while antagonists at {2 and nicotinic antagonists failéd induce
neurite outgrowthDRG neurons from MR knockout mice displayed augmented neurite
outgrowth compared witheurons from wildtype mice, with improved mitochondrial function
(Calcutt et al., 2017M1R overexpression in DRG sensory neurons caused neurite outgrowth
suppression via disruption of tubulimediatedb y 14pkotein and decreased mitochondrial
trafficking in distal neurites. Treating transfected DRG sensory neurons with MAZ or
normalized the cytoskeletal alteration, neurite outgrowth and mitochondrial traffi@aidpir et
al., 2018) M1R blockade increased AMPK phospylation and improved mitochondrial
function in diabetic and CIPN animals. Interestingly, topical delivery of MT7 reversed diabetes
or CIPN-induced decrease in corneal nerve der{Stleh et al., 2020pPespite lhese findings,
there was no clear explanation about the molecular mechanism(s) throughP&NER7

exerted their effectgia M1R. Further studiefrom our lab revealed that pharmacological
blockade of MR induces neurite outgrowth in DRG sensory neurorasmechanism associated

with ab-arrestin dependent EREREB pathwaySabbir and Fernyhough, 2018)s mentioned
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abovetheb-arrestinERK pathway is a weltharacterize¢p at hway as s-arestrat ed wi t
biasedsignaling at GPCRaWith respect to R, there are several examples of agonists
displaying biased signalingan der Westhuizen et al., 202@ile biased agonist activity of

M1R antagonists has not been obsereedstudied).

Based on these findingshypothesizedthat selective/specific antagonists off
exhibit biasedctivity at the MR v {araestib signaling. Thebjective was to determine
molecular events occurring at thaRthat underpin the mechanishbiased agonism mediated

by these antimuscarinic drugs.

1.5.2 AIMS and proposed experiments
1.5.2.1 AIM 1: Effects of mus-arestinpathwaysant agoni

Regarding the protective effectsPZMT7 against peripheral neuropathaesd axonopathies,

investigating the biased agonist activity of these drugs may lead to better understanding of
mechanisms underly their therapeutic effe€tse first step for determining the biased agonism

activity of a ligand is to examine the capabilifyal i gand t o actdanesth e G pr ot
signaling pathways. Thufgr this aim the activity ofthe G protein pathwaghould be testelly

measurindl)i nosi t ol monophosphate (I P1), an indicat
( Ghactivity), and 2)cAMP in response to forskolifigr showingG U activity in HEK293

and/or DRG sensory neurons. For the evaluatidhafb-arrestinERK pathwayit is necessary

to examinghe interaction betweenf® a radestm2n response tonuscarinic drugsisinga

reattime proteinprotein interaction technique suchNanoBRET (Bioluminescence Resonance

Energy Transferin HEK293 cells and DRG sensory neurons. Furttiercapability of
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muscarinic drugatinducing ERK activatioin HEK293 cells and DRG sensorgurons should

be tested.

1.5.2.2 AIM 2: Characterization of muscarinic antagonistinduced phosphorylation of MiR

Binding of ligands to GPCRs is usually associated with phosphorylation of the receptor at
intracellular domains  a-areestifissubsequentlpind to the phosphorylated receptdriggands
control arrestin activity by modulating interactions of a GPCR with GRKs, which phosphorylate
different sets of GPCR residu@®bin, 2008) Thus, determining whether muscarinic drugs (e.g.
PZ) are capable of phosphorylating®is important. To achieve this, LC/MS/MS and
phosphoproteomics studies aiRMWwere pursuedAfter determining thaerine/threonine
phosphorylation status at theiR] it is necessary to discover thechanistic role of

phosphorylated residues withini® in mediating biased agonisastivity. Usingmutagenesis
techniques and generation ofifMmutants (lackingr with replaced phosphorylated residues)
provide tools to test the effects of ppst ans | at i o naresin-biksedragoeisn on b
activity of muscarinic drugs. These mechanistic studies are exathioedhtheir impact on
proteinprotein interaction (MR-b-ar r est i n2) and ERK acarestnat i on a

biased pathway.

1.5.23 AIM 3: Role of regulatay factors involved in M1R biased signaling

There are several factors that contribute to ligaadiced GPCR signaling. In regard to this
study,therole of GRKs, G proteinsCKs, receptor internalizatioa n darrdstinsaare determinant

for ligandinducedsignaling. Pharmacological and genetic tools are used to determine the role of
these factors in regulation ofiM signaling in response to antimuscarinic drugs. Using HEK293

cel | s | a cakestingendamiikHibition of G protein/GRKs/CK activity arexamples
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of techniques used to show the importance of these regulatory elements in mediating biased

agonism activity of antimuscarinic drugs

Collectively, this study uses a wide range of molecular and cellular apprdaagireside
unprecedented insightnto the molecular mechanismsasttimuscarinic drugPZ/MT7) at
M1R and highlights thenportance of MR phosphorylation and biased agonism in mediating the

physiological effects of these drugs on DRG sensory neurons.
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Chapter 2

Antmus car i ni ¢ -drrestig-liasesl agenisin atbhe muscarinic

acetylcholine type 1 receptor

The preprint is currently available at BioRxiv, D@D.1101/2025.04.16.649213)
One-sentence summary

Antimuscarinic drugsict asb-arrestinbiased agonistgia casein kinase 2 activation to promote

ERK1/2phosphorylatiorandneurite outgrowth
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2.1 Abstract

Previous studies indicate that bothrepzepine (PZ), a selective orthosteric muscarinic
acetylcholine type 1 receptor (M) antagonist, and muscarinic toxin 7 (MT7), a hegatiM&
allosteric modulator (NAM), act vidMiR to promote neuritogenesis in cultured adult rodent
primary dorsal root ganglia (DRG) sensory neurons, in part, thrdugirestindependent
activation of extracellular signaégulated protein kinase 1/2 (ERK1/2). Furthermore, these
antagonists reveesnerve degeneration in a variety of rodent models of peripheral neuropathy
through multiple complementary pathways. To understand the therapeutic effects and mechanism
of M1R antagonistnduced ERK1/2 phosphorylation, we tested the hypothesis that PMEnd
possesd- arrestinbiased agonism at {® to drive activation of ERK and enhance neurite
outgrowth. Treatment for up to 30 min with PZ and MT7 ddspendently recruiteld-arrestin2

to MR (analyzed using naA®RET) and increased ERK phosphorylation in both HEK@&I&

and DRG neuron®RG neurons of different stilypes express MR, and ERK activation by MT7

was only observed in NR-positive neuronsThese novel pharmacological effects occurred in the
absence of activation of G protein signaling or receptor iniezat@on in HEK293 cells PZ
phosphorylated MR at six specific serine/threonimesidues (Mr230, 1251, Thr254, 1321,
Thr354, $r356)of intracellular loop 3 (ICL3) and deletionutation of these sites suppressed PZ
and MT7 induction ob-arrestinbinding to MR and inhibited ERK activatiorn-arrestinbiased
activity of PZ and MT7 involved the mobilization of casein kinase 2 (CK2) and this occurred in
the absence of GUg or G protein recefpbased ki na:
inhibition of CK2 blocked PZnduction ofb-arrestin association, ERK activation and neurite
outgrowth in DRG neurons. konclusion PZ/MT7 activated MR toward théb-arrestin signaling

pathway in both HEK293 cells and DRG neurons to augment E&iaton and neurite
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outgrowth via engagement of CKResults of this work provide novel findings with far reaching

conseqguences on our understanding of the signaling mechanism of antimuscarinic drugs.
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2.2INTRODUCTION

G protein coupled receptors (GPCRa)e dynamic transmembrane proteins that activate several
signaling pathways via engagent ofnumerous intracellular molecules, includi@gproteins, G
proteincoupledreceptor kinases (GRKsa n darrdsting(Magalhaes et al., 2012Recruitment
and activation of the di f {frestiesrdligaimdtedpendenttardi me r i
cell-type-dependent processs (Wisler et al., 2014) Ligand binding to GPCRs triggers
phosphorylatiorevents at intracellular loops (ICLs) and the carbh¢egminusof the receptorthat
mobilizes binding ob-arrestins. These phosphorylation events are mostly controlled by kinases
such as GRKg§Sulon and Benovic, 2021protein kinase C (PKQPrube et al 2022; Luo et al.,
2017) andcasein kinase@lung et al., 2017; Torrecilla et al., 2007; Waugh et al., 1998)now

clear that unlike balanced agonists and antagonists, biased ligandpecifically target a
particular receptelinked signaling ptnwayor subset of pathway$mith et al., 2018; Wootten et

al., 2018)

The muscarinic acetylcholine type 1 receptoriRMis a class A GPCR and widely
expressed in the central nervous system (GNS)ey, 1993; Levey et al., 199andtheperipheral
nervais system (PNS{Bernardini et al., 1999; Harrington et al., 200If) response tdhe
endogenous agoniscetylcholing or a balancedsynthetic agonistsuch as carbachol, 1R
activates several signaling pathways via reoreiit of G \J11 to increag inositol (1,4,5)
trisphosphate (i} and intracellular calcium levelg, n darrdstinscontributing toactivation of
extracellular signategulatedoroteinkinases (ERKs{Butcher et al., 2016; Sabbir et al., 2018; van
der Westhuizen et al., 2020; Yeatmaralet2014) It is important to note that MR is capable of
bi ndi n,g i®0a redAvé &t al., 2022; Sabbir et al., 201B)1R plays an important role

in the regulation of neuronal functioand its &lation causesabsence of phosphoinositide
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hydrolysis in cortical and hippocampal neurons in response to muscarinic agByisizster et

al., 2003; Wess, 2004M1R is the major muscarinic receptor subtype that mediates ERK

activation in neurons, and4R knockout (KO) mice show no ERK activation in hjgampal and
cortical neurons after receiving carbachol and oxotremorine, respedBarkeley et al., 2001;
Hamilton and Nathanson, 2001M1R selective agonisigromotecellular excitability, synaptic
transmission, and hippocampal letegm potentiatia in mice, and this is suppressedvnR KO
mice (Dennis et al., 2016)A study using chemogenetics and a phospdficient Mi(R mouse
model revealed that regulation of learning, memory, and ankietypehaviors depends on;®
phosphorylation and relevagi gnal i ng p at {favestig secru{tnsent cahd ERI
acti vat i oqgrédlated sighaling evas Griked to 1R-dependeniadverse effects such as

seizureqgBradley et al., 2020)

We previously reported that genetic or pharmacological blockade 18 &khibited
protection against different types of peripheral neuropathgdentsincluding sensory and motor
nerve dysfunctiorfCalcutt et al., 2017Unlike M2R, M3R, and MR antagonistsyeéatment with
pirenzepine (PZ), a selective orthosteric antagofor MR, and muscarine toxin 7 (MT7), a
negative allosteric modulatdNAM) for M:R, enhanced mitochondrial function and neurite
outgrowth in adultodentdorsal root ganglia (DRG) sensory neur{@alcutt et al., 2017; Sabbir
etal., 2018)Further,ve s howed t hat EaRdéStinaantributeddthe aeuritogenid
effect of PZ and MT7Sabbir and Fernyhough, 2018jowever, the molecular mechanisms
through which theserototypical antagonistactivate MR-mediated ERK1/Zemain unknown.
Interestingly, prototypical b-adrenergic receptor antagonjssaich asthe prominentb-blocker
carvedilol,have also demonstratédarrestinbiased agonims leading to the induction dERK

activation(Nobles et al., 2011; Wisler et al., 2003)milarly, in thecase ofangiotensin Il type 1
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receptol(AT1R), antagonists toward (G can alsshow biase@gonisn towardb-arrestirs (Violin

et al., 2010)Studies with thé&2-adrenergic receptor have assigned a barcode related to thetdist
phosphorylation pattern otrolled by GRKs that determinds-arrestindependent signaling
(Wisler et al., 2007)Thus, in the current study, we tested the hypothesigthand MT7 may

posses§-arrestinbiased agonism at theiM.

To address this hypothesis, we usedorthosteri@antagonist (PZ) and a NAM (MT1p
study signaling pathways and molecular mechanisms associated yRthirdluding G protein
S i g n a-darrestig recrufiment, ERK activation, receptor phosphorylation and internalization.
We found thatM:R antagonists gisphorylated MR at specific residues at intracellular loop 3
(1 CL3) , -arrestin2wndtacivhtecdbERK in both HEK293 anicharyadultDRG sensory
neurons without activating G protein signaling or receptor internalization. ERK activation
depenedon the phosphorylation of specific residues aRM U n |4 or GRKs,@v86und that
b-arrestins and casein kinase 2 (CK2) mediate the effects of antimuscarinic drugs on ERK
activation.Finally, inhibition of CK2 blocked PZnduced ERK activation and nétg outgrowth

in adult DRGsensoryneurons.
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2.3RESULTS

2.3.1Pirenzepine(PZ) and MT7 r eamastin2 to MR wibhout activation of GUy
protein signaling

To explore whether MT7 and PZ mobilizearrestin signaling in the absence of G protein
sigraling we first showed the classicantagonism activity oPZand MT7 at MR by measuring

inositol monophosphate (IP1) productioAs seen in Fig2.1A&B, PZ and MT7 blocked
muscarinenduced IP1 production in a dedependent manner in HEK293 cellsd cltured adult

rat DRG sensory neurons (Fi@.3B&C). Next, we examined the induction @farrestin2
recruitment to MR using a Bioluminescence Resonance Energy Transfer (BRET) assay. The
rational e {faonresctel-ar@stildwgsrtfattlR has more p-refere
arrestin(Davis et al., 2010; Song et al., 200BRET measurengs showedthattreatmentwith

carbachol (1 mM) (Fig2S1) or muscarine (1 mM) api d | y -arrestim2ecautnedt tob

M1R (Fig. 1C&D). Subsequentreatment over a 5 min period withe PZ (1 uM), or MT7 (100

nM) inhibitedthe muscarinénduced interetion betweerM:R  a rRadestm2(Fig. 2.1C&D); as

expected and previously describ@teatman et al., 2014further, we showed that PZ and MT7
treatments (but not muscarine) failed to increase IP1 in HEK293 cell2(EA). Interestingly,

unlike muscene, PZ and MT7 treatments did not change the cAMP response to forskolin in
HEK293 cells (Fig2.2B). Since thanaximumBRET response to NR agonists were observed

after5 min of incubationa doseresponse curveas performedt this time pointM:R actvation

induced by carbachol over a 5 min period induced a-dosep e nd e nt r -@reestin2nt me n t
HEK?293 cells (Fig2.2C) and DRG sensory neurons (F&3D). Unexpectedly, however, over a

longert er m treat ment per i oearrestn2 to MR inma conceRt@tior ecr u i

dependent manner in HEK293 cells (F22D) and DRG neurons (Fi@.3E). Similarly, over a
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30 min period MT7 i-awrestin2te MR in a dosalependerd mannepif

HEK293 cells (Fig2.2E) and DRG sensory naunrs (Fig.2.3F).

2.3.2PZ and MT7 increased ERK activity in HEK293 cells and DRG neurons

b-arrestins form signaling scaffolds with members of mitegetivated protein kinases (MAPKS)
including ERK(Luttrell et al., 2001; Song et al., 2009ye previouslyeported that treating DRG
neurons with PZ (1 uM) or MT7 (100 nM) activated ERK via-arrestindependent pathway and
increased neurite outgrow{Babbir and Fernyhough, 2018)eating MR-transfected HEK293
cells (Fig.2.2F&G) and DRG neurons (Fig.3G&H) with PZ (1uM) and MT7 (100 nM) increased
ERK phosphorylation in a timdependent manner. To examine the role @RNh the PZ and
MT7 stimulation of ERK phosphorylation in DRG neurons, we first stained intact DRG from WT
(Fig. 24A, top panel) and MR KO mice (Fig.24 A, bott om-tybalinld &angd MW t h
ATTO590 (a functional fluorescey labelled MT7. Since MT7 possesses an extreme subtype
specificity toward MR (Maeda et al., 2020we usedhe MT7ZATTO590as an MR marker in
DRG neurons instead of unreliabtommercial antibodies against® DRG neurons across a
range of perikaryal sizes (and thus sensorytgpbs) in WT mice expressedi® (Fig.2.4A, top
panel) while we confirmed MR KO mice expressed noi® (Fig.2.4A, bottom panel). Treating
DRG neuronsvith MT7-ATTO590 (90 min) significantly increased phosgbBK expression in
DRG neurons, but only in those expressingRMFig. 2.4B). The phosph&RK signal was

stronger in the nucleus than cytoplasm of DRG neuronsZHEiB).

2.3.3M1R phosphorylatonby P Z i s n eaoestin2laased signalimg adbivity

GPCR function is regulated by phosphorylatighobin, 2008) and b-arrestins bind to

phosphorylated GPCRs with high affinig@urevich and Gurevich, 2004)o determine whether
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PZ phosphorylate:R, and to establish the exact sites of phosphorylation, we perfoicmet
chromatographyandem mass spectromefilyC-MS/MS). Results from 2 different proteomics
centers (Fig.2S2A&B, Table 2S1, University of Virginia Biomedical Research Facility for
LC/MS/MS analysisand (Fig2S3A-F, Table2S2,Manitoba Centre for Proteomics and Systems
Biology (MCPSB) identified three serine (S&t, Sef?!, Sef®® and three threonine (T4F,
Thr®®* Th*®) phosphorylation sites in the ICL3 of:R (Fig. 2.5A). For the MCPSB analysis
accurate determination of the phosphorylation degree at individual sites ce@liselute
guantification of both the phosphorylated and#pbosphorylated variants of the corresponding
peptides, agreviously describedDi Conza et b, 2017) In this study, we approximated
phosphorylation levels by calculating, for each site, the ratio ofd¢ogifidence peptidepectrum
matches (PSMs) with site localization probabilities >90% to the total number of PSMs identifying
peptides that ifaded the respective amino acid residue. Across four control samptes a8d
Thr*®*emerged as the most prominently phosphorylated residues, with 12.8% and 15.5% of PSMs
phosphorylated, respectively, while all other sitesged between 4.4% and 8.8Based on these
LC-MS/MS results, 2 mutated /R plasmids were generated; 1) deletion of all six phosphorylation
sites from ICL3 region of MR (MiIRpl CL 3) , and ZYandThf*evmR-S251A,at Ser
T254A; alanine substitutions) in the ICL3 region. When compé&weld;R-WT, BRET results
showed that MR qpl C L 3 1RxSRH1A, NI254A mutations significantly decreased the efficacy
(Emax response) of PZ 0 i n-drnestir rebruitment to MR (Fig. 2.5B). These mutations
resulted in the failure of PZ to induce ERK phosphorylation in HEK293 cells Z64&B). In
comparison to NR-WT, MiR gl CL 3 ( hRuS251A d254AMsignificantly decreased the
efficacy of MT7 to induce NMR-b-arrestin2 interaction (Fi@.5C) and ERK activation in HEK293

cells (Fig.2.6C&D). Intriguingly, both mutations had no significant effect on the efficacy of
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muscar i ne -atrestinZ te MR (&ig. t5D).BSurprisingly, thesmutations significantly
increased ERK phosphorylation in response to muscarine, when compared tQRA&TM

response (FiR.6E&F).

2.3.4PZ and MT7 increased cell surface expression of M at HEK293 cells and DRG

neurons

It has been known for more than $8ars thatb-arrestins bind phosphorylated GPCRs and

contribute to the desensitizatiand internalizatioof GPCRs (Ferguson et al., 199670 assess

receptor internalization in response to muscarinic drugs, we used HEK293 cells and DRG sensory

neurons transfected it N-terminally HiBiT-tagged MR. Muscarine, as an agonist, dose
dependently increased® internalization in both HEK293 cells (Fig.7A) and DRG sensory
neurons (Fig2.7D) after 1 h, when compared to vehitleated counterparts. However, 1 h of
treament with different doses of PZ increasedRVtell surface expression in a concentration
dependent manner in HEK293 cells, when compared to vehéated groups (Fi@.7B). Similar
treatment with different PZ concentrations did not significantly rethmease MR surface
expression in cultured DRG sensory neurons (EigE). Treating HEK293 cells (Fi@.7C) and
DRG sensory neurons (Fig.7F) with MT7 for 1 h resulted in a dosependent increase in cell
surface expression of iR. Also, treating HEK23 cells and DRG neurons with PZ (1 pM, Fig.
2S4A&C) and MT7 (100 nM, Fig2zS4B&D) for up to 3 h did not reduce the surface expression

of M1R.

2.3.5 b-arrestins (but not GRKSs) are necessary for ERK activation by PZ and MT7

We investigated the f act-arreginmediated signaling and ERKe

activation by PZ and MT7 in MR-transfected HEK293 cells. First, we examinedrthe | e 4 o f
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protein activity on the PZIMTf nduced ERK activati on. Regsul ts
protein activity byYM-254890had no effect on PZ/MFihduced ERK activation in HEK293

(Fig. 2.8A&B). However,genetic ablation db-arrestiri/2 abolishedERK activation induced by

PZ/MT7 (Fig. 2.8C&D) and confirming our previous woriSabbir and Fernyhough, 2018)
Surprisingly, ablation of GRKs (2, 3, 5, and 6) failed to suppress ERK activation in response to
PZ/IMT7 (Fig. 28E&F). It is interesting thatreating norransfected HEK293 cells with
CMPD101, a GRK2/3 inhibitor, decreased ERK activation (B&p), while the same treatment

increased ERK activation in {®-transfected HEK293 (Fi@.8G&H).

2.3.6CK2 inhibition prevented PZ-induced ERK activation and neurite outgrowth in DRG
neurons

Fig. 2.8E&F demonstrated that GRKs (2, 3, 5, and 6) had no role in ERK activation mediated by
PZ/MT7. Hence, alternative kinases such as CK1 and CK2 might be responsibleRor M
phosphorylation, as previously repat@®rube et al., 2022; Jung et al., 2017; Tobin, 20083
examined the role of CK2 based on the previously reported work indicating that CK2 inhibition
blocks MiR-mediated ERK activity in response to agonistsng et al., 2017)As seen in Fig.

2.9A, BRET results showhat 4,5,6,tetrabrome2-azabenzimidazol€TBB; a well characterized

CK2 inhibitor (Borgo et al., 2021)1 uM, 10 min) pretreatment significat | y r -artesticze d b
recruitment to MR by PZ (1 uM, 30 min). Similarly, TBB pretreatment bleddi°Zinduced ERK
activation in HEK293 cells (Fig2.9B) and DRG neurons (Fi@.9C). Further, knockdown of
Csnk2aland CK2 depletion (Fig2S6) significantly reduced Ridduced ERK activation in
HEK293 cells (Fig2.9D). PZ (1 pM, 42 h) significantly eleed total neurite outgrowth in DRG
neurons, and cadministration of TBB (30 puM) attenuated the positive effect of PZ E8E).

This result revealed for the first time that-B&pendent blockade of 1R operated via CK2 to

drive neurite outgrowth in pnary adult neurons.
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2.4DISCUSSION

We provide evi denc e -arrdstmbiasdd Agorasts dt fRM Tb7y arcetc raus t A 1
arrestin2 and associats@ynaling pathway preferenceover Gprotein activationn HEK293

cells and adult primary DRG senyg neurons. The data demonstrates that phosphorylatiogFof M

at specific | CL3 raeesiinchediated ERI activatianeERIS activationfoy r b
PzZz/ MT7 raquies¢éednl and acti vat iJprotein).fLastykKCK2 ( bu't
inhibition blocked PZdependent enhancement of neurite outgrowth in DRG sensory neurons. The
phar macol ogi cal profile of PZ and-arrbblinfhiased cons
agonists, such as carvedilaicludinglack of G protein agonism, altedreceptomphosphorylation

andb-arrestindependent signalin@arr Il et al., 2016; Wisler et al., 2007)

Acute treatment (up to 5 min) with PZ and MTwp structurallyand functionallydistinct
M1R ligands,exhibited antagonistic effects in resperis muscarine/carbachol and blocked”M
arrestin interaction. However, longer treatment (e.g. 30 min) of PZ or MT7 in the absence of full
agonisteffectivelyr e ¢ r u-arrestéin? (Fly.2.2D & E, Fig. 23E & F) and inducedERK
activation (Fig.2.2F&G, Fig 2.3E&F). These pharmacological effects wenarkedly different
from the orthosteric agonistarbachol/muscarineith much less ability tgpromptly recruit b-
arrestin2andinitiate receptor internalization. PZ/MT7 tintependenthactivatel t -areestib
ERK pathwaywhile inducingno G protein signaling and receptor internalization. This data
suggests these ligands are capable of inducspgcific receptor conformatior@d signaling as
partial and biased agonists: acting as antagonists in the presenitdl oihbiased agonist. In this
regard, studies using transfected model systems showed PZ upregultedddced stabilization
of dimers/oligomers at cell surfa¢iien et al., 2009; Pediani et al., 201&nd resulted islower

diffusion of receptorwhich might reducéhe possibility of interactiondbetweernreceptorand its
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cognate Goroteins(Zhou et al., 2024)Similarly, MT7 was reported to bind to the dimerized form

of M1R and stabilized this receptor state at the cell suftdeequer et al., 201; Marquer et al.,

2010) Our results reveal that PZ/MTipregulated MR at the surface of HEK293 cells and DRG

sensory neurons for up to 3 h (F&§7 and Fig2S4). Otherstudies reported that ERK activation

b y -arfestinbiased signaling at muscarimeceptors did not necessarily internalize the receptor

(Budd et al., 1999; Jung et al., 201/Adeed, theinusual kinetics for the activation pfarrestir2
recruitmenimight be associated with the dimerization/oligomerization dr fbllowing PZ/MT7

treament. Previous studies showed homodimerization et al., 2022)and heterodimerization
(Chenetal, 20220 f GPCRs <can activate bi asearrestng,gnal i I

respectively.

In line with previous reports, we showed®expressionn different suktypes of DRG
sensory neurongCalcutt et al., 2017; Naznin et al., 2022nd only MR-positive neurons
exhibited ERK activation in response to MT7. We recently demonstrated tRab\Wrexpression
markedly decreased neurite outgrowth antbamondrial function in sensory neurons, and ERK
activity played a major role in the neuritogenic effects of M$@bbir et al., 2018; Sabbir and

Fernyhough, 2018)

Bi ndi n-grrestng to fphosphorylated GPCRs regulates many aspects of cellular
signaling. A significant body of evidence sup
di fferent phosphoryl ati on o farrestmassodatee sgnaiing GP CR
responseglatorraca et al., 2020; Nobles et al., 2011; Tobin, 20@8)revious study by Butcher
et al revealed that acetylcholine treatment phosphorylateld & 12 residues at ICL3 and 2
residues at the €rminus(Butcher et al., @16). In comparison to acetylcholine, our results

showed that PZ phosphorylated tfat 6 positions (similar t(Butcher et al., 201%)at ICL3
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(Fig. 25A), and subsequent mutation at these residues (deletion of all 6 positions or mutation at
Sef® and Th?*¥) signific ant | y Jareestin2crecclitmént to M and abolished ERK
activation. I n the case of MT 7, del-aréesting@n of
recruitment and ERK activation, but mutation attSemd Th#**had no effect. This suggeststh
phosphorylation of a specific set of ICL3 residues is required fooPKEIT7-i n d u camedtin b
biased activation of ERK. Surprisingly, ICL3 mutations had no effect on mus¢amnnd u e ed b
arrestin2 recruitment, and even increased ERK activation. Tassks indicate that each ligand

has a specific signature with respect to the phosphorylation pattern generated in the IGR3 of M

What factor s mi eahdstinbiasedtactivatiomdf ERK bydPZ/MTi7e Fir§t,
G { inhibition did not alter th PZ/MTZinduced ERK activity (Fig2.8A & B). Recent studies
demonstrated that ERK activitgquiresactive G proteingncluding ERK activation by arrestins
(Grundmann et al., 2018; Gurevich and Gurevich, 204y data reveals that PZ/MT7 did not
activat e qsGUW n al i nggnhibitiannditl nd® bhodify the effects of PZ/MT7 on ERK
activation. However, the effect of inhibition of alternative G proteins on putative ERK activity
induced by PZ/MT7 was not tested. Furthermore, the data demonstratestatsaare necessary
for PZ/MT7-induced ERK activity as lack of arrestins abolished the effect of these drugs. Other
st udi emsestio biasdu ligands reported the same observation where arrestins play a major
role in the biased effects of these ligaf@arr Il et al., 2016; Rakesh et al., 2010; Wisler et al.,
2007) Surprisingly, pharmacological inhibition of GRK2/3 with CMPD101 led to an increase in
ERK activity mediated by PZ/MT7 (Fi®2.8G & H), which indicates other kinases might be
involved in MiR phosphorylationRecent work by Drube and colleagues showed that no specific
GRK is assigned for MR recruitment of arrestinrube et al., 2022)Indeed, casein kinases

phosphorylate muscarinic receptors (particularhRMind MR) (Jung et al., 2017;dbin, 2002;
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Torrecilla et al., 2007)and among them, CK2 contributes to ERK activation bR kdung et al.,
2017) Our findings showed siRNAased or pharmacological CK2 inhibition strikingly reduced

ERK activation by PZ in HEK293 cells.

In DRG sensory eurons, the P#hduced activation of ERK was dependent on CK2 (Fig.
2.9). Previous work by Junet al, showed that CK2 inhibition abolished arrestiediated ERK
activity by MiR agonistqJung et al., 2017)CK2 inhibition had no effect on basal ERK aitfiv
in DRG neurons, but significantly suppressed ERK activity in HEK293 cells, which explains drug
response differences between cell types. Indeed, CK2 is expressed in DRG sensory neurons, and
plays a major role in neurite outgrowth where knockdown of G{#ressed neurite outgrowth
(Ghosh et al., 2024; Sahoo et al., 202@jriguingly, our results showed that CK2 inhibition
blocked PZinduced neurite outgrowth in cultured DRG sensory neurons. These findings suggest
that CK2 is necessary for arrestimedated ERK activity by PZ and suppressing ERK activity

through CK2 inhibition blocks Rihduced neurite outgrowth in sensory neurons.

Differences in signal transduction processes between PZ (as an orthosteric antagonist) and
MT7 (as a NAM) were noted in thiwork. UnlikePZ, MT7 is a cell impermeable large molecule
with a very slow dissociation rate, which determines its primary action is at the cell givtéacka
et al., 2020; Morishima et al., 201®)ur findings showed that MT7 is more potent and rdpaa t
PZ in inducing ERK activity and MR upregulation at the cell surface. Also, MT7 showed no
sensitivity to SéPL-Thr*®* mutationin MR and i t s -armesin2ERK isignalingovhs b
unaffected (Fig2.6). These discrepancies may be related to aéfators such as differences in

molecular size, binding location at:M, dissociation rate, and permeability of these two ligands.
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Our study has some limitations. We used two model systems, HEK293 cells and adult DRG
sensory neurons, and overexpressedifred proteins in these cells, which might not mimic real
physiological conditions of sensory neurons. In addition, DRG sensory neurons are classified into
several sultypes based on their soma size, expression of specific markers, and their conduction
properties(Wang et al., 2023)Consequently, we showed:Rl expression (using specific MT7
ATTO590 marker) on DRG neurons with varying phenotypes, but did not delineate which sub

type of DRG neur on was -arrestinpiasaddactivagaf ERK. PZ/ MT 7

Our future studies could focus on the crtak between MR and CK2 in differenin vivo
models of peripheral neuropathy, and uncover the molecular pathways associatedRbiaddd
activity in different types of DRG neurons to find an apprateritreatment for peripheral
neuropathy with minimal side effects. In summary, we showed that antimuscarinicR\ays]
MT7, activatel M1R toward the b-arrestin signaling pathway in both HEK293 and Dg&asory
neurons These drugscid as b-arrestinbiased agonists anstimulatedneurite outgrowth and
could be potential treatment options foevening/reversng nerve degeneration thfferent types

of peripheral neuropathy
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2.5MATERIALS AND METHODS

2.5.1Chemicals

Muscarine, carbachol, atropirend PZ were purchased from MilliporeSigma Candaiakyille,
ON, Canada). MT7,ldorescent dye ATTO Fluor 59bnjugated MT7 (MT7ATTO590), and
YM-254890 were purchased frehlomone LabgJerusalem, Israedhd Cayman Chemicals (Ann
Arbor, MI, USA), respecately. CMPD101 and TBB were purchased from TockiBnheapolis,

MN, USA).

2.5.2Cell Culture and transfection

Cell lines

Wild-type (WT)Human Embryonic Kidney (HEK293) cells were growDu | beccod6s modi
Eagl e 0 s (DMEM)/F12 fhhermo Fisher Scieific, Waltham, MA, USA) supplemented

with 5% heat inactivatefétal bovine serum (FBS hermo Fisher Scientific, Waltham, MA, USA

and 1%penicillin and streptomyci(MilliporeSigma Canada, Oakville, ON, Canada3atC and

5% CQ. The CRISPR/Cas9 mediatéearrestinl/2 knockout(KO) ( eeb a randlGRE?2), 3, 5,

and 6 KO (pGRK2,3,5,6) HEK293 cell |ines were
(Kawakami et al., 2022; O'Hayre et al., 2017)ipofectamine 3000 reagent (Thermo Fisher
Scientific Waltham, MA, USA was used to transfect the cellefals are provided in each
experimentalsectior). For siRNA transfectionin HEK293 cells 25 nM siRNA control (ON
TARGETplus Nonrtargeting SIRNASUGGUUUACAUGUCGACUAA 3', Dharmacon Cat#D
00181001-05) and siRNA against CK2(On-TARGETplusSMART pool siRNA against
Csnk2al Dharmacon Cat#.-09619702-0005) were used ih Lipofectamine 3000 reageand

were incubated for 48 h.
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Adultrat DRGsensoryneuronculture

Adult male Spragu®awley rats adult male wild-type (C57BL/6) and MiR-KO (C57BL/6
background, linel784; Taconic Biosciences,liudson, NY, USAwere euthanized and DRG
were dissecteddissociated and cultured as previously describ@diyakawa et al., 2001)All
animal procedures followed the gulidesof the University of Manitoba Animal Care Committee
using the Canadian Committee on Animal Care (CCAC) rulasbrief, DRG neurons were
cultured inH a m 6-82 mEdiaWisent Inc., Sainfean Baptiste, QC, Canada) supplemented with
modified Bottenste&i 6 s N2  &d dng/mli traresferrin20 nM progesterone, 100 mM
putrescine, 30 nM sodiuselenite, 0.1 mg/ml BSAall purchased from MilliporeSigma Canada,
Oakville, ON, Canada). Media was also supplementedOai6 g/L L-glutamine(Thermo Fisher
Scientific, Waltham, MA) a low dose cocktail of neurotrophic factors (0.1 ng/ml NGFng/tl
GDNF and 1 ng/ml N33, all from Thermo Fisher Scientific, Waltham, MASA), 0.1 nM insulin
and 1X antibiotic antimycotic solutionMilliporeSigmaCanada, OakvilleON, Canada DRG
neurons were transfected usifdeuroMag (Oz Biosciences, San DiegGA, USA) by

magnetofection method €thilsareprovided in each experimentsgctior).

2.5.3Plasmid construction

NLuc-M:R, HaloTagb-arrestin2, HaleMiR, and HiBiFM:R plasmids were purchased from
GeneCopoeia In¢Rockville, MD, USA). All gene synthesis, cloning amdutagenesifor NLuc-
M:1R washby GenScript RiscatawayNJ, USA)and confirmed by DNA sequencinghosphe
proteomics results were used to desigiRhutantplasmids. Mutant VR plasmids used in this

study were 1) NLud:R with Thr3®, Sef®l, Thrr®, Sef?:, Thr¥%* and Set® deletion at ICL3
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loop M1R ! Q,LaBd 2) NLueM1R with Sef®! and Thf>* substitution with Alanine at ICL3

loop M1R-S251A, T254A. pcDNA3.1 and22F cAMP pGloSensor

2.5.4 b-arrestin recruitment

HEK?293 cells

For BRET-based examination dif-arrestin2recruitmentto M1R in HEK293cells, 400000 cells

were seeded onté-well plates per well. On the following day, cells wera-transfected using
Lipofectamine 3000 with NLuc-hMiR/mutant NLuehM:R plasmids/pcDNA3.1 (20 ng) and
HaloTagb-arrestin2 (800 ng) per well (1:40 ratiofollowing t he manmdtoaot.t ur er ¢
Calculation of the ratio and plasmid concentrations were obtained from saturation assay studies in

the lab. After 24 h, cells were detached, centrifuged, and resuspended iMEBRTTinedia (no

phenol red, with 4% FBS) pludalo Ta g E  Na n o B R E TFProfdg8, Madisanawl,

USA, final concentration 100 nM), and seeded (100 pl/well containing 25000 cellppoiytd-

L-ornithine hydrobromide (PD@&joated96-well white plates (OPTHMEM from Thermo Fisher

Scientific, Waltham, MAand PDO is from Millipor8&igmaCanada, Oakville, ON, Canada). After

20 h,cell media was replaced wif0 pl HBSS(Thermo Fisher, Waltham, MA, USA) and 10 pl

of 10X drugs.n the case of DRG neurons, 7500 cells were seeded into PDO and faoateal

96-well white plates and left unharmed for 36 h. DRG neurons weiteacsfected with NLuc
hM1R/pcDNAS3.1 (50 ng) and HaloTdgarrestin2 (200 ng) per well (1:4 ratio) by magnetofection

using NeuroMag (Oz Biosciences, San Diego,, @QfSA) according to the
protocol. Fortye i g h't hours after transfectiompegaial oTa
Madison, WI,USA, final concentration 100 nM) was added to wells, and then after 20 hours cell

media was replaced with 90 pldfa m 6-X2 mediano phenol redjor 15min, and then 10 ul of

102



10X drugs were added to wellfter incubation with drug$5 min for carbachol/muscarine, and

30 min for PZ/MT7),25 ul of NaneGlo substrate (Promeg®adison, WI,USA, 1:400 final

dilution) was added to welland éSynergy Neo2 plate reader (Biot&gilent Technologies, Santa

Clara, CA, USA was used to reatbminescence and fluorescenteobtain the BRET ratio
(610nm/ 4-ér@stin@ yecruithbenwnas cal cul ated as the change

following treatmend and normalization to tHeaseline and tesbmpoundvehicle response

2.5.5IP1 assay

As a measure of GPCRssociated & signaling ntracellular IP1 levels were measured ughng
IP-One assay (Cisbio Bioassay¥altham, MA,USA). DRG sensory neurongere plated onto
PDO and laminircoated 384well white microplates (5000 cells per wellHEK293 cells
transiently transfected witplasmidscontaining thenM1R-WT/pcDNA3.1, and wer@lated onto
384well white microplates (20000 cells per well) and were treated with stimulation buffer with or
without 1) different doses of MR agonist (muscarine?) different doses oM:R antagonistsRZ

and MT7) or 3) both MR antagonist (different dosesZ/MT7) and agonist (muscarine niM)

for different time points at 37 °C. Cells were lysed by addition of the supplied looffiéaining
d2-labeled IP1, followed by addition of terbium cryptatabeled antiP1 antibody, according to

the manufacturer's instructions. Plates were incubated for 1 h at room temperature and fluorescence
signals were measured at 620 and 665 nm using the Biotek Synergy Neo2 platéirEReeatio

665 Nnm/620 nm of each well were extrapolated on the standard curve to obtain IP1 concentrations.
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2.5.6Glosensor cCAMP assay

HEK293 cells(400000 cells/well, avell plate)transiently transfected with plasmids containing
the hMiR-WT (180 ng)and-22F cAMP pGloSensgi1080 ng) usind.ipofectamine3000. After

24 h, ells were detached, washed, centrifuged, resuspended in HBSS, and seeded (65ul/well
containing 40000 cells) int&6-well white plates. Then, cells were incubated with Glosensor
reagent (Promega, Madison, WI, USA, 10 pl/wdty two hours in the dariCells were prdreated
with 1) various concentration@5 pl of 4X drug)of muscarine, PZ, and MT7, and 2) muscarine
(1 mM) + various doses of PZ/MTahd baseline luminescence was readSynergy Neo2 plate
reader After 5 min, cells were treated witBOO M of forskolin (FSK MilliporeSigma Canada,
Oakville, ON, Canada)andreadings were continued for up to 20 nitffects of drugs on MR-
induced cAMP changewas calculated as the aeaséincreasein FSK-inducedluminescence

amplitude.

2.5.7Western blotting

HEK293 cells or DRG sensory neurons wireged andhomogenized in iceold RIPA buffer
containingprotease and phosphatase inhibitor cocktdiermoFisher ScientificValtham,MA,
USA). DC protein assay (BiRad,Hercules, CAUSA) was used for protein assay, amMgstern
blot analysis waperformed. Protein sampl€20 ug total protein/lanéor HEK293 cells and 5 pg
total protein/lane for DRG neuronsvere resolved and sepamtby 10% SDSPAGE and
transferred to a nitrocellulose membrane (Riad,Hercules, CAJUSA) using TransBlot Turbo
Transfer System (BiRad, Hercules, CA,USA) and immunoblotted with specific antibodies
againstotal ERK (T-ERK; 1:3000, Santa Cruz BiotaoblogyDallas, TX, USAsc514303, and

phosphotERK (P-ERK, 1:3000, Cell Signalingechnology,Danvers, MA, USA, Cat#910J).
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HRP-conjugated goat antabbit 1gG or goat antimouse IgG (Jackson ImmunoResearch
Laboratories,West Grove,PA, USA were used dr secondary antibodiesThe blots were
incubated in ClarityE-R¥eHertues CAUSOHL osru bSitg maa leF i
ECL Reagent (Cell Signaling Technolqogyanvers, MA, USA and imaged using a Bigad

ChemiDoc image analyzer (BRad HerculesCA, USA).

2.5.8Mass spectrometry

Purification of hMR

For hMiR purification,HaloTag® Mammalian Protein Purification System (Promégadison,
WI, USA) was used. In brief, HEK292lts (five 15-cm platey were transfected with Halagged
hM1R constrat (20 pg/dish) using.ipofectamine3000 for 24 h.Cells were washed twice with
PBS wereincubated irserumfree DMEM for 6 h, and themedia wereemovedandreplaced
with fresh serunrfree DMEM containingl uM PZ for 30 min. Cells were scraped int® ml of
lysis buffer 60 mM Tris-HCI, pH 7.5,150 mM NaCl,10 mM NaF, (all from MillipoeSigma
Canada, Oakville, ON, Canada) amdtpasenhibitorcocktail (PromegaMadison, WI, USAand
lysed bysonication on ice. €lular debrisvas cleared by centrifugatipand 75uloHa | oLi nk E
Resin (Promegaviadison, WI, USA, equilibrated withTBS containinglOXCMC or 0.B7% n-
Dodecytb-D Maltopyranoside (DDM)(Thermo Fisher Scientific, Waltham, MA, USAjas
added.The samples were incubategternightat 4 °C with rotation and thersupernatant was
discardednd resin was washed (three times) with TBS+DDM10XCMC and TBS+DDMBXC
respectively. The resin was treated with elution bufté® mM NaCl, 50mM Tris-HCI (pH=7.5)
+ DTT (MilliporeSigma Canada, Oakville, ON, CanadeyM) + NaF (10mM)3+ DDM 3XCMC)
containing HaloTEV Protease (Promega, Madison, WI, USA) overright°’C with rotation

Resin was cleared by centrifugation, and purified samples were collected and sektanitblea
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Centre for Proteomics and Systems Biology (MCP3RBY to the University of Virginia
Biomedical Research Facility for LC/MS/MS analysighe following LC-MS/MS analysis
methodology is foithe Manitoba Centre for Proteomics and Systems Biology (MCP$B¢

methodology fothe University of Virginia Biomedical Research Facilgyin the supplementary

materials.

LC-MS/MS analysis

Per sample, 10y o proteinwas separated by SEFFAGE. The gel was fixed with 5% acetic acid

in 50% methanol for 30 minutesdstained with GelCode Blue Safe Protein Stain (ThermoFisher
Scientific, catalog # 24596) overnigffibllowed by destaining in water. Tia® kDaprotein bands

were excised angdel piecesvere destained three timedth 500uL of acetonitrile and vortexed

for 10 minutegrepeated twice Gel pieces were dried in a speedvac, followed by incubation with
10 mM dithiothreitol (DTT)in 25mM ammonium bicarbnate (ABC)at 56°C for 30 minutedo

reduce disulfide bond&el pieces were dehydrateds@0uL acetonitrile for 10 minutegollowed

by incubatiorwith 55mM iodoacetamidén 25mM ABC for 30 min & RT inthedark to alkylate

free Cys residues. Gelgees were dehydrated will®OpL acetonitrile for 10 minutesandexcess
iodoacetamide was quencheidh 10mM DTT in 25mM ABC for 10 minutes at RTGel pieces

were dehydrated im00 puL acetonitrile for 10 minuteand rehydrated with digestion buffer
containing 12.5ng/uL trypsin/LysC Promegain 50 mM ABC. Proteins were digested at 32
overnight. Supernatants were collected and combined with four extracts collected after
successively incubating the gel pieces once wih Ehd three times with 5% foroacid in 50%
acetonitrile. Sample volumes were reduced in a speedvac, and generated peptides were desalted
using C18 solid phase extraction t{gsiermoFisher Scientific, catalog #8778Rgr sample, 60%

of the peptide extract was analyzed by ra@MS/MS on an Orbitrap Exploris 480 (Thermo
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Fisher Scientific, Bremen, Germanghline-coupled toan EasynLC 1200 (Thermo Fisher
Scientific). Mobile phase A was 0.1% (v/v) formic acid and mobile phase B was 0.1% (v/v) formic
acid in 80% acetonitrile (LIS grale).Peptides were separated oousma C18(2column @& m
particle size Phenomenex, Torrance, CA) packedhouse ina Pico-Frit (100 & mx 30 cm)
capillary (New Objective, Woburn, MAyvith the following gradienat a flow rate of 30@L/min:
2-6% B in 3 minutes,6-30% B in 36 min, 30-50% in 5 min, 50-90%in 1 min, remain at 90% for
5 min The Orbitrap Exploris 480 wagan in datadependentcquisition (DDA) modeSurvey
scanswere acquired from m/z 380600at a resolution o#5,000 (at m/z 200), with a maximum
ion injection time of45 milliseconds, and a nomized automatic gain control (AGC) target of
200%. The top 12 precursor ions with charge statés+2vereisolated with a m/z 1.6 window,
fragmented with a normalized collision energy of 30%, and MS/MS scans were acquired at a
resolution of 30,000AGC target value was set @250%, with a maximum ion injection time set
to auto

Mass spectrometric data were searalsidg Proteome Discoverer v3.0 using SequestHT,
MS Amanda 2.0, Percolator, and ptmRS nodes, against a human Swissprot protein database
(downlcaded from Uniprot.org in July 2022, 20399 target sequences) with the following search
settings: trypsin as enzyme with a maximum of 2 missed cleavages, oxidation of Met (+15.995
Da), phosphorylation of Ser/Thr/Tyr (+79.966 Da) and deamidation of Asn/®l884 Da) as
variable and carbamidomethylation of Cys (+57.021 Da) as static modifications. MS and MS/MS
tolerances were set to 10 ppm and 0.02 Da, respectively. The data was filtered to 1% false
discovery rate on the protein, peptide, and pegmectrummatch levels, and only

phosphopeptides with ptmRS site localization probabilfi@és9 % wer e consi der ed.
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2.5.9Internalization assay

Human MR internalization was measuredy HiBiT-based receptor internalization assay
(Promega). HEK293 cells wereansiently transfectedith hM:R-HIiBIiT plasmid (100 ng) and
pcDNA3.1 (9900 ngjn suspensin (OPTEMEM no phenol redusing Lipofectamine ®000.

Then, cells were seeded (95 ul/25000 cells) into Rid@ed white 96vell plates. After 20 h,

cells were treated with 10 ul of (10X) different doses of muscarine, PZ, and MT7 for 1 h, and were
incubaed at 3C + 5% CQ for 1 h. Then 100 pl o2x substrate buffer consisting ofl@0 of a

LgBIT stock solution and:50 dilution of NaneGlo® HiBIT Extracellular Substrat@ theOPTE

MEM (no phenol red) was added to wells)d a Synergy Neo2 plate readeasaused to read
luminescencelLuminescence signalsere averaged and normalized to the vehstimulation

count

For the DRG sensory neuror§00 cells were seeded into PDO and lamouated 96
well white plates and left unharmed for 36 h. DRG neuroasewansfected witthM:1R-HiBIiT
plasmid 25 ngper wel | by magnetofection using Neuroc
protocol. Fortyeight hours after transfectiomedia was removed and replaced with 90 pl of
H a m 6-52 mEdia(no phenol red) supplemtd withN2 additives and cells were incubated at
37°C + 5% CQ for 15 min. Then10 pl of (10X) different doses of muscarine, PZ, and MT7 for
different timepoints. Finally, 100 ul oRx substrate buffer consisting ofl@0 of a LgBiTstock
solution (Pomega) and.:50 dilution of NaneGlo® HiBIT Extracellular Substrat® theH a mo6 s
F-12 media (no phenol red) was added to wals] a Synergy Neo2 plate reader was used to read
luminescenceLuminescence signalsere averaged and normalized to the vehstimulation

count
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2.5.10lmmunohistochemistry (IHC) and immunocytochemistry (ICC)

For the IHC,mouse DRG tissuederived from C57BL/6 mic€Miyakawa et al., 2001)vere
exposed taMT7-ATTO590(100 nM, overnightat 37 °C CQ incubator and thenwerefixed in
PFA2% (Thermo Fisher Scientic, Waltham, MA, USA)yoprotected in 20% sucrose, dimally
embedded iTissueTek O.C.T.(Sakura Finetek USA, Torrence, CA,USAp p r e ptissuee 7
sections. Allsect i ons wer etubulimdl aritzody€l.$00;W 857 8Millipore Sigma
Canada, Oakville, ON, Cangdavernight at 4 °Cand then stained for 1vith Alexa Fluor 488
conjugated arinouse 1gG (1:10007hermo Fisher Scientific, Waltham, MAUSA) at room
temperaturefor the ICC mous®RG neurongvere cultured on glass coverslifrscubated with
MT7-ATTO590(100 nM, 90 minutesat 37° C in a C@incubator and then were fixed with PFA
2%, andpermeabilized witl®.3% Triton X100 (MilliporeSigma Canada, Oakville, ON, Canada).
Neurons were blocked B2 BSA for 1 handthen incubateavith phospheERK antibody (P
ERK, 1:500, Cell SignalingechnologyDanvers, MA, USA Cat#910) overnight. Cells were
washed with BS (3X), anathen stained for 1 tvith Alexa Fluor 488conjugated antiabbit IgG
(1:1000; Thermo Fisher Scientific, Waltham, MA, USA) at room tempera@ioeerslips were
mounted on slides using VECTASHIELD antifade mounting medium with DAPI (Vectorlabs,
Inc., Newark, CA, USA). All images were taken by using a Carl ZeisSM510 confocal or

Axioscope?2 fluorescence microscope.

2.5.11Neurite outgrowth in adult DRG sensory neurons

DRG sensoryneurons were cultured on glass coverstipd were treated with) vehicle 2) PZ (1
uM), 3) TBB (30 uM), or 4) combination of PZ (1 uM) + TBB (3, 10, and 30 pM)propriate
doses for TBB were obtained from pilot studies in the Adter 24 h, cellswere fixed with2%

paraformaldehyde (pH 7,.45 min, andpermeabilizd with 0.3% Triton X100 in PBS for 5 min.
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Cells were blocked by 10% blocking reagent (Roche Diagnostics, Laval, QC, Canada) and 20%
FBS in PBS for 1 h and then incubatedwith Peripherin antibody (1:1000 Santa Cruz
Biotechnology, Dallas, TX, USA, s877093) overnight.Cells were washed with PBS (3X), and
were incubated with CyBonjugated secondary antibo@ackson ImmunoResearch, West Grove,

PA, USA)for 1 h. Coverslips were mounted on slides u#iRRMAFLUOR mounting medium
(Thermo Fisher ScientificWaltham, MA, USA) and imaged using a Carl Zeiss Axiosc@pe
fluorescence microscope equipped wetiuipped with an AxioCam camefdeurite outgrowth

was determined by collectirflyiorescent signalas total pixel area for neurites andreanalyzed

by thehigh throughput NeurphologyJ plugin in ImageJ software after image enhancement. Total

pixel area was normalized to number of cell bodies to calculate total neurite outgrowth per neuron.

2.5.12Statistical analysis

Excel (Microsoft, Redmond, WAUSA) and gaphed in Prism 9.0 (GraphPad, San Diego, CA
USA) were used to analyze the da@#atistical tests were performed usingtast,one or tweway
ANOVA foll owed by muslDetailp df gatisticalamlgsis arsl cepliGates aree s t
included inthe figure legends. Lines represent the mean, and error bars signfiztheunless

otherwise noted.
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2.7 Figures
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Fig. 2.1 Antagonism activity of pirenzepine and MT7 against muscarineénduced signaling at MiR.

(A) Inhibitory effect ofdifferent doses opirenzepine angB) MT7 on muscarine (1 mMinduced IP1
production in transiently hAR-transfected HEK293 cell®ata show mean +EM (1-way ANOVA with
Dunnett'posthoc tes)t. Data normalizedo baseline with multiple comparisons to the lowest concentration
of drug ****P<0.0001, **P<0.01, n=3 (C&D) Ligands were added at the times indicatddscarine (1
mM)i n d u c e -tHaldreenmitm2nt to hMR-Nluc, andacute treatment witfC) pirenzeping1l uM) and

(D) MT7 (100 nM) blocked the effects of muscaringransiently cetransfected HEK293 cells. Data show
mean £ &M (1-way ANOVA with Dunnetd s -poc tedt. Antagonisttreated groups were compared to

muscaringreated groups at minute ****P <0.0001,***P<0.001, and *P<0.05n=3.
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Fig.22Pi renzepi ne an darrddtih fbutaat & protem) patlivaybin HEK293 cells.(A)
shows adoseresponse curve fdreatment withmuscarine, pirenzepin®z), and MT7and levels oiP1
production in hMR-transfected HEK293 cell@t 45 min of treahent) (B) shows a dseresponse curve

for the effects ofigands (muscaring5 min), PZ (30 min) andMT7 (30 min)) on forskolin (300 nM)
induced cAMP productiom hM:R-transfected HEK293 cell®ata show mean +EBM (1-way ANOVA

with Dunnetd s -poo £4). Data normalized to baseline with multiple comparisons to the lowest
concentration of dryg***P<0.001, ***P<0.001, and**P<0.01, n=4. (C-E) Recruitment of HaloTaf-
arrestin2 to hMR in transiently cdaransfected HEK293 cells following treatments wi@) carbachol (5
min) , (D) pirenzepine (30 min) an(E) MT7 (30 min). Data show mean #£81 (1-way ANOVA with
Dunnetb s -poo tegt. Data nomalized to baseline with multiple comparisons to the lowest concentration
of drug ****P<0.0001, ***P<0.001, *P<0.01 and *P<0.05, n=8~&G) Immunoblotting for FERK and
P-ERK proteins was conducted dmM;R-transfected HEK293 cellswhich were treated wit (F)
pirenzepine (PZ, 1 uMdr (G) MT7 (100 nM) at different timgoints Datarepresent FERK/T-ERK ratio
(a.u.) Data show mean £EM (1-way ANOVA with Dunnetd s -poc gedt. Comparison to vehicle

treated group***P<0.001, **P<0.01, and *P<0.05, n=3
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Fig.23Pi renzepi ne an d-arrdbiin7(butanottG pvotein) pathwdy in DRG sensory
neurons. (A)showsa schematic procedure fadult ratdorsal root ganglion (DRQ@)euron isolatiorand
culture Inhibitory effect of(B) different concemtitions ofpirenzepine an@C) MT7 on muscarine (1 mM)
induced IP1 production iDRG sensory neuronBata show mean +EM (1-way ANOVA with Dunnett's
posthoc tesy. Data normalized to baseline with multiple comparisons to the lowest concentration;of drug
****P<0.0001, **P<0.01, n=3 (D-F) Recruitment of HaloTaf-arrestin2 to h\MR in transiently ce
transfectedRG sensory neurorfsllowing treatments witi{D) carbachol (5 min) (E) pirenzepine (30
min) and(F) MT7 (30 min). Data show mean £81 (1-way ANOVA with Dunnetd s -poo te$). Data
normalized to baseline with multiple comparisons to the lowest concentration of*rs.01, and
*P<0.05, n=3(G&H) Immunoblotting for FERK and PERK proteins was conducted @RG sensory
neurons, which were treated wifG) pirenzepine (PZ, 1 uMbdr (H) MT7 (100 nM) at different time
points Datarepresent ERK/T-ERK ratio(a.u.) Data show mean +EM (1-way ANOVA with Dunnetb s

posthoc test. Comparison to vehiclgeated group*P<0.01, and *P<0.05, n=3
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A Intact mouse DRG
MT7-ATTO590 B-Tubulin 111

WT

M,R KO

B Cultured mouse DRG

MT7-ATTOS590 P-ERK DAPI Merge
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Fig. 24 MR expression andsingle cell analysis ofERK activation in mouseDRG sensoryneurons.

(A) Immunocytochemistry images of adult mouse DRG tissue sectiondglfotype (WT) and MIR KO

mice treated with fluorescently tagged MATTO590 (100 nM) andlabelled with antibody to nean-

specific Btubulin Ill. White arrows indicate MR positive and yellow arrows indicate Rl negative
neurons(B) Immunocytochemistry images of cultured adubbuseDRG sensory neurons witkehicle/
MT7-ATTO590 treatment (100 nM, 90 mirNeurons were ladled with MTZATTO590, phospheERK,

and DAPI.Values for fluorescence intensity ofHRK are expressed as the meareMIrom 20 neurons

and analyzed usingtest, ****P<0.0001.
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Figure 2.5 Mass spectrometry for Ser/Thr phosphorylation athM1R and effects of mutagenesis
studies on Emax response to pirenzepinA) M1R serine and threonine phosphorylation sites identified
by naneLC-MS/MS with high confidence and with site localization probabilities >0Psphorylated
residues are in the red color it ICL3 region of MR in gray color. Concentratieresponse resulfer

(B) pirenzepingPZ, 30 min),(C) MT7 (30 min) andD) muscarine (5 minfor b-arrestin2 recruitment to
M:R-WT, MiRpl C I{n3utation of all 6 Phosites at MR ICL3 region), and NR-S25lA, T254A
(mutations at &2 and Thr*®*sites at MR ICL3 region) in HEK293 cellEEmax response was calculated
for each drug andata show mean SEM (1-way ANOVA with Dunnetd s -poc t®gl. Comparisons to

M:R-WT group; **P<0.01 andP<0.05 n=4.
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Fig. 2.6 M1R mutations altered ERK phosphorylation in response to muscarinic drugs in HEK293

cells.(A, C, and E)HEK?293 cells were transfected withRFWT and MR opl CL 3 ( mut at-i on of
sites at MR ICL3 region) and received) pirenzepine (PZ, 1 uM, 60 minjC) MT7 (100 nM, 60 min),

andE) muscarine (100 pM, 5 min{B, D, and F)HEK293 cells were transfected withRIWT and MR-

S251A, T254A (mutations &r*°!and Thr?®%) and receivedB) pirenzepine (PZ, 1 uM, 60 min)D) MT7

(200 nM, 60 min), andF) muscarine (100 uM, 10 min). Immunoblotting foiERK and PERK proteins

was conductedatarepresent FERK/T-ERK ratio(a.u.) Data show mean + SEM {&ay ANOVA with

Tuk ey 6-Boc tesh LComparison between vehidieeated groups and drdgeated groups for
WT/mutation conditions****P<0.0001, **P<0.01, and *P<0.05. Comparison betweentRated grougs

#P<0.05, comparison between muscatmeated graps ###P<0.001 and ##P<0.01, n=3.
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Fig. 2.7 Pirenzepine and MT7 enhance accumulation oM1R at the surface of HEK293 cells DRG
neurons Dose response curve for receptor internalization performed for muscadi2, (60 min),
pirenzepine B&E , 60 min), and MT7 C&F, 60min) in both HEK293 cells and DR&ensoryneurons.
Data show mean BV (1-way ANOVA with Dunnetd s -poo gdt. Comparison to vehicleeated

group;****P<0.0001, ***P<0.001, **P<0.01 and *P<0.05, n=4
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Fig. 2.8 b-arrestins (but not GRKs and Ggprotein) are necessary for ERK phosphorylation following

M 1R antagonist treatment.(A&B) MiR-transfected HEK293 cells were gireated with vehicle or YM

254890 (1uM, 60 min) beforgreatment with(A) pirenzepine (PZ, 1M, 60min) or (B) MT7 (100 nM,

60 min).Immunoblotting for FERK and PERK proteins was conducteDatarepresent FERK/T-ERK

ratio (a.u.). Data are reported as the mean EM5(1-way ANOVA wi t h  Du n rhecttésf).s po st
Comparison to vehiclreated group***P<0.001, **P<0.01, and *P<0.05, n=8C-F) hM:R transfected
HEK293 cel |l sinlf2WTpG RAR A raerestreadel] witliC&E) pirenzepine (UM, 60 min)

or (D&F) MT7 (100nM, 60 min). Data are reported as the meaSEM. t-test was used for comparing
vehicletreated and drutreated groups®™P<0.01 and *P<0.05, n=3G&H) hM;R transfected HEK293

cells were pretreated witlehicle/CMPD101 (3uM, 10 min), and then receive@®) PZ (1uM, 60 min),

and(H) MT7 (100nM, 60min). Data are reported as the meanBM5(1-way ANOVAwi t h Dunnet t G

posthoc est). Comparison to vehieteeated group®™**P<0.0001, ** *P<0.®1, and*P<0.05 n=3.
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Fig. 2.9 CK2 inhibition attenuated b-arrestin recruitment, ERK activation and neurite outgrowth by
pirenzepine in DRG sensory neurons(A) TBB (1 uM, 10 min) pretreatment blockedrgnzepine

i n d u aredtinZbrecruitment tbM1R in HEK293 cellsValues are expressed as the me&EM, and
were analyzed usingtest Comparison between PZ (100 uM) and TBB + PZ (100 puM); ***P<0.001 and
comparison between PZ (10 uM) and TBB + PZ (10 uM); **P<0.01, (B¥M:R-transfected HEK293
cellsand(C) DRG neurons were pretreated with TBBYM or 10 uM, 10 min, respectively, and then
receivedpirenzeping(PZ, 1 uM, 60 min). Dataare reported as the mean ENS (1-way ANOVA with
Tukeyd s -poo &4t Comparison to vehicle**P<0.001, **P<0.01 and *P<0.05. Comparison to-PZ
treated group####P<0.0001n=3. (D) HEK293 cellswere cotransfected with25 nM of controlor
Csnk2alsiRNA andhM;:R, andthen received/ehicle or pirenzepinéPZ, 1 uM, 60 min). Values are
expressed as the mean ENS (2-way ANOVAwi t h T u kheotesisCorpparsdrbetween veicle
andPZ-treated cells in siRNA control groupP<0.05, and mmparisorbetween PZreated cells in sSiRNA
control andCsnk2algroups; #<005, n=3 (E) DRG sensory neurons wetreated with pirenzeping>Z

, 1 uM), and different doses of TBB in combinatiwith (PZ,1 uM) for 42h. Cells were fixed and immune
stained foiperipherin andtotal neurite outgrowth was assessédlues are means EM (1-way ANOVA
wi t h Tuk ey 6.CConparison between vehidesTBB 30 pikéated cells with PZ (1 puMyeated
group;****P<0.0001, and comparison between PZ (1 pi@ated cells and PZ (1 uM) + TBB (30 puM)

combination group; ##P<0.0d, 68 replicate cultures
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Muscarine/Carbachol Pirenzepine/MT7
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Fig 2.10 Graphical abstract. Schematic presentation of the effect of muscarinic ligands at iR
associated signaling pathway. AMus car i ne/ car bachol acts as ga bal al
a n d-arrdstin signaling pghways and treatment with pirenzepine/MT7 blocks these eff¢Bis.
Pirenzepi ne/-ddsiinbiased ligandaby 1) phodphorylatrigCL3 region ofM1R via CK2

(but not GRKs) , 2) no activat i orarrestin2 a 4pERKI/2e i n s i
activation leading to neurite outgrowth in DRG sensory neufidris.figure was generated by BioRender

under licelse number EK285MUOPQ.
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2.13Supplementary matrials

B-arrestin antagonism
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Fig. 2 S1. Antagonism of the carbachokinduced recruitment of HaloTag-b-arrestin2 to hM1R.
Ligands were added at the times indicatedtbachol(l mM)i n d u ¢ e dHaldbrécruitm2nt to hivR-
Nluc was blocked byA) pirenzepine (1 uM) an(B) MT7 (100 nM)in transiently cetransfected HEK293
cells. Data show mean *E® (1-way ANOVA with Dunnetd s -poc $e$r ***P<0.0001, and

***P<(,001, n=3. Antagonistreated groups were comparecttsbacholreated groupat minutes.
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Fig. 2 S2. LC-MS/MS analysis identifies sites of hMR phosphorylation in HEK293 cells following
pirenzepine treatment. LC-MS/MS analysis performed byhe Biomolecular Analysis Facility at
University of Virginia Health Systen{A) MS2 spectra of identifietiM:R phosphoryléion at $r*%!in

ICL3. (B) MS2 spectra of identifieHM1R phosphorylation athr®>*in ICL3.

Methodology for Fig. S2.The gel pieces from the band were transferred to a siliconized tube and

washed in 200 pL 50% methanol. The gel pieces were dehydradegtonitrile, rehydrated in
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