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Preface 

 

 

 

 

Italy, Spain and Acetylcholine 

 

 

Camillo Golgi (Italian, 1843-1926) is recognized as the greatest 

neuroscientist and biologist of his time. He studied medicine at the 

University of Pavia and became a biologist and pathologist famous for his 

works on the central nervous system.  

 

Santiago Ramón y Cajal (Spanish, 1852-1934) is recognized as a pioneer of 

modern neuroscience and his drawings of brain cells are still largely in use 

for educational purposes. He graduated in medicine at the University of 

Zaragoza and became a neuroscientist, specialized in neuroanatomy, and 

he focused on the histology of the central nervous system. 

 

In 1906, “in recognition of their work on the structure of the nervous 

system”, Golgi and Ramón y Cajal jointly received the Nobel Prize in 

Physiology or Medicine. They were the first persons of Italian and Spanish 

origin, respectively, who won a scientific Nobel Prize in Medicine. 

 

During the 19th century Golgi discovered that brain cells could be colored 

using silver nitrate openings the door to essential studies of how the 

nervous system is structured. He believed in a nervous system made by a 

continuous and interconnected network of nerve cells, in disagreement 

with Ramón y Cajal’ s opinion.  

 

In 1877, Ramón y Cajal takes advantage of Golgi’s method to stain brain 

cells, achieving many groundbreaking results in the next years. One of his 

histological examinations proved that the nervous system is not an 

interconnected network, as Golgi supported, but it is constituted by 
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independent neuronal entities with a 20-40 nm gap in between, today 

known as the synaptic cleft. Such discovery proved that each brain cell is 

an independent entity and neuronal synapses are the places where the 

nerve impulses are transferred, from one neuronal entity to another. 

 

Scientifically, until the early 20th century, it was assumed that the majority 

of the communications transferred between brain cells in the synaptic 

cleft was of electrical nature. However, the presence of such a gap 

discovered by Ramón y Cajal also suggested the existence of another type 

of communication, of chemical nature, via messengers traversing the 

synaptic cleft.  

 

The presence of neurotransmitters, endogenous chemical messengers 

released by neurons in the synaptic space and that enable 

neurotransmission, was finally discovered in 1914 by a pharmacologist and 

physiologist, Sir Henry Hallett Dale (English, 1875-1968). 

Neurotransmitters existence was later confirmed in 1921, by a German 

pharmacologist, Otto Loewi (1873-1961).  

 

In 1936, Dale and Loewi shared the Nobel Prize in Physiology or Medicine 

“for their discoveries relating to chemical transmission of nerve impulses”.  

 

They identified for the very first time a neurotransmitter.  

The Acetylcholine. 
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1. Acetylcholine (ACh) 

Acetylcholine (ACh) is one of the most abundant neurotransmitters in the 

central nervous system (CNS) and peripheral nervous system (PNS) of 

many types of animals, including humans. ACh is not only the most 

common chemical messenger, but it was also the very first 

neurotransmitter to be identified (Prado et al., 2017; Tansey, 2006). The 

name “acetylcholine” is derived from its chemical structure. It is made up 

of an ester of acetic acid and choline. The presence of the polar charged 

ammonium group avoids the penetration into lipid membranes of the 

body, thus peripheral administrations of the drug are not able to pass 

through the blood-brain barrier (BBB). Certain CNS neurons directly 

synthesize ACh by the enzyme choline acetyltransferase (ChAT) from the 

compound choline and the coenzyme acetyl-CoA. Acetylcholinesterase 

(AChE) is another enzyme that is abundant in the synaptic cleft and has 

the essential role to convert ACh into inactive metabolites choline and 

acetate ion. Therefore, AChE rapidly cleans the synapse from the presence 

of the neurotransmitter (Figure 1). Cholinergic synapses are those in which 

transmission is mediated by ACh. Precisely, all the parts in the body that 

are affected by ACh are stated as cholinergic (Figure 2).  

 

Figure 1. Acetylcholine Synthesis and Metabolism. A) Acetylcholine (ACh) is synthesized 

from acetyl coenzyme A (Acetyl-CoA) and choline by the enzyme choline acetyltransferase 

(ChAT). Neuronal acetylcholinesterase (AChE) inactivates the majority of ACh released in 

brain. B) 3D structure of the human ChAT (PDB code 2FY4). C) 3D structure of ACh in balls 

with a surface of charge density as a wire mesh. D) Crystal structure of human AChE (PDB 

code 4PQE). 
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The communication between the nervous system and the rest of the body 

is mediated by neuronal connections from the CNS with the PNS, muscles 

and glands. This is a very complex process involving a variety of 

interrelated mechanisms. Neurons communicates using a combination of 

chemicals and electricity. For communicating, they use the secretion of 

chemical messengers, called neurotransmitters, in the synaptic cleft or the 

direct transmission of intercellular signals through gap junctions at 

electrical synapses. The autonomic nervous system (ANS) is the branch of 

the PNS that controls the body’s involuntary actions and visceral functions. 

Traditionally, the ANS is divided into the sympathetic nervous system 

(SNS) and the parasympathetic nervous system (PSNS). For both the 

systems, SNS and PSNS, the signals through the inter-neuronal 

connections can be driven by the action of the neurotransmitter Ach 

(Waxenbaum et al., 2019). Moreover, the postganglionic neurons in the 

PNS, as well as those of the SNS that innervate the sweat glands and the 

piloerector muscles, also transmit their signals to effector organs by the 

means of release of ACh. It binds to its ACh receptors on the target organs 

and performs its activity. All other postganglionic neurons of the SNS, 

however, mediate their communications through another 

neurotransmitter: noradrenaline (NA) (Huang and Thathiah, 2015; Prado 

et al., 2017). ACh is implicated in a vast range of functions. In the CNS, it 

predominantly enhances cognitive functions, such as learning and 

memory, alertness, attention (Hasselmo and Sarter, 2011). In the PNS, it 

activates skeletal muscles activities. In particular, ACh is the major 

neurotransmitter in the ANS, regulating vital functions like the heart rate, 

digestion, respiratory rate, pupillary response, urination, and sexual 

arousal (Prado et al., 2017; Schmidt and Thews, 1989). The ACh actions 

differ depending on the type of receptors through which it undergoes 

mediation. These receptors are classified as nicotinic (ionotropic) and 

muscarinic (metabotropic) receptors (Figure 2).  
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Figure 2. Schematic Cholinergic Synapse. Adapted from Cuello, 2009. 

Nicotinic acetylcholine receptors (nAChRs) get their name from nicotine 

(Figure 3), the potent stimulant alkaloid that is naturally produced by the 

Solanaceae plants family and binds to the nicotinic receptor selectively 

(Itier and Bertrand, 2001; Purves et al., 2011). The nAChRs are considered 

the prototypic of the transmembrane ion-channel proteins group. This 

class of channel proteins are responsible for the fast synaptic transmission 

between neurons, and belong to the Cysteine (Cys)-loop ligand-gated ion 

channel superfamily. In response to the binding of a chemical ligand, such 

as ACh or nicotine, the receptor conformation changes in its open state, 

which leads to a flow of ions (such as Na+, K+, Ca2+, and/or Cl−) across the 

cell membrane. In particular, nAChRs are non-selective cation channels, 

permeable to Ca2+, Na+ and K+ ions (Beker et al., 2003; Purves et al., 2011; 

Weber et al., 2005). The nAChRs are exclusively found in the 

neuromuscular junction. Precisely, they are expressed in the cell 

membrane of the skeletal muscle fiber. Neuromuscular junction is a 

chemical synapse between a motor neuron and a muscle fiber. Here, ACh 
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is released from the motor neurons, diffuses across the synaptic cleft and 

activates nAChRs of the muscle fiber. This activation triggers muscle 

contraction. Moreover, nAChRs have a role in the immune system for 

regulating inflammatory processes (Lu et al., 2014), and, together with 

muscarinic receptors, are present in autonomic ganglion cells and 

neuronal cells from the CNS.  

Muscarinic acetylcholine receptors (mAChRs) get the name from another 

natural product. This molecule is known as muscarine (Figure 3), was 

found in the mushrooms Amanita muscaria and selectively attaches to 

such receptors.  

 

Figure 3. nAChR, mAChR, Nicotine and Muscarine Chemical Structures. The nAChR (PDB 

code 6PV7) and the mAChR (PDB code 4MQT) shown in side- and top-view (from the 

extracellular side) and fitted to the same scale, and the chemical structure of nicotine and 

muscarine. 
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The mAChRs belong to the large protein family of G protein-coupled 

receptor (GPCR). They are responsible for the slow modulation of synaptic 

transmission. In response to the binding of an agonist as ACh or muscarine, 

mAChRs activate internal signal transduction pathways and, finally, 

cellular responses. This slow synaptic modulation is mediated by the five 

members of the mAChRs superfamily, M1-M5 (Caulfield and Birdsall, 

1998). These five subtypes of mAChRs are classified mainly on the basis of 

their different distribution, sequence homology, and the signaling 

transduction pathway they are coupled to, and will be described in detail 

in the following sections.  

 

1.1. Muscarinic Acetylcholine Receptors 

1.1.1. General structure and intracellular activation mechanisms 

Muscarinic acetylcholine receptors are important members of the G 

protein coupled receptors (GPCRs) class A superfamily, also called 

rhodopsin-like superfamily. They are abundant and widely distributed 

throughout the CNS and the PNS. The mAChR subtypes were named based 

on the order of their discovery. We know five members, M1-M5, and the 

genes for the all subtypes were identified, cloned, and sequenced around 

1990. They principally differ in their primary structure, localization, 

pharmacology, and signal transduction activity (Table 1) (Aronstam and 

Patil, 2009; Caulfield and Birdsall, 1998).  

Muscarinic receptors proteins are single polypeptides of 460–590 amino 

acids, generically folded in seven transmembrane domains (TMD) and 

joined by alternating extracellular and intracellular loops, with the N-

terminal end toward the extracellular side and the C-terminal end toward 

the intracellular side (Aronstam and Patil, 2009; Hulme et al., 1991). The 

amino acids sequences that form the membrane-spanning regions reveal 

20-24 amino acids organized in α-helical structures. Their composition in 

these domains is highly conserved among the five subtypes, with a 90% of 

similarity of the amino acid sequences. These receptors do not interact 

directly with their respective downstream effector, such as ionic channels 

do. They exert their intracellular effects controlling one or more systems 

through the activation of an intermediary GTP-binding (G-) protein.  
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Table 1. Properties of muscarinic receptor subtypes. Table adapted from Aronstam and Patil, 

2009; Caulfield and Birdsall, 1998. 
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Figure 4. Schematic Diagram of a Human mAChR. Schematic diagram showing the primary 

amino acid sequence of an M2 mAChR. Four sites of glycosylation at Asparagine (Asn) 

residues are indicated in the extracellular N-terminal domain. In the membrane-spanning 

regions are indicated the aspartate (Asp), tyrosine (Tyr) and threonine (Thr) residues that 

are involved in the agonist binding. Regions of the third intracellular loop involved in G-

protein recognition and coupling are indicated by gray circles. Possible sites of Thr 

phosphorylation in the C-terminal domain are also indicated. The Roman numerals indicate 

the transmembrane domains. Figure adapted from Aronstam and Patil, 2009. 

These G-proteins are associated with the inner surface of the cell 

membrane. In synthesis, G-proteins work as signal transducers, linking 

extracellularly oriented receptors to inner membrane-bound effectors 

(Freissmuth et al., 1989). From chimeric receptors and mutational analysis, 

the regions of the mAChRs involved in the interaction with their respective 

G-proteins have been identified with the second intracellular loop plus the 

N- and C-terminal portions of the third intracellular loop (Aronstam and 

Patil, 2009). Practically, the intracellular signal transduction is the 

muscarinic receptors mode to alter the activity of receptive cells. This 

mode follows different pathways depending on the nature and the 

quantity of the receptor subtype, transducer proteins, effector molecules, 
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protein kinase substrates expressed in the tissue, and the potential for 

cross-talk between the various transduction pathways (Felder, 1995; 

Nathanson, 2000). Considering their intracellular signaling properties, 

mAChRs have been traditionally divided into two groups: M1, M3, and M5 

are comprised in one and M2 and M4 in another (Table 1, Table 2 and 

Figure 5).  

 

1.1.2. M1, M3 and M5 receptor family 

By streamlining the intracellular traffic in "simpler" pathways, 

conventional wisdom holds that receptors classified using odd-numbers 

(M1, M3, and M5) efficiently couple through G-proteins of the Gq family to 

the stimulation of the β subtype of phospholipase C (PLC), a class of 

membrane-associated enzymes. PLC is able to hydrolyze the membrane 

phospholipid phosphatidylinositol-4,5-bisphosphate (PIP2) just before the 

phosphate group, releasing the second messengers diacylglycerol (DAG) 

and inositol trisphosphate (IP3) (Felder, 1995). DAG remains on the 

membrane and mediates the association of protein kinase C (PKC) to the 

cellular membrane. This leads to a control of the function of other 

proteins, as PKC can phosphorylate hydroxyl groups of their serine (Ser) 

and threonine (Thr) amino acid residues, and participates to a multiplicity 

of cell functional responses. Differently, IP3 is an intracellular 

cytoplasmatic messenger, which interacts with the corresponding 

receptor on smooth endoplasmic reticulum with a subsequent release of 

Ca2+ ions stored, increasing such intracellular ion concentration. Calcium is 

one of the main intracellular messengers and leads to several cellular 

responses, such as contraction of muscles and exocrine glandular 

secretion. M1, M3, and M5 also activate the pathway of mitogen-activated 

protein kinases (MAP kinase), as well as the pathway of the phospholipase 

D (PLD) (Costa et al., 2001). MAP kinase is a type of protein kinase that 

specifically phosphorylates the amino acids Ser and Thr of other proteins, 

regulating various cell functions including proliferation, gene expression, 

differentiation, mitosis, cell survival, and apoptosis (Kammer et al., 2000; 

Tobin and Budd, 2003). Phosphatidylcholine is the PLD’s principal 

substrate. It is hydrolyzed to produce the signal molecule phosphatidic 

acid (PA), and soluble choline. The former can be further catalyzed by 
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phosphatidate phosphohydrolase (PAP) to form DAG. Then, DAG-lipase 

hydrolyzes DAG to generate free arachidonic acid (AA), a polyunsaturated 

fatty acid, which is an integral constituent of cell membrane 

phospholipids, conferring it with fluidity and flexibility. In particular, it is 

abundant in skeletal muscle, brain, liver, spleen and retina phospholipids 

(Hanna and Hafez, 2018; Ishimoto et al., 1994). AA presents in its chemical 

structure four double bonds, predisposing it to oxygenation. This reaction 

produces a plethora of important AA metabolites which are involved in the 

proper function of the immune system, as well as in the regulation of 

inflammation process, mood, and appetite. Moreover, M1 and M3 

receptors can also inhibit an important type of voltage- and time-

dependent potassium conductance, an outward K+ current known as M 

current. M channels are unique being open at rest and probably also 

during the cell depolarization, raising the threshold for firing an action 

potential. They are strongly involved in the slow depolarizations produced 

by mAChRs in many types of neurons. As voltage-dependent channels, 

initial depolarization of a neuron increases the probability that M-channels 

will open. These channels generate an outward K+ current which 

counteracts sodium influx in action potential. The result is the prevention 

of a full action potential. This is the typical function of M currents during 

the “phasic-firing”, situation characterized by a transient response with 

one or few action potentials at the onset of stimulus followed by 

accommodation. When M1 and M3 are activated, such potassium 

channels are more likely to be closed and neurons assume a “tonic-firing” 

behavior, situation characterized by a sustained response, which activates 

during the course of the stimulus (Brown and Adams, 1980). Other types 

of currents are activated by M1, M3, and M5 receptors. These are the 

calcium-dependent potassium, chloride, and cation conductances. The 

activation mechanism of these calcium-activated channels is probably the 

result of PLC activation by M1, M3 and M5, the resultant formation of IP3 

and release of intracellular calcium ions (Neher et al., 1988).  
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Figure 5. Muscarinic Receptor Signaling Pathways. The stages of the signal transduction after 

the mAChRs activation include the receptor, the transducer (G-protein), the effector 

(enzyme or ion channel), the second messenger production (cAMP, DAG, and IP3), and the 

protein kinase activation. M2 and M4 receptors inhibit adenylate cyclase (AC) through the 

activation of Gi. M1, M3, and M5 receptors stimulate phospholipase C (PLC) through the 

activation of Gq/11. mAChRs signaling involves an impressive variety of other pathways. For 

instance, under the right conditions all receptors can stimulate AC through the activation of 

Gs. Other pathways are activated directly or secondarily. 

 

1.1.3. M2 and M4 receptor family 

On the other hand, receptors classified with even numbers (M2 and M4) 

prevalently couple through G protein of Gi to inhibit adenylate cyclase 

(AC). Any of the three subtypes of Gi proteins may be involved in such 

signaling pathway. AC plays a fundamental role in essentially all the cells 

(Hancock, 2010). This enzyme has six different classes, with unrelated 

gene families and unknown structural homology (Sadana and Dessauer, 

2009), but all catalyzing the same reaction: the conversion of adenosine 

triphosphate (ATP) to 3’,5’-cyclic adenosine monophosphate (cAMP) and 

pyrophosphate (Zhang et al., 1997). The cAMP is an important molecule in 

signal transduction. It is known as a second messenger and regulates other 

cAMP-binding proteins like protein kinase A (PKA) either transcription 
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factors, or ion transporters. For example, when two cAMP molecules bind 

to PKA, such kinase phosphorylates various substrate proteins at specific 

Ser or Thr sites, using the conversion of ATP to adenosine diphosphate 

(ADP), and causing a variety of cell functional responses, such as regulation 

of glycogen, sugar, and lipid metabolism (Byrne et al., 2016). One of the 

PKA substrates is the phosphodiesterase (PDE), which once gets 

phosphorylated, catalyzes the hydrolysis of cAMP to adenosine 

monophosphate (AMP) and play a negative feedback control role lead to 

the reduction of PKA activity. However, the molecular basis for the AC 

inhibition is not well known and clear. Gi proteins, as well as all the G 

proteins, consist of three subunits, called alpha, beta, and gamma 

subunits, or, Gα, Gβ, and Gγ. GPCRs activation causes Gα dissociation from 

the dimer Gβ-Gγ (Gβγ), allowing both subunits to perform their respective 

effects. One of the major functions of Gβγ is the inhibition of the Gα subunit 

(Clapham and Neer, 1997). Gi alpha subunit (Giα) role is to inhibits AC, but 

not all the isoforms of this enzyme are inhibited by Giα, an even larger 

number of AC isoforms are inhibited by Gβγ dimers (Birnbaumer, 2007). In 

addition, the inactivation of Gi by pertussis toxin has revealed the 

activation of AC by all muscarinic receptor subtypes. In the case of M3, this 

activation seems to be mediated by an interaction between the muscarinic 

receptor to the G-protein of the Gs family. Therefore, the initial 

classification of muscarinic signaling paradigms in two groups (M1, M3, 

and M5 through Gq, and M2 and M4 through Gi) has to be extended. It has 

been identified that mAChRs signaling pathways involve additional 

transducers. The presence of secondary effects and cross-talk between 

the different pathways exist and make the distinction between proximal 

and indirect signaling events problematic (Nathanson, 2000). Another 

effect related to muscarinic receptors stimulation is the activation of 

several depolarizing and hyperpolarizing currents through both direct and 

indirect mechanisms. In particular, M2 and M4 receptors activation were 

found to regulate and desensitize K+ channels, giving rise to the ion current 

known as IKACh. This family of K+ channels has been found in cardiac and 

neuronal tissues. Here, they are classified as G protein-activated inwardly 

rectifying K+ channels (GIRKs) because of their direct activation upon 

binding to G protein subunits (Gβγ subunits). Such binding favors and 

serves to strengthen the required PIP2-channel interaction, thereby 
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hyperpolarizing the cells (Bünemann et al., 2000). Since PIP2 seems to be 

required for the activity of such K+ channels (Huang et al., 1998), the M3 

receptor activation, which stimulates PLC to hydrolyze PIP2, limits the open 

state of GIRKs. From other studies, M2 and M4 have shown also to inhibit 

voltage-dependent calcium channels, known as L-type calcium channels. 

“L” stands for long-lasting, as it is referred to the length of its activation. L-

type calcium channels are responsibly involved in the mechanism of 

excitation-contraction of skeletal, smooth, cardiac muscle, and in the 

aldosterone secretion in endocrine cells of the adrenal cortex (Felizola et 

al., 2014; Ortner and Striessnig, 2016; Striessnig et al., 2015). M2 and M4 

receptors indirectly inhibit the L-type calcium conductance by a reduction 

in cAMP concentration. M1 receptors are as well able to inhibit the L-type 

calcium channel, via the activation of PKC (Pemberton and Jones, 1997). 

M2 and M4 receptors present also a direct inhibition mechanism for Ca2+ 

entrance through other voltage-dependent calcium channels, known as N- 

and P/Q-type calcium channels. N- and P-type calcium channels are 

distributed throughout the entire body and play a central role in the 

release of neurotransmitters. P-type and Q-type calcium channels are 

closely related as they are produced from the same gene via alternative 

splicing. Malfunctioning or mutated P/Q-type channels are related to 

several neurological diseases (Wakamori et al., 1998). The direct inhibition 

of such voltage-dependent calcium channels probably results from 

mAChRs activation of the G protein Go and consequent direct interaction 

of the G0 protein subunit, Gβγ, with the channels (Allen and Brown, 1993). 
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Table 2. Actions and Effects of the Intracellular Messengers in the mAChRs Signaling. 
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1.1.4. Conclusions about mAChRs intracellular signaling 

mechanisms 

In the present situation, a very large variety of biochemical effects of 

muscarinic receptor activation have been described and other novel 

effects have been evidenced and are under study. The activities of multiple 

kinases and phosphatases are affected by muscarinic receptors. It has 

been recently reported that the activity of nitric oxide synthetase (NOS) 

was found coupled to muscarinic receptor activation (Leirós et al., 2000; 

Rosignoli and Pérez Leirós, 2002), or also that muscarinic receptors have 

substantial mitogenic potency (De Angelis et al., 2012; Jiménez et al., 

2002; Song et al., 2007) and activate small GTPases, such as Ras and Rho 

proteins. These GTPases are involved in turning on genes involved in cell 

growth, differentiation, and survival (Mattingly et al., 1994; Qian et al., 

1995; De Sarno et al., 2005). These effects of muscarinic receptors are 

mediated by pathways that are not completely understood in detail. The 

heterogeneity and the unsuspected level of complexity of mAChR-

mediated signal transduction grow increasingly complicated virtually 

every year and may reflect a mixture of factors. One of them is the 

identification of additional isoforms of signal transduction effectors. As an 

example, the AC family presents nine isoforms which specifically respond 

to different signals, including calcium and PKC and the subsequent 

activation of PKA (Ludwig and Seuwen, 2002). Another important factor is 

the frequent crosstalk between signaling pathways due to the lack of 

specificity, or vice versa the remarkably large combination of cell-type-

specific differences in signaling produced by the same muscarinic receptor 

subtype, or the concomitance presence of direct and indirect/secondary 

effects, or also the expression of different varieties of signal transduction 

molecules (Nathanson, 2000). Other fundamental points are the agonist-

induced downregulation of muscarinic receptor signaling, and the process 

of receptor desensitization and internalization. Prolonged stimulation of 

muscarinic receptors may evoke a rapid phosphorylation of conserved Thr 

residues on the C-terminal portion of the receptor, as well as other sites 

on the third intracellular loop. This process is associated with the 

reduction of the agonist affinity and the uncoupling from transducer G-

proteins. It evolves in a phosphorylation-dependent internalization of 

muscarinic receptors. In this case, arrestins are the important small 
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protein family regulating this GPCRs signal transduction (Bermudez et al., 

2017; Lohse and Hoffmann, 2014; Nuber et al., 2016). Arrestin binding to 

GPCRs can hinder the association of G-protein with receptors and recruit 

adaptor proteins, such as clathrin, for the receptor internalization (Lohse, 

1995; Posor et al., 2015). Clathrins are proteins which play a major role in 

the formation of coated vesicles and regulate the Clathrin-mediated 

endocytosis (CME), involved in many cellular physiological processes such 

as the internalization of growth factors and receptors. Although 

muscarinic receptor domains located in the third intracellular loop are the 

ones prominently involved in receptor phosphorylation and subsequent 

downregulation, a large number of subtype dependent variations in 

arrestin association and internalization pathways have been described, 

confirming the high level of complexity involving the muscarinic-mediated 

signal transduction (Davis et al., 2010; Jung et al., 2017; Mosser et al., 

2008). In conclusion, other recent studies reported how mAChRs induce a 

complex and sustained expression pattern of a variety of genes, which are 

in particular involved in the regulation of transcription factors, signaling 

factors, and in the control of cellular functions in post-synaptic target cells 

(Kammer et al., 2000). A deeper knowledge about the regulation of these 

genes’ expression promises to increase our understanding of muscarinic 

receptors complex physiology and their intracellular signaling mechanisms 

(Aronstam and Patil, 2009). 

 

1.2. ACh binding site and activation of mAChRs: the orthosteric site 

Despite the five mAChR subtypes share a high degree of sequence 

homology, they display marked differences in the G-protein-coupling 

preference and in the physiological responses they can mediate. Some 

general structural characteristics of these receptors can be identified 

because of conserved and semiconserved residues in all the five 

muscarinic subtypes. The TMDs are organized in α-helical structures with 

a high percentage of similarity of the amino acid sequence (90%). Three 

domains are perpendicularly oriented to the membrane and the other four 

domains form an acute angle (Aronstam and Patil, 2009). These seven 

transmembrane helices are very tightly packed in a ring-like structure 

(Figure 6) (Wess, 1993). All the five subtypes have a conserved cysteine 
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adjacent to the third transmembrane segment and another Cys in the 

middle of the second extracellular loop. These two residues form a 

disulfide bridge. (Figure 4) Chemical modifications of these two Cys in the 

protein structure decrease the agonist binding affinity and the ability of 

the receptor to couple to G-proteins, as well as the elimination of such 

amino acids precludes receptor expression (Kurtenbach et al., 1990b, 

1990a). The orthosteric site is defined as the acetylcholine-binding pocket 

of the muscarinic proteins. This site is formed by amino acid residues that 

are identical in all the five receptor subtypes. Such structural homologies 

are also shared with other functionally unrelated ACh-binding proteins, 

making the development of muscarinic subtype-specific agonists and 

antagonists very difficult. 

 

 

Figure 6. Disposition of the Seven TMDs and the Orthosteric Binding Site of mAChRs. A) 

Schematic view of the possible arrangement of muscarinic receptor transmembrane 

domains and the binding site of ACh (green). B) M2 muscarinic receptor side-view (PDB code 

6OIK). ACh (green) is docked in the orthosteric binding site. The Roman numerals indicate 

the transmembrane domains. Figure adapted from Aronstam and Patil, 2009.  

The Ach allocates within a pocket formed by the roughly circularly 

arranged seven TMDs. Some specific amino acids that reside on the 

internal surfaces of these different seven domains confers the ligand 
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binding specificity on the given receptor (Figure 4 and 6) (Maeda et al., 

2019). Structure-function relationship studies of different muscarinic 

drugs demonstrated that a cationic head group, generally a quaternary 

ammonium moiety, is necessary to develop a compound with a strong 

muscarinic or antimuscarinic activity (Wess, 1993). In fact, looking at the 

structure of the ACh, it is immediately visible the presence of a positively 

charged ammonium group. The ACh cationic group is anchored to the 

muscarinic receptor orthosteric site through ionic interaction with the 

negatively charged carboxylate side chain of an aspartate (Asp) residue. 

This specific Asp residue is present in the third transmembrane region of 

the muscarinic receptor. (Figure 4 and Asp103 in Figure 7) (Wess, 1993; 

Wess et al., 1995). As a confirmation of this essential interaction, the 

replacement of such Asp residue in third TMD of M1 receptor with another 

amino acid, like an asparagine (Asn), resulted in a mutant receptor with 

drastically reduced orthosteric ligand binding affinities (Fraser et al., 

1989). 

 

Figure 7. Specific Amino Acid Residues Involved in the Binding of ACh and mAChRs. A 

zoomed view of the orthosteric site of M2 muscarinic receptor (PDB code 6OIK). The amino 

acids involved in the high-affinity binding of the ACh (green) with mAChR are reported. The 

Roman numerals indicate the transmembrane domains. 
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However, the Asp located in the third TMD is not only an essential 

conserved amino acid among all the subtypes of muscarinic receptors. It 

appears likely that such specific residue has a fundamental similar role on 

the ligand-receptor binding affinity for all the endogenous biogenic 

amines, as it has been demonstrated for adrenaline with the β2-

adrenergic receptor (Strader et al., 1987, 1991). Thus, following these 

discoveries, the Asp in the third TMD should not be alone to confer the 

specific binding between ACh and mAChRs, and other important amino 

acids must be necessarily involved in this interaction. Characteristically, 

the TMDs of all the muscarinic receptors conserve a series of Serine (Ser), 

Tyrosine (Tyr) and Threonine (Thr) residues. Most of these amino acids are 

not present in other GPCRs. In particular, these three amino acids contain 

a hydroxyl group (OH-group), which can be able to specifically interact 

with electron-rich groups of muscarinic ligands through hydrogen bonds 

(Wess et al., 1991). Analyzing the chemical structure of the ACh and other 

potent muscarinic agonists, it is clear the presence of a common electron-

rich center just beside the quaternary ammonium group. The ACh has an 

ester moiety, the renowned muscarinic agonist carbachol (CCh) has a 

carbamoyl group and the muscarine has a cyclic ether function. To 

understand if such conserved muscarinic transmembrane residues 

containing hydroxyl groups (Ser, Thr, and Tyr) are important to confer 

binding specificity between orthosteric ligands and mAChRs, specific single 

mutations on M3 receptor have been studied. Ser, Thr, and Tyr have been 

individually replaced with Alanine (Ala) and Phenylalanine (Phe), which do 

not contain OH-groups, and the resulting mutant M3 receptors were 

pharmacologically characterized in binding studies using ACh and CCh as 

orthosteric ligands. From these studies emerged that ACh and CCh 

strongly reduced their binding affinity of 10-60-fold in comparison with 

the wild type receptor (Wess et al., 1991). In contrast, muscarinic 

antagonist binding properties are not affected by such M3 receptor 

aminoacidic mutations. Antagonists maintained similarity to their binding 

profile obtained with the wild type receptor. This difference between 

muscarinic agonists and antagonists indicates that different specific 

residues of mAChRs are involved for their specific binding (Haga et al., 

2012; Wess, 1993; Wess et al., 1991). In summary, the critical amino acids 

involved in the high-affinity binding of ACh to mAChRs are four Tyrosine, 
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two Threonine, and that Aspartate involved in the ionic interaction with 

the quaternary nitrogen of ACh. These residues are highly conserved 

among all the muscarinic receptor subtypes. They are located in the 

“upper” portion of the third, fifth and seventh TMDs, at about 15 Å from 

the extracellular surface. The position of these seven amino acids faces the 

central “binding cavity” and suggests the plane in which Ach interacts with 

the receptor. They define the ACh binding pocket on the mAChRs and are 

important both for the expression and the function of such proteins 

(Figure 4, 6 and 7) (Wess et al., 1995). The need of Thr and Tyr residues for 

the high-affinity binding of ACh to mAChRs suggests the presence of a 

complex network of hydrogen bonds between the two entities. Other 

functional studies revealed that two of these Thr and Tyr residues are not 

only involved in the ACh-receptor binding, but also in the conformational 

changes of the receptors once they are activated by ACh. The replacement 

of such two specific amino acids with Ala and Phe, respectively, creates a 

mutant mAChR with impaired abilities on evoking intracellular responses 

through G-proteins after its activation. The Thr and Tyr that affect such G-

proteins activation are located at a similar level on the fifth and the sixth 

TMDs (Figure 4, 6 and 7). As these two domains are connected between 

them through the third intracellular loop, this last one is of pivotal 

importance for the G-protein recognition and their activation (Wess et al., 

1992). Taken together, all these studies can affirm that two particular Thr 

and Tyr residues are conserved among all the subtypes of the mAChRs and 

play two key roles. The first is the mediation of high-affinity binding 

between ACh and muscarinic receptors. The second is the change of the 

geometry of the mAChR once it is activated by ACh through the movement 

of fifth and sixth TMDs. Such movements are transmitted to the third 

intracellular loop and result in the activation of the specific G proteins 

(Figure 4, 6 and 7). Therefore, the development of therapeutic agents that 

can selectively act through an only one subtype of the mAChRs remains an 

unmet challenge for the field of pharmacology. This is mainly hampered 

by the high homology of the amino acid sequence in the orthosteric site 

across all the mAChRs. The most common pharmacological strategy for 

studying the different profiles of the mAChR subtypes and which activity 

they govern, is the use of subtype-selective antagonists as they can bind 

different sites of the receptor than agonists (Wess, 1993). For example, 
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pirenzepine and 4-DAMP are antagonists with high affinity for binding M1, 

and low affinity for M2. Differently, methoctramine, himbacine and AFDX-

384 have high specificity for M2 and very low for M1. M3 receptor 

pharmacological involvement was suggested by a high affinity with 4-

DAMP, and a low affinity for the ligands pirenzepine, methoctramine, and 

himbacine. The M4 presence was determined by using PD-102,807 and a 

natural active peptide toxin, the muscarinic toxin 3 (MT3). The M5 

receptor is the most difficult to identify pharmacologically, however, both 

the ligands AFDX-384 and AQ-RA 741 have the lowest affinity (at least 10-

fold lower) for this subtype than any other (Figure 8) (Gregory et al., 2007). 

 

Fig. 8. Widely Used Orthosteric Ligands of mAChRs. 
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1.3. The Allosteric Site of mAChRs 

Muscarinic receptors, as other GPCRs, can present one or more allosteric 

binding sites besides the orthosteric one (Ellis et al., 1991; Lazareno et al., 

1998). In the last decades, significant efforts have been underway to study 

these allosteric sites. They topographically differ from the orthosteric site 

and are genetically less conserved among the five subtypes of mAChRs. 

For these peculiarities, the allosteric binding sites represent an interesting 

target for the development of muscarinic ligands. Various allosteric 

modulators have been discovered, studied, and reported, and are 

characterized by different chemical nature (Christopoulos, 2002). When 

an allosteric modulator is bound to a mAChRs, the receptor conformation 

can generally change. These conformational changes are transmitted from 

the allosteric site to the orthosteric site, directly affecting the coupling of 

the intracellular effectors to the protein. In this situation, it is possible to 

distingue between two possible allosteric modulations. A positive 

allosteric modulation can drive to an increase of the binding affinity and/or 

the activity of the orthosteric ligand, conversely, a negative allosteric 

modulation generally decreases the binding affinity and/or the action of 

the orthosteric ligand (Christopoulos, 2002). To pharmacologically simplify 

the concept of the allosteric modulation with the theoretical model called 

“allosteric ternary complex model” (ATCM), it is generally assumed that an 

allosteric modulator can affect only the binding affinity of the orthosteric 

ligand to its receptor (Figure 9). In the ATCM model, the allosteric 

modulation mechanism is governed by three variables: 1) the 

concentration of each orthosteric (O) and allosteric (A) ligands; 2) the 

equilibrium dissociation constants of the orthosteric and allosteric ligands 

(KO and KA, respectively); and, 3) a factor, known as “cooperativity factor” 

(α) (Ehlert, 1988; Stockton et al., 1983).  
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Figure 9. Allosteric GPCR models. On the left, the allosteric ternary complex model (ATCM). 

This describes the interaction between the orthosteric ligand, O, and the allosteric 

modulator, A, in terms of their equilibrium dissociation constants (KA, KO) and the 

cooperativity factor, α, which describes the magnitude and direction of the allosteric effect 

on ligand binding affinity. On the right, the allosteric two state model (ATSM). This describes 

allosteric modulator effects on affinity, efficacy and the distribution of the receptor between 

active (R*) and inactive (R) states, in terms of distinct conformations selected by ligands 

according to their cooperativity factors for the different states (Gregory et al., 2007). 

This α is a value to indicate the type of cooperativity between orthosteric 

and allosteric ligands, once they are both interacting with the same 

receptor (R). A negative cooperativity (α < 1, but greater than 0) is 

presented when the binding of the allosteric ligand reduces the binding 

affinity of the orthosteric ligand. Conversely, a positive cooperativity (α > 

1) exists when the allosteric modulator improves the binding affinity of the 

orthosteric ligand. A situation of neutral cooperativity (α = 1) can indicate 

a situation without net changes in the binding affinity at equilibrium. 

Moreover, since the allosteric and orthosteric sites are mechanically linked 

in the structure of the receptor, also the orthosteric ligand can modulate 

the binding affinity of the allosteric modulator in the same manner. Thus, 

the ATCM is a simplified description of the allosteric/orthosteric ligands 

cooperativity by considering only their binding affinities with a particular 

receptor. However, there are situations where the allosteric modulator 

does not affect the binding properties of the orthosteric ligand, but the 

effects are directly extended to the intracellular signaling efficacy. In these 

cases, the ATCM cannot successfully describe the allosteric modulation 

mechanisms. In fact, allosteric ligands can affect the intracellular signaling 

activities of orthosteric agonists, or also directly act as agonists in their 
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own right (Langmead et al., 2006; May et al., 2005). As a consequence, the 

allosteric effects on GPCR activities must be extended to situations that 

are not considered with the ATCM, such as: 1) the ability of the receptor 

to constitutively isomerize between an active (R*) and inactive (R) states, 

represented by the isomerization constant (L); 2) the capability of the 

orthosteric and allosteric ligands to modify such isomerization between 

states, which is governed by the parameters α and β; 3) the ability of each 

ligand to modulate the binding affinity of the other, represented by the 

“binding cooperativity” parameter (γ); and 4) the ability of either ligand to 

modulate the transition to a particular active receptor state, represented 

by the “activation cooperativity” parameter (δ). All these situations are 

taken into account by another extended model, known as the “allosteric 

two-state model” (ATSM) (Figure 9), which can be considered as a 

completion of the previous ATCM (Hall, 2000). However, also the ATSM 

still remains a simplified mechanistic framework to describe the various 

allosteric modulatory effects, as GPCRs can adopt multiple active and 

inactive conformations beyond the simple active (R*) and inactive (R) 

states (Urban et al., 2007). Therefore, an allosteric modulator can be 

classified as an “allosteric enhancer”, “allosteric inhibitor”, “allosteric 

agonist” or “allosteric antagonist” in terms of both affinity and efficacy. 

Moreover, an allosteric ligand can concomitantly express more than one 

of these profiles (May et al., 2005; Schwartz and Holst, 2006). In 

comparison to the use of classical orthosteric agonists, the use of allosteric 

modulators in pharmacology can have multiple advantages. In general, the 

allosteric sites of GPCRs did not face the same evolutionary pressure as 

the orthosteric sites did for accommodating an endogenous ligand. For 

this reason, the allosteric sites are less genetically conserved among the 

different subtypes of the same receptor family. The different evolution of 

the allosteric sites than the orthosteric ones opens the door on the 

potential development of allosteric ligands with higher subtype selectivity 

for the GPCR families (Kenakin, 2007). A second pharmacological 

advantage is the possibility of using an allosteric modulator to manipulate 

a physiological effect only when and where the endogenous ligand is 

present, without affecting the normal spatiotemporal functions of a 

receptor. In this case, it is necessary an allosteric modulator that does not 

have any activity in the absence of the orthosteric ligand, like the 
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"allosteric enhancers" class. The consequence is to use allosteric drugs 

with a safer profile than orthosteric ligands, as the pharmacological effect 

will reach a maximum that cannot be exceeded by the administration of 

large doses, but only depends by the physical presence of the endogenous 

ligand (Kenakin, 2007).  

Gallamine (Figure 10) was the first allosteric modulator that was 

discovered and reported. This molecule first showed to inhibit ACh and 

CCh actions on the heart atrium (Clark and Mitchelson, 1976), then 

induced a right-shifting of dose-response curves of ACh and CCh, with the 

magnitude of the progressive shifts diminished even if the dose of 

gallamine was increased. Finally, the allosteric profile of gallamine was 

confirmed by binding studies, where it was evaluated its ability to slow 

down the dissociation of the radiolabeled orthosteric antagonist N-

methylscoplamine (NMS) from muscarinic receptors (Stockton et al., 

1983). Moreover, gallamine was discovered to be also active as a 

neuromuscular blocker, which is generally an effect of nicotinic 

acetylcholine receptors antagonists. Consequently, it has been discovered 

that many of nAChRs antagonists can have high affinities for the M2 

receptor allosteric site. Two of these bivalent ligands are pancuronium and 

alcuronium (Figure 10) (Nedoma et al., 1985, 1986).  

 

Figure 10. Ligands of mAChRs that led to the discovery of the muscarinic allosterism. 
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In the last decades, many efforts have been invested in the individuation 

of the allosteric binding sites of mAChRs. In particular, the extracellular 

part of the receptors rapidly became of prime focus for the discovery of 

allosteric sites (Figure 11). This was driven from the observation that 

gallamine, after supra-saturating concentrations, cannot change anymore 

the binding affinity of the orthosteric antagonist NMS, but it is able to slow 

down its velocity of association/dissociation to the receptor in a dose-

dependent manner. Thus, it suggested that allosteric ligands may induce a 

steric hindrance to the access of NMS in its mAChR orthosteric binding site, 

which is located transmembrane (Proška and Tuček, 1994). M2 receptor 

subtype is the prototype for studying the GPCR allosterism, as the first-

discovered allosteric ligands gallamine and alcuronium have the highest 

affinity for such receptor (Ellis et al., 1991; Jakubik et al., 1995). By 

replacing some specific amino acids in the extracellular domains, the 

second extracellular loop of the M2 receptor was found fundamental for 

the high-affinity binding profile of gallamine and other alkane-

bisammonium allosteric modulators like alcuronium and W84 (Figure 11 

and 12). In particular, the specific residues of this second extracellular loop 

that were found involved in the M2 allosteric binding site were nine amino 

acids between a Valine (Val) and a Tyr (Val168 and Tyr177, Figure 12) 

(Huang et al., 2005). 
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Figure 11. Disposition of the Seven TMDs, the Allosteric and the Orthosteric Binding Site of 

mAChRs. A) Schematic view of the possible arrangement of muscarinic receptor 

transmembrane domains, and the allosteric (A, orange) and orthosteric (O, green) binding 

cavities. B) M2 muscarinic receptor side-view (PDB code 4MQT) bound to the orthosteric 

agonist iperoxo (green) and to the allosteric modulator LY2119620 (orange).  

However, the second extracellular loop is not the only one involved in the 

binding of the allosteric ligands to M2. The amino acids that link the third 

extracellular loop to the seventh TMD and the second extracellular loop to 

the fourth and fifth TMDs were found important for the high-affinity 

binding of alkane-bisammonium allosteric modulators. In particular, a 

cluster of tryptophan (Trp) and Thr residues at the top of the M2 seventh 

TMD plays a critical role in affinity and subtype selectivity of W84, 

Naphmethonium, and gallamine (Figure 11 and 12) Such important family 

of alkane-bisammonium allosteric compounds seem to be fixed in a 

“sandwich” like manner by π-π interactions between a Trp (Trp422, Figure 

12) at the top of the seventh TMD and a Tyr (Tyr177 Figure 12) in the 

middle of the second extracellular loop (Figure 12). Thus, a lot of 

extracellular residues of M2 receptor are involved in the binding of the 

allosteric modulators (Prilla et al., 2006; Voigtländer et al., 2003). 

Gallamine can bind all the five subtypes of mAChRs and it was used to 

study also the M1 allosteric binding site. Using M1 mutant receptors, two 
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Trp residues of the third extracellular loop were found fundamental for 

M1-gallamine binding (Matsui et al., 1995). As the orthosteric ligands 

mostly interact with the third and sixth TMDs of muscarinic receptors 

(Jöhren and Höltje, 2002), recent studies revealed that allosteric 

modulators may act by changing the spatial orientation of these two TMDs 

(Figure 11) (Huang and Ellis, 2007; Jakubík and Tuček, 1995). In this way, 

allosteric ligands can modify the dimension of the orthosteric binding site, 

favoring or complicating the placement of orthosteric agonists and 

antagonists. Obviously, the ortho-allosteric binding cooperativity is 

complicated and not only dictated by the rearrangement of two TMDs, but 

also other factors come into to play. Of high interest, some recent studies 

have been focused on the identification of an additional mAChRs allosteric 

site to the one already known (Lazareno et al., 2000, 2002). The receptor 

region of this “second” allosteric site has not been identified yet. 

Moreover, it has been demonstrated that the “common” mAChRs 

allosteric site can accommodate two allosteric ligand(s) molecules. This 

peculiarity makes the study of the second allosteric binding site even more 

complicated (Tränkle et al., 2005). 

  

Figure 12. Specific Amino Acid Residues Involved in the Binding of Allosteric Ligands and 

mAChRs. A zoomed view of the allosteric site of M2 muscarinic receptor (PDB code 4MQT). 

The amino acids involved in the binding of the allosteric modulator LY2119620 (orange) with 

mAChR are highlighted. The Roman numerals indicate the transmembrane domains and the 

extracellular loops (EL). The orthosteric ligand iperoxo (green) stays in the orthosteric site.   
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In conclusion, it is more appropriate to consider an entire domain on the 

mAChRs where the allosteric molecules can interact with the receptor in 

different ways than a specific allosteric binding site. The allosterism is very 

complex and depends on a combination of factors regarding the receptor, 

the orthosteric ligand, and the allosteric modulator. A change of only one 

of these factors can lead to a completely different cooperativity and 

situation (Gregory et al., 2007; Jakubík and El-Fakahany, 2010). The first 

allosteric modulator of the muscarinic receptor was discovered 40 years 

ago. Since this discovery, the general knowledge about the binding, the 

mechanism of action and the structure-activity relationship (SAR) of 

muscarinic allosteric ligands has undergone huge progress. Today, 

allosteric modulators are considered as new potential candidates for the 

treatment of debilitating cholinergic-related disorders, such as 

Alzheimer’s disease or schizophrenia, as their first pharmacological results 

are encouraging (Chan et al., 2008; Shirey et al., 2009). 

 

1.4. Classification of the mAChRs, physiological functions and 

pharmacology  

Muscarinic receptors can be subdivided into five subtypes, known as M1–

M5. They principally differ in the tissue distribution and in the specific G 

protein-coupling. Each subtype of such class of receptors has key 

physiological roles. Various natural products have been found to be 

selective for muscarinic receptors. For example, some agonists like 

muscarine (amanita muscaria, Fungi) and pilocarpine (Pilocarpus, Plantae) 

or other well-known antagonists like atropine (Atropa belladonna, 

Plantae) and hyoscine (Solanaceae, Plantae) (Figure 13). These natural 

muscarinic ligands have been tested for the treatment of mAChRs-related 

diseases in the central and peripheral nervous system, but with limited 

clinical benefits (Eglen et al., 1999, 2001; Felder et al., 2000). 

Subsequently, synthetic derivatives of natural muscarinic ligands have 

been developed and pharmacologically studied. Despite their selectivity 

for the muscarinic receptors, the lack of subtype selectivity hampered the 

therapeutic application of these compounds due to their several side 

effects (Eglen and Watson, 1996). It is worth noting that during the 

screening of the activity of potential synthetic muscarinic drugs, the 
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compound known as tremorine was able to induce marked 

parasympathetic effects, such as tremor, hypokinesia, and rigidity (Everett 

et al., 1956). Only later it was elucidated that these effects were evoked 

by oxotremorine, the biologically active metabolite of tremorine. 

Oxotremorine is a specific muscarinic agonist without subtype selectivity 

but with the same potency of ACh (Cho et al., 1961). This fact was found 

surprising as its chemical structure differs in comparison to other 

muscarinic agonists. Moreover, oxotremoirine was also found moderately 

selective for the CNS. Important derivatives of this compound have been 

rationally designed and developed, such as oxotremorine-M, which is still 

used as a research tool for studying anti-parkinsonian drugs (Conti et al., 

1997). Another important synthetic derivative of oxotremorine is iperoxo. 

It was created by De Amici and coll. (Dallanoce et al., 1999) by replacing 

the pyrrolidin-2-one ring of oxotremorine with a Δ2-isoxazoline and the 

introduction of a permanent charge on the nitrogen. Iperoxo is still one of 

the most powerful muscarinic agonists reported in literature, but without 

muscarinic subtype-selectivity (Dallanoce et al., 1999; Schrage et al., 

2013). 

 

Figure 13. Natural and Synthetic Muscarinic Ligands. 

 

1.4.1. Muscarinic acetylcholine receptor M1 

Muscarinic acetylcholine receptor M1 is present in different tissues. It was 

found in the brain, autonomic ganglia, sympathetic ganglia, exocrine 

glands, and vas deferens. In the brain, M1 is particularly abundant in the 

cerebral cortex, hippocampus and dentate gyrus, striatum, olfactory bulb 
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and tubercle, amygdala (Levey et al., 1995; Oki et al., 2005). This receptor 

has been also found in the esophageal smooth muscle (Preiksaitis et al., 

2000) and in the bladder tissue (Tyagi et al., 2006). However, its tissue 

distribution largely overlaps with the distribution of the M3 and M4 

subtypes. The M1 receptor is mostly involved in mediating higher cognitive 

processes, such as learning and memory (Fisher et al., 2003; Wein, 2005). 

It also plays important roles in the regulation of locomotor activity 

(Nathaniel et al., 2008), salivation (Gautam et al., 2004), indirect inhibition 

of N- and L-type calcium channels, M current inhibition in sympathetic 

ganglion neurons and MAP kinase pathway activation (Aronstam and Patil, 

2009). Selective agonists of M1 receptor have been considered as a 

therapeutic approach to retard dementia, age-associated memory 

impairments, and the cognitive decline related to Alzheimer’ s diseases 

and schizophrenia (Anagnostaras et al., 2003; Bartus et al., 1982; Doggrell 

and Evans, 2003). Pharmacological studies with M1 agonists like 

alvameline, milameline, sabcomeline, RS 86, talsaclidine, xanomeline, SDZ 

210-086, and YM-796, (Figure 14) have strongly confirmed their potential 

for the treatment of Alzheimer’ s disease. For this pathology, M1 

activation has two main benefits: the moderate reversal of cognitive 

impairment and the decreased amyloid plaque formation (Fisher et al., 

2002, 2003; Hock et al., 2003). Moreover, xanomeline showed an 

interesting potential for the treatment of schizophrenia in clinical studies. 

However, its mixed M1/M4 agonism hampered its use in medicine (Felder 

et al., 2000). Despite their pharmacological potential, only cevimeline 

(Evoxac) and pilocarpine (Salagen) are the M1 agonists currently approved 

in medicine as drugs for the autoimmune Sjögren syndrome. The failure of 

all these agonists for the treatment of dementia is mostly related to their 

still marginal subtype-selective profile. This lack of intra-selectivity for the 

mAChRs is considered very problematic for development of medical 

therapies (Felder et al., 2000; Longo and Massa, 2004). Differently, the M1 

antagonists pirenzepine and telenzepine have been massively used for the 

treatment of chronic peptic ulcers until some years ago, when the 

discovery of their parasympathetic side effects has limited their medical 

application (Lazzaroni et al., 1986; Subudhi and Sahoo, 2016). In 

conclusion, the alternative to act on M1 receptors with high selectivity 

may be the development of allosteric ligands as they bind regions of the 
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receptor that are less conserved among all the subtypes (Lazareno et al., 

2002). A large number of M1 allosteric ligands have been synthesized. For 

example, AC-42 showed high functional subtype selectivity for M1 

(Gregory et al., 2007), and benzyl quinolone carboxylic acid (BQCA) is a 

compound that can improve learning and memory function after brain 

trauma without CNS side effects (Holschneider et al., 2019). However, the 

pharmacological profile of allosteric modulators must be better known 

before their medical applications will be real. 

 

Figure 14. Ligands of M1 mAChR.  

 

1.4.2. Muscarinic acetylcholine receptor M2 

M2 muscarinic acetylcholine receptors are highly expressed in the brain, 

heart, sympathetic ganglia, lung, ileum, uterus and other smooth muscles. 

In the CNS, M2 is present in lower concentrations than M1 and is 

distributed in the cerebellum, medulla, pons, basal forebrain, olfactory 

bulb, and diencephalon (Cortés et al., 1986). The M2 receptor has an 

important role in the control of myocyte contraction, reducing the 

frequency of the heart beating (Brodde and Michel, 1999; Caulfield, 1993; 

Wein, 2005). This subtype has also a minor role in the control of smooth 

muscle contractile responses. In the smooth muscles, it is generally co-
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expressed with M3 receptors (Wein, 2005). Moreover, M2 receptors are 

expressed in the thermo-regulatory centers of the hypothalamus and are 

likely to be involved in the regulation of the body temperature (Gomeza 

et al., 1999). There are also other biological functions that are controlled 

by M2 receptors, like the corticosterone release and the mechanisms of 

analgesia (Aronstam and Patil, 2009). The M2 antagonists are able to 

improve cognitive performance and, in combination with M1 agonists, can 

be a potential treatment for Alzheimer’ s disease when the physiological 

cholinergic tone is not completely lost (Longo and Massa, 2004). For 

example, the M2 antagonists SCH 57790 and BIBN-99 showed to improve 

cognitive functions in preclinical studies (Rowe et al., 2003). The M2 

receptors blockade is also considered as a potential therapy for 

schizophrenia. This disease is characterized by an excessive dopamine 

transmission. The M2 partial agonist BuTAC seems to reduce dopamine 

cell firing in the CNS, exhibiting antipsychotic behavior. Its mechanism of 

action is probably a competition with the endogenous full agonist ACh, 

reducing the activity of M2 (Bymaster et al., 1998; Rasmussen et al., 2001). 

Interestingly, the M2 receptor is the model for the study of both negative 

and positive allosterism. Gallamine and alcuronium were the firsts M2 

allosteric modulators discovered. They pave the way to the development 

of other important synthetic M2 allosteric ligands, such as the 

alkylbisammonium derivatives W84 and Naphmethonium (Holzgrabe et 

al., 2000; Jöhren and Höltje, 2002; Tränkle et al., 2003; Zlotos et al., 2006). 

However, the potential of M2 allosteric compounds for therapeutic 

applications remains not fully investigated. 
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Figure 15. Ligands of M2 mAChR.  

 

1.4.3. Muscarinic acetylcholine receptor M3 

The M3 subtype of muscarinic acetylcholine receptors is mostly 

distributed in the smooth muscles, exocrine glands, pancreas, and brain 

(Lin et al., 1997; Post et al., 1991; Preiksaitis et al., 2000; Renuka et al., 

2006; Vilaró et al., 1994). It is expressed in high levels in different regions 

of the CNS, in particular in the cerebral cortex, thalamus, piriform cortex, 

olfactory bulb, brain stem nuclei. The distribution of M3 largely overlaps 

with the distribution of the other subtypes M1 and M4. M3 has a main role 

in the contraction of smooth muscles in the airway, ileum, iris, and bladder 

(Caulfield, 1993; Eglen et al., 1996; Kruse et al., 2012). Moreover, this 

subtype seems to be strongly involved in the mechanisms of type 2 of 

diabetes mellitus, as it is largely expressed in pancreatic beta-cells and in 

areas of the brain that control insulin secretion (Gautam et al., 2006; 

Weston-Green et al., 2012). Other functions that are mediated by M3 are 

the exocrine secretion (particularly of saliva) (Gautam et al., 2004; Matsui 

et al., 2000), the dopamine release, the maintenance of body mass and 

the control of food intake (Aronstam and Patil, 2009). In pharmacology, 
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the M3 antagonists have been extensively studied for the treatment of 

urinary tract disorders. In particular, the very potent antagonists 

tolterodine, darifenacin (Enablex) and solifenacin (Vesicare) were 

developed for the overactive bladder disease and are characterized by 

very reduced side effects in vivo (Chapple and Nilvebrant, 2002; Chapple 

et al., 2004; Miyamae et al., 2003). Other studies showed that the 

concurrent blockade of M2 and M3 receptors is a potential strategy for 

the treatment of gastrointestinal motility disorders (Matsui et al., 2000; 

Stengel et al., 2002). In the treatment of the chronic obstructive 

pulmonary disease, the anticholinergic agent tiotropium (Spiriva) is 

interesting. This drug binds preferentially M1 and M3 and is considered a 

possible therapeutic approach with an effective once-a-day dose and 

reduced side effects (Faulkner and Hilleman, 2003; Hvizdos and Goa, 

2002). 

 

Figure 16. Ligands of M3 mAChR. 

 

1.4.4. Muscarinic acetylcholine receptor M4 

M4 muscarinic acetylcholine receptors are present in the brain and lung 

tissue. The regions of the brain expressing such subtype are the occipital 

cortex, caudate and putamen, visual nuclei, olfactory tubercle, and 

hippocampus. M4 can induce the depression of motor control as its 

activation is able to inhibit the dopamine-induced locomotor stimulation 

in mice (Onali and Olianas, 2002). In fact, the alterations of the activity of 

the M4 receptor seem to be involved with Parkinson’s disease (Guo et al., 

2010; Langmead et al., 2008; Stein and Hell, 2010). The M4 antagonists 

have been largely studied for this pathology. In particular, the benzoxazine 

PD-0298029 showed to combine a good efficacy with favorable 

pharmacokinetic profile and bioavailability (Eglen, 2005). M4, together 

with M2, also control the release of ACh in the hippocampus. Here, the 

release of ACh has an important role in the mechanisms of analgesia, as it 
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has been demonstrated with the M4 agonists CMI-936 and CMI-1145 (Ellis 

et al., 1999; Iwamoto and Marion, 1993). As much as concern the 

allosterism of M4, the compound thiochrome recently showed to be an 

M4 selective allosteric modulator (Lazareno et al., 2004). However, M4 

allosteric ligands have not been exploited yet for the development of novel 

potential therapies. 

 

Figure 17. Ligands of M4 mAChR. 

 

1.4.5. Muscarinic acetylcholine receptor M5 

M5 muscarinic acetylcholine receptor is known to be prevalently 

expressed in the CNS, in the midbrain (Vilaró et al., 1994; Weiner et al., 

1990; Yasuda et al., 1993), in the esophageal smooth muscle (Preiksaitis et 

al., 2000) and in the heart (Wang et al., 2001). The activation of M5 can 

trigger different cellular responses. For example, it can cause the 

adenylate cyclase inhibition (Yamada et al., 2003), the phosphoinositide 

degradation (Bonner et al., 1988), and the potassium channel modulation 

(Jones, 1993). The M5 receptor can also stimulate gastric acid secretion 

(Aihara et al., 2005), be involved in the mechanism of the dopamine 

release, and change the dilatation of cerebral arteries and arterioles. M5 

selective antagonism may be an important potential treatment of both 

schizophrenia and narcotic addiction (Eglen and Nahorski, 2000). 

 

1.5. Conclusions about mAChRs 

The vast and various effects of the ACh in humans are the result of the 

activation of the nicotinic (ionotropic) and muscarinic (metabotropic) 

receptors. The complex roles of muscarinic receptors need further studies 

to be completely understood, but the cholinergic networks and their 

actions are getting clearer thanks to the last decades of research. The 
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peripheral muscarinic activation can modulate the smooth muscle 

contraction, the glandular secretion, and the frequency of the heartbeat. 

In the CNS the muscarinic receptors are strongly involved in the memory 

and the cognitive functions and also manage the motor control, the 

cardiovascular system regulation, and the body temperature regulation. 

The muscarinic receptors can be pharmacologically classified into five 

subtypes (M1-M5) on the basis of their different aminoacidic sequences 

and localization in the human body. This classification is of high interest 

due to the important therapeutic applications that muscarinic subtype-

selective bioactive compounds can potentially have. Their development 

may be very effective for innovative therapies against Alzheimer's and 

Parkinson's disease, asthma, pain, intestinal motility disorders, heart 

disease, and urinary function disorders. Despite several decades of efforts 

on identifying novel muscarinic agonists and antagonists, their full 

therapeutic potential is not yet in our hands. The cause is mainly the lack 

of subtype selectivity of these drugs. The high homology of the amino 

acids at the M1-M5 orthosteric sites hampers the development of suitable 

agents. Recent studies allowed the discovery of more subtype-selective 

muscarinic ligands but of different nature. Such compounds bind an 

allosteric site, which is in a distinct receptor region from the orthosteric 

one and genetically less conserved among the five subtypes. The 

intracellular mechanisms activated through the allosteric compounds are 

not well known compared to the classical orthosteric ligands. Today, some 

partially selective orthosteric agonists for the M1, antagonists specific for 

M2 and other M1 selective allosteric modulators are under the clinical 

studies for the treatment of Alzheimer’s disease. Other M3 selective 

antagonists are also under clinical studies for therapies against the 

overactive bladder and chronic obstructive pulmonary disease. Despite 

particular attention is focused on the development of allosteric regulators 

that may potentially target muscarinic receptors with high subtype 

selectivity, other alternative approaches to achieve such specificity are 

necessary. The success of this challenge can provide a revolution of the 

pharmacology against a large variety of diseases and disorders, as well as 

advancing the current knowledge of the metabotropic role of the ACh.  
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2. Control of Protein Function using Light 

The drug is defined as a natural or synthetic substance, usually a small 

molecule of known structure, which produces a biological effect when 

administered to a living organism. A pharmaceutical drug, commonly 

called medicine, is a substance used in the treatment, prevention, or 

diagnosis of a disease or to promote the welfare of an organism. 

Pharmacology is “the science of drugs“ and includes their origin, 

preparation, composition and particularly their biological effects. 

Traditionally, a drug was obtained from nature, through extraction from 

plants. Despite nature and its molecular devices are incomparable in their 

beauty, efficiency, and ability to integrate into complex systems, the 

synthetic chemistry has obtained outstanding results over the last decades 

and a huge number of molecules have been designed and created to 

simulate nature beauty. “Drug discovery” is defined as the 

multidisciplinary process of discovering new pharmaceutical drugs. This 

process needs knowledge of medicine, chemistry, biology, and 

pharmacology. The drugs obtained through synthetic chemistry are 

conceptually beautiful, but still simple and pale in comparison with what 

nature’ s devices can achieve (Raymo, 2003; Wegner, 2012). The 

knowledge of nature's tools is dramatically increased during the last years. 

This growth is connected to the method of study, which mixes different 

science´s branches such as physics, biology, biophysics, engineering, and 

chemistry. Today, humans are able to describe in atomic detail a lot of 

crucial nature’ s molecular machines, like the ATP synthase (Yoshida et al., 

2001), various molecular motors (Kardon and Vale, 2009), or ion channels 

that control neuronal activity (Choe, 2002). The majority of these natural 

devices can be simplified in intuitive mechanical models. The possibility of 

understanding such machines at a molecular level can open the door to 

controlling them through man-made synthetic tools. In the last years, 

humans are able to manipulate natural nanomachines until a high genetic 

specific level by engineering endogenous protein or modifying them by 

attaching/adding synthetic moieties. The most recent pharmacological 

approach is not anymore only focused on the drug discovery and 

development. Today, pharmacology combines the potential of synthetic 

chemistry directly with the tools that nature can offer. For example, 

transmembrane proteins play key roles in human neurophysiology and can 
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be combined with synthetic chemistry creations, integrated into complex 

biological systems in order to be finally controlled by a very useful external 

stimulus: the light. Light emerged amongst all the methods that can 

modulate a transmembrane receptor activity for a lot of crucial reasons. 

Light normally does not influence the living system under study, it can be 

used remotely and in a non-invasive manner, it can be modulated both 

spatially (micrometers) and temporally (femtoseconds) with very high 

resolution and it can be controlled in a qualitative and quantitative 

manner through adjusting its wavelength and intensity until it carries 

enough energies to trigger molecular devices activity (Gorostiza and 

Isacoff, 2008; Lehár et al., 2009; Velema et al., 2014). Nature gave the idea 

of controlling protein activity using light. Rhodopsins are an important 

family of GPCRs strongly involved in animal vision. They belong to the class 

of opsins and are made light-sensitive by the compound retinal, also called 

vitamin A aldehyde, which is one of the many forms of vitamin A. In 

particular, retinal is a natural polyene chromophore bound as a Schiff base 

to opsins. This class of proteins mediates the first step in the visual 

transduction cascade. In the human eye, retinal is conjugated as 11-cis-

retinal configuration to the opsins and isomerizes to all-trans-retinal by 

capturing a photon of the correct wavelength. Such a change of 

configuration triggers the electrochemical signal cascade and the result is 

the perception of light and images by the brain. In 2004, Retinal was also 

found bound to light-gated cation channels called “channelrhodopsins” 

(ChRs), which are excitatory protein channels isolated from the alga 

Chlamydomonas reinhardtii (Nagel et al., 2003). In this case, the 

chromophore is covalently linked as all-trans-retinal configuration to ChRs 

and upon absorption of a photon of the correct wavelength (ChR1 around 

500 nm and ChR2 around 460 nm) isomerizes to 13-cis-retinal. Then, 

retinal relaxes back to all-trans-retinal rapidly once the light is gone 

(Banghart et al., 2006; Zhang et al., 2006). Thus, opsins naturally use the 

molecular photoswitch retinal and it is endogenously produced in many 

tissues. This natural system gave rise to a new research field called 

“optogenetics”, which aims to control neurons, or other cells of interest, 

with genetically targeted photoreceptors. ChRs have been largely used for 

genetically encoding “blind” neurons and triggering action potentials 

through light and its high spatio-temporal precision (Boyden et al., 2005). 
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Since its inception, optogenetics has found many applications in dissecting 

neuronal circuits and has helped to answer fundamental questions in 

neuroscience, being so deemed “Method of the Year” in 2010. 

Optogenetic molecular tools are mostly derived from bacteria and 

protozoa. The overexpression of such tools in mammalian tissues using 

genetic manipulation raises safety and regulatory concerns when 

therapeutic applications are considered. However, mammalian tissues 

express various transmembrane receptors on their own that are easily 

accessible but not inherently light-sensitive. The challenge of making 

endogenous receptors of living organisms sensitive to light is the main goal 

of “photopharmacology”. Photopharmacology combines synthetic 

chemistry and optics techniques to control endogenous protein functions 

with the use of light. In this case, the bioactive agent carries a photo-

reversible switch that can be switched between two different 

configurations (Lerch et al., 2016; Velema et al., 2014). The photosensitive 

drug can change its efficacy at its target receptor in a reversible fashion 

manner because of the photoswitch can toggle between two different 

states and trigger the desired biological effect light-dependently. Upon 

photoswitching, these photosensitive drugs can dramatically change their 

efficacy. They could even act as agonist in one configuration and as 

antagonist in the other. These light-sensitive agents have all the 

advantages of small-molecules drugs such as their easiness of application 

and fast tissue distribution. Independently from the route of 

administration, when a common drug is released in the body the control 

of this substance is lost and the compound can bind the target receptor 

without caring about its cell, tissue, or system localization (Kramer et al., 

2013). The poor selectivity of classical drugs is the main reason for their 

undesirable side effects and toxicity. This lack of specificity can often limit 

drug use in medicine in therapeutic applications (Lehár et al., 2009; 

Velema et al., 2014). Differently, photoexcitation of exogenous light-

sensitive drugs can modulate the activity of the endogenous target protein 

with high spatiotemporal resolution and can control therapeutic 

interventions, drug dosing, duration of action and avoid most of the 

adverse effects of standard pharmacological treatments in use (Izquierdo-

Serra et al., 2013, 2014, 2016; Lerch et al., 2016; Matera et al., 2018; 

Nevola et al., 2013; Pittolo et al., 2014). In combination with high-quality 
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devices that can deliver light in the human body with a certain specificity 

and intensity (Hamaoka et al., 2007; Kale et al., 2015), photopharmacology 

tools can create a more precise and less toxic approach than conventional 

pharmacological therapies.  

 

2.1. The molecular photo-switches  

Light-sensitive moieties have the role of controlling protein functions 

using light. A fine and reversible modulation of protein activity is strictly 

related to the quality of the photoswitch that is directly linked to the target 

protein or inserted in the ligand structure that binds that target protein. 

The molecular photoswitch quality is evaluated by both its photochemical 

properties and, obviously, how such properties fit with the specific use 

that is needed. To achieve their function of controlling protein activity, 

these photochromic groups must behave as a reversible photoswitch. 

They have to isomerize under illumination with a specific wavelength in 

order to promote changes of geometry, polarity and flexibility which can 

directly affect protein function. Back-isomerization can be achieved by 

both illumination with a different specific wavelength and/or thermal 

relaxation and it mostly corresponds to the recovery of the initial activity 

of the target protein. Apart from the natural retinal, the most relevant 

synthetic classes of reversible photoswitches that have been used for 

controlling and modulating biological processes are diarylethenes, 

fulgimides, spiropyrans/merocyanines and azobenzenes (Figure 18), 

despite other classes of molecular photoswitches, such as stilbenes, 

fulgides, hemithioindigos, and chromenes, have also been studied and 

reported (Banghart et al., 2006; Szymański et al., 2013; Volgraf et al., 

2011).  
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Figure 18. Most Important Photoswitches Families. Retinal, diarylethenes, fulgimides, 

spyropyrans/merocyanones and azobenzenes general chemical structure and switching.   

 

2.1.1. Diarylethenes 

Dithienylethenes, or more generally called diarylethenes, are a type of 

photochromic molecular switches that undergo a reversible photoinduced 

cyclization through 6 π electrons between a colorless open form, 

characterized by a hexatriene moiety, and a colored rigid closed form. The 

open isomer is very flexible and under irradiation with ultraviolet (UV) light 

(312 - 360 nm) cyclizes to afford the rigid closed isomer, which can be 

reverted to the open one with visible light (> 420 nm). Diarylethenes are 

mostly considered potential candidates for new material in optics and 
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optoelectronic devices because of their photochromic behavior (Bertarelli 

et al., 2011). They are mainly characterized by high fatigue resistance, 

short photoconversion time, high thermal stability in both isomeric forms 

and, depending on their substitutions, they can afford complete 

photoisomerization (Irie, 2000; Szymański et al., 2013; Tian and Wang, 

2007). Despite they have been considered promising candidates as 

photochromic moieties for light-activated drugs, there are rare examples 

demonstrating their ability to efficiently controlling biological activities in 

living systems (Komarov et al., 2018). 

 

2.1.2 Fulgimides 

Fulgimides are very promising photoswitches that have been only 

minimally explored in photopharmacology, probably due to their 

challenging synthesis (Lachmann et al., 2019; Rustler et al., 2020). Similarly 

to the photochromism of diarylethenes, fulgimides undergo a 

photoinduced 6 π electrons-cyclic rearrangement from a colorless open 

(O-)isomer to a colored closed (C-)isomer (Lachmann et al., 2019). The O-

form can exist in its E and Z isomers. The E/Z isomerization is affected by 

the substitutions that are present in the 1,3,5-hexatriene system. In 

particular, the introduction of a sterically demanding group, such as 

isopropyl, in the alpha bridge position of the fulgimide (R’ in Figure 18) 

suppress the OE/Z isomerization, allowing exclusively the switching 

between the two observed OE- and C-isomers (Schönborn and Hartke, 

2014). Upon photoisomerization, not only the flexibility and the electronic 

properties of fulgimides change but also the geometry, which is mostly 

planar in the C- form, and twisted in the OE-isomer (Lachmann et al., 2019). 

Absorption wavelengths and photostationary states of fulgimides depend 

on the heteroaromatic portion that dials their chemical structure: furan, 

thiophene, or indole remarkably separate the absorption bands of the 

OE/Z- and C-isomers, consequently, high photostationary states can be 

observed. The photoisomerization of fulgimides from the O- to the C-form 

can be achieved with UV or visible wavelengths (270-481 nm). The back C- 

to O- isomerization can be obtained using visible light (> 470 nm) 

(Lachmann et al., 2019). Recently, an interesting pharmacological 

application of this class of photoswitches was reported with Fulgazepam, 
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a fulgimide derivative of benzodiazepine that is a light-sensitive 

potentiator of ionotropic γ-aminobutyric acid receptors (GABAARs) 

(Rustler et al., 2020). 

 

2.1.3. Spiropyrans/Merocyanines 

Spiropyrans photochemical behavior is based on a 6 π electrons ring-

closing reaction through the rupture of the C-O bond. This class of 

photoswitches can undergo a reversible light-induced isomerization 

between the colorless and non-planar closed form (“spiropyran” form) to 

the colored, planar and zwitterionic conjugated open form 

(“merocyanine” form) under illumination with UV-light (360 – 380 nm). 

The merocyanine forms can back-isomerize thermally or under irradiation 

with visible light (> 460 nm). This type of isomerization principally creates 

a very strong change in the dipole and in the polarity of the molecule (8-

15 Debyes) among the two forms. Despite spiropyrans/merocyanines 

photochemical properties have several limitations, like their low thermal 

stability of the merocyanine form (Zhang et al., 1994), their 

thermochromic behavior and their photochemical degradation (Baillet et 

al., 1995; Day, 1963), some interesting photopharmacological applications 

have been successfully investigated. Due to the ability to change polarity 

upon photoisomerization, these compounds have been used for 

controlling changes of surface energy. The introduction of 

spiropyrans/merocyanines units to a large-conductance mechanosensitive 

channel (Mscl) is able to open and close the valve with light in a reversible 

manner. This system is promising for potentially controlling drug delivery 

with light in the future (Koçer et al., 2005). Interestingly, this switch has 

been found useful to drive hydrophobic/hydrophilic environmental 

changes in protein and cell membranes with light, which may influence the 

function of transmembrane proteins and cell arrangement/sorting on 

various surfaces (Izuta et al., 2019; Schild, 2010). Moreover, tethering a 

photochromic benzospyropyrane group inside the lipase active center 

allows the control of its hydrolytic activity and enantioselectivity with light 

(Bautista-Barrufet et al., 2014). 
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2.1.4. Azobenzenes 

Azobenzenes are among the first class of molecular switches reported 

(Hartley, 1937; Rau, 2002; Sekkat and Wolfgang, 2002) and have so far 

proven to be the most versatile and reliable ones for biological 

applications (Banghart et al., 2006). They were discovered in the middle of 

the XIX century and were initially used as synthetic coloring agents by the 

dye industries (Griffiths, 1972; Szymański et al., 2013). Azobenzene 

structure is based on a diazene (NH=NH) derivative with two phenyl rings 

instead of the two hydrogens. The -N=N- group is called azo-bond or azo-

bridge. The two azobenzene isomers, trans and cis, have well-defined 

geometries and well-known conformational spaces that have relatively 

little overlap between them. The trans form is characterized by a planar 

geometry with a dihedral angle of 180º and a π electrons delocalization 

over the two aromatic rings and the azo-bridge. The dipolar moment of 

trans azobenzene is negligible. Differently, the azobenzene isomer cis has 

a shorter bent geometry of 3 Å in comparison to the trans one and has the 

aromatic rings twisted of 55º out of the plane with the dihedral angle of 

the azo-bond of 11º. The dipolar moment of the cis form is 3.7 Debye. This 

change in geometry of the cis azobenzene causes the rupture of the π 

electrons delocalization over the azo-bond, which was characteristic for 

the trans azobenzene. Generally, such different electronic properties with 

the rupture of the π electrons delocalization between the two azobenzene 

isomers can be easily determined through 1H-NMR analysis. Here, the 

ortho-oriented protons of the trans isomer are located in the aromatic 

cone around 7.90 ppm (CDCl3, 600 MHz) which shift to around 6.83 ppm 

(CDCl3, 600 MHz) for the cis one, similarly to the typical chemical shift of 

the aniline protons (6.70 ppm, CDCl3, 400 MHz) (Chiba et al., 2010; Wagner 

et al., 2009). The two para-oriented substituents (4 and 4’ positions) are 

closer in the cis configuration than in the trans one. This effect can be 

further amplified by additional/different appropriate substitutions as an 

azobenzene offers high possibilities of chemical functionalization (up to 10 

different points). Commonly, the photoisomerization reaction of an 

azobenzene can be easily defined by UV-visible (UV-vis) absorbance 

measurements (Hartley, 1937). The absorption spectra of the trans and cis 

isomers of a simple azobenzene are overlapped but distinct. The trans 

form shows a strong π- π* band around 320 nm and a very weak n- π* 
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band near 440 nm, due to its symmetric geometry. Differently, the cis form 

displays a less intense π- π* bands around 300 nm and a stronger n- π* 

band near 440 nm than the trans one. The trans to cis isomerization is 

obtained under illumination with ultraviolet light (320-370 nm). The back 

isomerization to the trans form can be obtained thermally or under 

irradiation using visible light (> 450 nm). Generally, azobenzenes have high 

extinction coefficients and quantum yields, meaning that light of relatively 

low intensity can be used for their photoisomerization. Thus, azobenzenes 

are photoswitchable molecules characterized by photostationary states 

that are a function of the wavelength. They can exist 100% in the trans 

form, as it is 10-12 kcal/mol more stable than the cis one, but it is not 

practically possible to convert them 100% into the cis state through 

irradiation (Szymański et al., 2013). Despite the impossibility to obtain a 

full cis state, the dependence of the photostationary ratio on the light 

wavelength offers the advantage to tune the biological activity of the 

photoswitchable azobenzene-based drug by gradually tuning the color 

and/or the intensity of the light. Moreover, azobenzenes undergo fast 

photoisomerization, preventing the formation of dangerous triplet 

diradicals. These radicals can generate highly reactive single oxygens (in 

the presence of triplet oxygen) which are cytotoxic and harmful for the 

chromophore itself (Szymański et al., 2013). Consequently, they offer a 

good stability under physiological conditions and a good photostability, as 

they can be switched over many cycles. Finally, azobenzene synthesis is 

relatively easy (Merino, 2011) and several synthetic strategies are 

reported, like diazonium coupling, Mills reactions or metal-catalyzed 

cross-coupling strategies (Hamon et al., 2009). Potential disadvantages for 

the use of azobenzenes into biological applications can be: a) their 

solubility in water, which is easily overcome with the addition of 

appropriate soluble functional groups, and b) the conditions to 

photoisomerize from trans to cis form, since UV-A or deeply violet light 

(315-380 nm) is harmful and not suitable for tissues and cells (Dong et al., 

2007; Forman et al., 2007). However, appropriate substitutions in the 

aromatic rings of an azobenzene can easily influence the wavelength of its 

switching to red-shifted ranges, which are less dangerous and more 

biocompatible upon prolonged application on tissues, also modifying its 

thermal relaxing time (Beharry et al., 2011). The various azobenzenes can 
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be classified into different main groups, depending on the chemical nature 

of their substitutions and, consequently, the photochemical properties 

they have. These main families are azobenzenes derivatives, 

aminoazobenzenes, push-pull azobenzenes, tetra-ortho substituted 

azobenzenes and diazocines (Bandara and Burdette, 2012). 

 

Figure 19. General Structure and UV-Vis Absorption Spectrum of the Trans and Cis Isomers 

of an Azobenzene. A) Azobenzene 2D structure; B) Azobenzene 3D structure in balls with a 

surface of charge density as a wire mesh, after minimizing the energy of both isomers to 

minimum RMS gradient of 0.010; C) UV-Vis absorption spectrum of both azobenzene 

isomers.  

 

Azobenzene derivatives family (ABn) 

This family includes azobenzenes with alkyl (Gegiou et al., 1968; Tamai and 

Miyasaka, 2000), aryl (Brode et al., 1952), halide (Brode et al., 1952), 

carbonyl (Tang et al., 2007), amide (Banghart et al., 2004; Lednev et al., 

1998), nitrile (Tang et al., 2007), ester (Zacharias et al., 1998), carboxylic 

acid (Ohtani et al., 2004), nitro (Gegiou et al., 1968; Tang et al., 2007), 3-

amino (Asanuma et al., 2000), 3-alkoxy substitutions and also azopyridines 

and phenylazopyridines. All these azobenzene derivatives are grouped 

together as they have similar absorption spectra to unsubstituted 

azobenzenes (Brown and Granneman, 1975). The thermal relaxation time 

of the cis isomer changes depending on the type and the number of 

substituents (Table 3), but they are relatively slow. For this reason, they 

are used for scientific applications, such as protein probes or molecular 

machines, where a fast thermal relaxation is undesired. Similarly to the 
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unsubstituted azobenzene, these derivatives in the trans form display a 

strong π-π* band and a weaker n-π* band. Trans to cis isomerization and 

vice versa are necessarily driven using both ultraviolet and visible light. 

Azobenzenes of this class with strong electron-withdrawing substituents, 

such as nitro and carboxylic acid groups, undergo faster thermal 

isomerization (Dokić et al., 2009). 

 

 
Table 3. Chemical and Photochemical Properties of Different Azobenzene Derivatives. 

Maximum of absorbance, λmax (nm), corresponding to the π-π* band and thermal relaxing 

half-time life, t1/2 (min), of different azobenzene derivatives. Measures of compounds ABn 

and aAB are in cyclohexane at temperature 35 ºC and for compounds ppAB in hexane at the 

same temperature. Table adapted from Bandara and Burdette, 2012. 
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Aminoazobenzene family (aAB) 

Aminoazobenzenes class comprises all the azobenzenes displaying one or 

more amine, methoxy or hydroxyl groups in positions 2 or 4 (Table 3). 

These substitutions with electron-donating groups shift the strong π- π* 

transition band to higher wavelengths, overlapping it with the weaker n- 

π* band. In particular, this shift of the strong band is increased with amino 

groups substitutions and depends on the degree of amine alkylation 

(Table 3) (Blevins and Blanchard, 2004). Azobenenes having N-amides, N-

carbamates and ureas groups as substitutions show a shift to higher 

wavelengths of the π- π* band in comparison to the unsubstituted 

azobenzene and can be included in this family (Figure 20) (Pozhidaeva et 

al., 2004). This class of aminoazobenzenes generally has a thermal 

relaxation time of the cis isomer that is relatively faster compared to the 

azobenezene derivatives class (ABn), in particular in polar solvents. 

However, bulky groups in ortho positions can stabilize the cis configuration 

and conferring a slower relaxation to the trans form (Sadovski et al., 2009).  

 

 

Figure 20. Red-shift of the π-π* Band of Azobenzenes with Pseudo-amine Groups. 

Azobenzenes with methyl, amide, carbamate and urea groups in para positions. 
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Moreover, if the azobenzenes of this class have an amino or hydroxyl 

substituent deprived of alkylation, they can create intermolecular 

hydrogen bonds between both the chromophore and the solvent 

molecules and undergo azo-hydrazone tautomeric equilibrium. This 

mechanism can remarkably decrease the thermal relaxation time of the 

cis isomers (Figure 21) (García-Amorós and Velasco, 2012). This effect is 

stronger in polar solvents. The majority of the aminoazobenzenes are 

intensely colored and used as industrial dyes (Bandara and Burdette, 

2012), but also as pH and metal ion indicators (Momotake and Arai, 2003) 

or in photoelectric (Fujiwara and Yonezawa, 1991), in information storage 

devices (Iwamoto et al., 1991) and in photoresponsive polymers (Bandara 

and Burdette, 2012). 

 

 

Figure 21. Proposed Azo-hydrazone Tautomeric Equilibrium and cis-to-trans Isomerization 

for Non­N­substituted Aminoazobenzenes or Non-O-substituted Hydroxyazobenzenes. 

Figure adapted from Bandara and Burdette, 2012. 
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Push-pull azobenzene family (ppAB) 

Push-pull azobenzenes are generally characterized by the presence of 

both a strong electron-donor and a strong electron-acceptor group, which 

are oriented in the 4 and 4’ positions of the aromatic rings of the 

azobenzene (Table 3). However, also electron-donor and -acceptor groups 

in 2 and 2’ positions can create a “push-pull”. This push-pull effect displays 

a decrease of the π- π* state energy, allowing a strong shift of the 

corresponding band to red-shifted wavelengths. This family of 

azobenzenes also display a very short thermal relaxation time of the cis 

isomer, from milliseconds to seconds, depending on the polarity of the 

solvent (Bandara and Burdette, 2012).  The push-pull effect can be 

improved by using 2- or 4-pyridine as donor or 2- or 4-methylpyridinium 

salts as acceptor. In these cases, the π- π* band can be strongly shifted to 

red wavelengths (600 nm) and the relaxation time of the cis isomer is 

particularly reduced (Mourot et al., 2011). The relaxation time of the cis 

isomer can be also radically decreased if the electron-donor/acceptor 

groups allow tautomeric equilibrium (García-Amorós and Velasco, 2012) 

(Figure 22). The fast isomerization in both directions, high polarizability 

and large dipole moment of this family of azobenzenes make them very 

useful for non-linear optical and photo-refractive materials (Marder et al., 

1997; Meerholz et al., 1994), optical poling, holographic memory storage 

devices (Berg et al., 1996; Kawano et al., 1999; Tsutsumi et al., 1995) or as 

fast information-transmitting light-sensitive switches (García-Amorós and 

Velasco, 2012). Of particular interest, nonlinear optical materials with 

push-pull azobenzenes are studied to generate high-frequency lasers from 

low-frequency radiation sources. As the aminoazobenzenes, lots of push-

pull azobenzenes have an intense color, and so largely used in industry as 

dyes (Bandara and Burdette, 2012). 
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Figure 22. Examples of Push-pull Azobenzenes. Comparison of the cis-isomer relaxation half-

life time (t1/2) for push-pull azobenzenes without and with azo-hydrazone tautomeric 

equilibrium. 

 

Tetra-ortho substituted azobenzene family (toAB) 

This class shows tetra-ortho substitutions (2,2’,6 and 6’ positions) in the 

two aromatic rings with methoxy or halide groups. They have a very 

characteristic photochemical behavior as the weaker n-π* band of the 

trans isomer is shifted to higher wavelengths and is not overlapped with 

the same band of its cis isomer (Figure 23). Consequently, 

photoisomerization of these azobenzenes can be exclusively achieved 

through their n-π* bands. Trans to cis isomerization can be obtained with 

green light (500-540 nm) and back isomerization to trans with blue light 

(420-450 nm).  Moreover, such tetra-ortho functionalization strongly 

stabilizes the thermal relaxation time of the cis isomers, with half-times 

ranging from hours to days in water (Beharry et al., 2011; Samanta et al., 

2013). Tetra-ortho-methoxy-substituted azobenzene derivatives, despite 

their well-separated n-π* transitions, are often sterically too demanding 

for fitting into small receptors binding pockets, thus limiting their 

photobiological applications. Differently, tetra-ortho-functionalizations 

with chlorine and fluorine are less bulky and, even if they show less red-

shifted trans n-π* transitions then ortho-methoxylated-azobenzenes, 

have been remarkably employed in biology (Konrad et al., 2016; Rullo et 

al., 2014; Wegener et al., 2017). Interestingly the ortho-fluorinated 

azobenzenes, which are also sterically less demanding in comparison to 

the chlorinated ones, show a high two-photon absorption cross section. 

This property permits their photoisomerization using near-Infrared lights, 
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which can get the highest penetration into biological tissues with the 

lowest photodamages (Cabré et al., 2019a). 

 

Figure 23.  General Chemical Structure of Tetra-ortho Substituted Azobenzenes. 

 

Diazocines or “bridged azobenzene” family (bAB) 

Diazocines are “bridged” azobenzenes with superior photochemical 

properties as the cis is the thermodynamically stable isomer which can 

100% exists, and also display high photochemical conversion rates to the 

trans isomer (> 90%) (Figure 24). The unsubstituted diazocine 

photoisomerizes from cis to trans configuration using 370-400 nm light 

and back isomerize to cis thermally in 5 hours (25 ºC) or using red-shifted 

light (450-500 nm) (Siewertsen et al., 2009, 2011). Recently, also nitrogen 

bridged diazocines (N-diazocines) derivatives have been reported (Lentes 

et al., 2019). Despite this class of photoswitches has the potential to be 

remarkably important in photopharmacology due to their structural 

similarity with many mainstream drugs (Lentes et al., 2019), their limited 

synthetic accessibility has so far limited the biological applications (Eljabu 

et al., 2015; Samanta et al., 2012). However, attempts to produce 

diazocines with larger yields have been reported during the development 

of photochromic ligands to control the neural receptors responding to 

glutamate (GluK1 and GluK2) (Cabré et al., 2019b). 

 

Figure 24.  General Chemical Structure of Diazocines. 
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2.2. Methods to photocontrol biological systems  

The control of protein function or a signaling path through the use of light 

is considered a potential innovative treatment for different pathologies 

and a useful tool for studying the complexity of various biological 

networks. This technology field assembles different techniques, that can 

be classified in optogenetic, optogenetic pharmacology, 

photopharmacology using caged compounds and photopharmacology 

using photoisomerisable compounds. 

 

2.2.1. Optogenetic 

Optogenetic takes advantage of the natural photoswitchable 

chromophores that are present in some class of proteins in order to 

control their activity using light in a fast and precise manner. Light-

sensitive proteins are genetically expressed in cultured cells, generally in 

neurons, or even in vivo, in order to control the function of biological 

networks with light. Retinal is the most used natural photoswitchable 

chromophore for optogenetic applications, as it is naturally bound to opsin 

proteins. Opsins are GPCRs that regulate the visual transduction cascade 

(rhodopsins), the proton pumps as a source of energy (bacteriopsins), and 

there are also transmembrane ionic channels (channelrhodopsins) and 

pumps (halorhodopsins) which permit the flow of ions when a photon is 

absorbed (Figure 25) (Boyden et al., 2005; Fenno et al., 2011; Kleinlogel et 

al., 2011; Wietek et al., 2014; Zhang et al., 2014). 
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Figure 25. Schematic View of the Optogenetic Approach for Controlling Protein Activity with 

Light. Schematic view of the channelrhodopsin activity. All-trans-retinal is shown in red, cis-

retinal is shown in green, cations (mostly Na+) permeating through the pore upon 

photoactivation are shown as positive charges. They enter the cell due to the concentration 

gradient and cause a membrane depolarization.  

 

2.2.2. Photoswitchable tethered ligands (PTLs) 

A photoswitchable-tethered ligand (PTL) is a particular type of light-

sensitive drug as it is covalently attached to its target receptor through a 

tether that contains a photoswitch. In particular, it consists of a bioactive 

molecule for a specific receptor combined with one side of a 

photoswitchable moiety. The opposite side of the photoswitch is attached 

to a terminal cysteine-reactive group of the target receptor (Figure 26). 

Thus, the PTL must have a particular reactive group that can attach to the 

sulfhydryl groups of the protein. The most common reactive groups of 

PTLs are maleimides, activated carboxylic acids, and halides. The bioactive 

moiety of a PTL can be an agonist, an antagonist or a blocker. In the use of 

PTLs resides important pharmacological benefits. In fact, such activatable 

drugs are not able to diffuse away from their target receptors. This allows 

to obtain fast, reproducible, and spatially define protein responses upon 

illumination during long-lasting experiments (Ricart-Ortega et al., 2019). 

The PTLs can be bioconjugated to a target endogenous protein. Such light-
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based technology is known as “tethered photopharmacology”. It includes 

the coupling of PTLs to genetically modified receptors which has been 

named “optogenetic pharmacology” (Kramer et al., 2013). 

 

Figure 26. Schematic View of the Optogenetic Pharmacology Method for Controlling Protein 

Activity with Light. 

The free cysteines are not generally abundant on the surface of an 

endogenous protein. For this reason, such residues are often introduced 

by mutagenesis near the binding site of the receptor, in an appropriate 

location that does not affect its physiological function. However, the 

position of a Cys residue in the target protein cannot be always optimized 

to facilitate the PTL-receptor binding site contacts. To help this interaction, 

a molecular chain of variable length can be introduced in the designed PTL 

to obtain a cis or trans active compound (Ricart-Ortega et al., 2019). Since 

the PTL is covalently attached to its target receptor, the affinity of the 

ligand is not a major concern as its concentration at the tethered site is 

very high in its active form. As a consequence, low-affinity ligands are 

usually preferred to guarantee that the photoswitching removes the 

ligand from the binding site. 

Nicotinic Acetylcholine receptors (nAChRs) were the first coupled with 

PTLs. These receptors natively display a cysteine-rich loop near the 

orthosteric binding site. After reduction with dithiothreitol, the sulfhydryl 
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groups of these residues were made accessible for the conjugation with 

QBr (Figure 27), the specific PTL that can activate nAChRs in its trans 

configuration and leave the binding site in cis (Bartels et al., 1971). In 

combination with fine amino acidic mutations of the target protein, other 

PTLs have been developed. Of particular interest, a widely used class of 

PTLs are the MAQ family of K+ channels blockers (Banghart et al., 2004; 

Chambers et al., 2006; Fortin et al., 2011; Sandoz et al., 2012), and the 

MAG family as agonists for glutamate ionotropic receptor kainate type 

subunit 2 (GluK2) and metabotropic glutamate receptors (mGluRs) (Figure 

27) (Izquierdo-Serra et al., 2014; Volgraf et al., 2006). 

 

Figure 27. Representative examples of PTLs. 

Despite the interesting results obtained with optogenetic pharmacology 

on controlling protein activity with light, the need of genetic manipulation 

hampers the therapeutic applications because of safety and regulatory 

concerns. This limitation was recently overcome by the development of 

targeted covalent photoswitches (TCPs) conjugated to native kainate 

receptor channel GluK1. Such TCPs (Figure 28) allow the photocontrol of 

the target protein activity in GluK1-expressing neurons (Izquierdo-Serra et 
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al., 2016). However, the tethered photopharmacology strategy has not yet 

been investigated on endogenous G-Protein Coupled Receptors.  

 

Figure 28.  Chemical structure of TCP 9.  

 

2.2.3. Photopharmacology using caged compounds  

Photopharmacology with caged compounds stands as a potential 

therapeutic alternative in order to overcome the limitation of genetic 

manipulation, which is necessary for optogenetic techniques. Caged 

compounds can behave as drug-like compounds, a peculiarity that can 

make them interesting for human therapies. They are based on protecting 

groups that enclose, or “cage”, the bioactive agent and render this last one 

ineffective. These protecting groups are covalently linked to the drugs, 

avoiding the performance of their biological activity by masking a 

functional group crucial for the ligand-receptor interaction. The bond 

between the “cage” and the ligand is photolabile. Upon irradiation, with 

the right wavelength, the bond is broken in order to release the bioactive 

agent (Figure 29). Caged compounds have found important applications in 

cell biology and biochemistry as it is possible to control the drug release 

timing and to generate abrupt or localized changes of the active ligand 

concentration by controlling light wavelengths. This peculiarity makes 

caged ligands fundamentals for studying the fast kinetics or spatial 

heterogeneity of biochemical responses when rapid mechanical mixing is 

difficult, such as in intact cell, tissue, or protein crystal, or when 

microscopic spatial resolution is desired (Adams and Tsien, 1993). 

Recently, photocleavable ruthenium complexes have been designed to 

respond to widely separated wavelengths of light in order to achieve the 

sequential release of different bioactive compounds (Rapp and 

Dmochowski, 2019). 
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Figure 29. Schematic Representation of the concept of “Photopharmacology using Caged 

Compounds”. 

Despite the use of caged compounds can avoid genetic modifications, this 

technique preserves some limitations. First, the release of the bioactive 

compound is not reversible. Of course, the caged compounds can 

effectively release the drug with high spatio-temporal precision. However, 

once the active compound is released, its control in the body is completely 

lost as it happens for conventional drugs. In this case, the only hope is that 

the ligand leaves the active zone as faster as possible or is cleared by either 

a reuptake pump or a deactivating enzyme. Second, the light-dependent 

cleavage can produce some by-products, such as the remnants of the 

protecting group, that can have secondary effects or be toxic. Other 

limitations may be the unwanted release of the ligand through thermal 

hydrolysis, and the fact that some caged ligands have off-target effects, 

such as antagonists on other receptors. (Figure 30) However, different 

caged compounds have been successfully designed to light-control the 

release of endogenous neurotransmitters (Klán et al., 2013), in particular 

for glutamate, that has been very useful for unraveling neural systems 

(Callaway and Katz, 1993; Canepari et al., 2001; Fino et al., 2009), for GABA 
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(Canepari et al., 2001; Donato et al., 2012; Verde et al., 2008), and for cage 

endogenous opioid neuropeptides L-enkephalin and dynorphin (Figure 30) 

(Banghart and Sabatini, 2012).  

 

Figure 30. Examples of Caged Compounds to Precisely Control the CNS Activity.  
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Other applications of this technique are caged ATP for purinergic receptors 

P2X2, proteins involved in the synaptic transmission between neurons and 

from neurons to smooth muscle cells, and caged capsaicin for TRPV1 

channels, capsaicin receptors involved in the regulation of body 

temperature. These two were the first approaches that showed to work in 

living animals (Zemelman et al., 2003). 

 

2.2.4. Photopharmacology using photoisomerisable free ligands  

Photoisomerisable compounds or photochromic ligands (PCLs) are based 

on the design and development of bioactive agents that have in their 

scaffold a photoswitchable moiety. This photoswitch is able to reversibly 

change the spatial disposition of the chemical groups of the bioactive 

molecule (Lerch et al., 2016). The configurations changes can strongly 

affect the efficacy of the compound to its specific target protein, allowing 

the modulation of its biological effect in a light-dependent manner. The 

control of both activation and inactivation of an endogenous protein, 

which is characteristic for photoisomerisable compounds, stands as an 

interesting evolution of the caged compounds, where the biological 

activity is triggered in an irreversible manner and the control of the drug 

is lost after its release. Moreover, using caged compounds other than 

glutamate is quite challenging, and their applications in vivo (e.g. in the 

brain) are rarely reported. Photoswitchable ligands preserve most 

advantages of caged compounds (Figure 31). They have the small 

molecule drug-like profile with the potential easiness of administration 

and fast tissue distribution, and the ability to control protein function with 

light without the need of genetic manipulation. Therefore, the ideal 

application of these tools for human therapies may be possible. However, 

the potential fast and passive tissue distribution could hamper the high 

selectivity of photoswitchable drugs, evoking undesired secondary effects.  
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Figure 31. Schematic Representation of the concept of “Photopharmacology using 

Photoisomerisable Free Ligands”. 

Accordingly, the ideal photoisomerisable compound should be inactive in 

its thermodynamically stable state in the absence of light. In this way, it is 

possible to spatiotemporally control its activation only through the spot of 

illumination. The most used reversible photochromic moieties for the 

development of bioactive photoswitchable ligands are azobenzenes. An 

azobenzene is able to isomerise from the thermodynamically stable trans 

to the cis isomer upon illumination with a specific wavelength, and can 

back isomerize to trans through irradiation with a different specific light 

or thermally. Exceptions are the “bridged” azobenzenes (diazocines) 

which have the cis configuration as the thermodynamically stable one. The 

transition between the two isomers strongly affects the length and the 

three-dimensional geometry of the ligand. These conformational changes 

create the existence of two possible approaches for an azobenzene-based 

drug: the “trans-active” or the “cis-active” compound. Trans-active 

compounds can bind the target receptor in their trans conformation and 

the cis one remains unbound, instead, the cis-active compounds behave 
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in the opposite way. The first photoswitchable compound with biological 

activity to be reported was BisQ (Figure 32). As an evolution of previous 

light-dependent pharmacological techniques, BisQ is the symmetric non-

tethered derivative of QBr. (Figure 27) This ligand has a quaternary 

ammonium ion (Q) on both sides of the chromophore. Such a simple 

symmetric molecule is a photoswitchable version of the ACh and is able to 

open the nAChRs channels in its trans configuration (Bartels et al., 1971). 

Other interesting derivatives of tethered ligands have been designed and 

developed to have bioactive photoswitchable compounds. For example, a 

library of active MAQ-related K+ channels blockers (Figure 31) have been 

studied and reported. These derivatives can exert their activity as trans- 

or cis-active compounds, depending on their chemical structure (Banghart 

et al., 2009; Fortin et al., 2008; Mourot et al., 2012). Another important 

example is Gluazo, (Figure 32) a photoisomerisable trans-active agonist of 

the ionotropic glutamate receptor GluK1. However, the design of new 

photoswitchable compounds is not only restricted on evolving the 

structure of previous reported PTLs. Through the study of the structure-

activity relationship (SAR) of known drugs or drug-like bioactive agents, 

very fine structural modifications have been designed and applied to 

different compounds. This process created a large library of innovative 

drug-like photoisomerisable molecules.  

 

Figure 32. Examples of Photoisomerisable Compounds Which Are Active in the CNS. 
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The chemical modifications used to obtain new photoswitchable ligands 

can be classified into two types of approaches: the “azo-extension” and 

the “azologization” (Broichhagen et al., 2015). The azo-extension 

approach is based on “extending” a pre-existing aromatic ring of a 

bioactive agent into an azobenzene. In this way, a photoisomerisable 

derivative can be obtained and can maintain the activity of the original 

compound only in one configuration (trans or cis). Following this 

approach, various interesting tools have been developed. (Figure 33) 

Azopropofol is a trans-active derivative of the GABAA channel potentiator 

propofol, which is used for inducing or maintaining general anesthesia 

(Stein et al., 2012). Other interesting azo-extensions were applied to the 

antibiotic drug ciprofloxacin, obtaining the cis-active derivative 

quiniolone-2 (Velema et al., 2013), and to the µ opioid GPCR agonist 

fentanyl, which is used as a pain medication, creating the trans-active 

derivative Photofentanyl (Figure 33) (Schönberger and Trauner, 2014). 

 

Figure 33. Examples of the Azo-extension Method to Afford Photoisomerisable Bioactive 

Compounds. 

Differently, the azologization approach, or azo-replacement, is obtained 

by looking for a bridge between two aromatic rings into the chemical 

structure of the reference drug and replacing it with an azo-bond. The 
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bridge can be of different chemical nature, such as an ethylene, an amide 

or a methylene ether. This azologization design is the most used for 

building up new photoswitchable ligands libraries. The success of this 

strategy needs a fine study of the SAR and the three-dimensional 

orientation into the receptor binding site of the original molecule in order 

to bioisosterically introduce the molecular photoswitch. The anesthetic 

drug fomocaine has been successfully azologized in its trans-active 

derivative fotocaine (Figure 33) (Schönberger et al., 2014). Other 

important exemples are the development of the cis-active azolog of 

glimepiride, a medication used for the treatment of diabetes mellitus type 

2 (Broichhagen et al., 2014), and the cis-active azolog of the arvanil lipid, a 

derivative of the capsaicin, which activates the capsaicin channel 

receptors TRPV1 that are involved in the regulation of body temperature 

(Figure 33) (Frank et al., 2015). The allosteric site of endogenous GPCRs 

was targeted for the first time with photochromic ligands by the 

development of alloswitch-1, a photoswitchable negative allosteric 

modulator selective for the metabotropic glutamate receptor mGlu5 

(Figure 34) (Pittolo et al., 2014). Another interesting application of the 

azologization is the development of the light-sensitive derivative of 

combretastatin A-4, called PST-1, which is able to inhibit the microtubule 

polymerization in its cis isomer and has antimitotic and pro-apoptotic 

properties (Borowiak et al., 2015). However, the presence of 

crystallographic poses of the bound target ligand into its receptor, 

combined with the performance of molecular docking simulations, 

facilitate the design of azolog derivatives and the success rate of this 

strategy. A clear example of the importance of these auxiliary details is 

demonstrated during the development of phototrexate, a putative 

photochromic dihydrofolate reductase (DHFR) inhibitor in its cis form 

obtained by bioisosteric azologization of the well-known chemotherapy 

agent Methotrexate (Matera et al., 2018). 
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Figure 34. Examples of the Azologization Method to Afford Photoisomerisable Bioactive 

Compounds 

 

2.3 Conclusions about photopharmacology 

In conclusion, caged compounds, photoswitchable-tethered ligands, and 

photochromic ligands are advanced techniques to control the activity of 

any biological network with light. Some of their features allow overcoming 

the limits of optogenetics, which depends on genetic manipulation. 



78 
 

However, the targeted expression of proteins can be as well a very 

powerful technique, depending on the specific application that is needed. 

Indeed, in the last decades, genetics and pharmacology have been 

complementary techniques and often mixed with each other in order to 

understand physiology and manipulate the heterogeneity of its 

biochemical events. 

Photopharmacology stands as a unique and innovative therapeutic 

approach that takes advantage of light. Patterned illumination can provide 

a highly precise spatiotemporal control of the action of photoswitchable 

drugs. This peculiarity can improve the selectivity of a drug, not only 

regarding a single receptor subtype, but also a very specific location of the 

human body where the target proteins are expressed. Such specificity 

cannot be achieved by the classical medicaments in use. Therefore, it may 

lead to a revolution in standard pharmacology. Photopharmacology is not 

only restricted to chemistry, biology and medicine studies in order to 

develop innovative photoswitchable drugs. Progress in this field occurs in 

parallel and in collaboration with physics, engineering and optics for the 

development of innovative optoelectronic devices that can be used for the 

photostimulation applied to human therapies. 
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3. Objectives of the Thesis 

Muscarinic acetylcholine receptors (mAChRs) are class A G-Protein 

Coupled Receptors (GPCRs) characterized by a widespread tissue 

distribution and involved in the control of numerous central and 

peripheral physiological responses. From the preceding sections, there are 

many potential therapeutic applications for drugs controlling the mAChRs 

activity. However, the high sequence homology among the different 

subtypes (M1–M5) of the transmembrane region hampers the 

development of subtype-selective ligands. Numerous muscarinic drugs 

have been created in the past decades, but their medical use is very limited 

due to their unwanted effects in the organism.  

Classical pharmacology alone was not able to overcome the natural 

obstacles posed by this family of receptors for their therapeutic 

exploitation. In addition to the poor selective profile common to nearly all 

the muscarinic ligands, pharmacological agents are often widely 

distributed once administered into the body, further complicating their 

applications. 

Photopharmacology offers the possibility of controlling muscarinic 

receptor pathways at different locations and times in order to disentangle 

their networks and to further understand their physiological functions. 

Photopharmacology also promises several potential benefits for new 

pharmacological treatments. Using suitable illumination, the activity of a 

reversible photoisomerisable drug can be controlled with light in space 

and time over the body after administration, to improve its selectivity for 

a single target expressed in a specific location. Overall, this light-based 

approach presents novel perspectives in drug discovery and therapeutics 

and aims to improve the specificity and the control of drugs’ action and 

minimize their side effects. 

Recognizing both the need of new tools to control metabotropic 

cholinergic actions and better study their pathophysiological roles, and the 

opportunities offered by photoswitches, the grand aim of this thesis is the 

development of new and versatile light-regulated ligands that can enable 

the optical modulation of endogenous mAChRs and the physiological 

processes in which they are involved.  
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In order to achieve that aim, different objectives have been set in this 

thesis: 

1) The design and synthesis of a series of photoswitchable muscarinic 

agonists, taking advantage of both the outstanding agonism activity 

of iperoxo and the application of the azo-extension approach to this 

mAChRs superagonist (Chapter II); 

 

2) The design and synthesis of new photoswitchable muscarinic 

agonists using the molecular hybridization strategy, which allows 

combining in a single molecular structure the fundamental chemical 

and pharmacological elements of an allosteric modulator and a 

potent agonist (Iperoxo), in order to obtain a drug with improved 

affinity, efficacy, selectivity or safety in comparison to the parent 

agonist (Chapter III); 

 

3) The design and synthesis of new photoswitchable muscarinic 

antagonists through the development of an innovative 

azologization strategy that is able to mimic the geometry of the 

tricyclic scaffold of the M1 antagonist pirenzepine (Chapter IV); 

 

4) The complete photochemical characterization of all the new 

synthesized compounds, which must be photoisomerizable in 

aqueous solution compatible with pharmacological studies 

(Chapters II, III and IV); 

 

5) The pharmacological characterization of the new compounds, 

which must affect mAChR-mediated functions and must 

photoisomerize in different biological contexts such as cell cultures, 

intact tissues, and wild-type animals (Chapter II, III, IV); 

 

6) To devise strategies to overcome the use of ultra-violet wavelengths 

to photostimulate the new muscarinic ligands, in order to improve 

the light penetration deep into the tissues and reduce its potential 

cell damage (Chapter II, III, IV). 
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CHAPTER II 

Development of Orthosteric Photoswitchable 

Agonists to Control Muscarinic Receptors 
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General Introduction  

Chapter II 

 

 

 

Iperoxo is recognized as a very appealing ligand for muscarinic receptors. 

Despite its 3-oxy-Δ2-isoxazoline scaffold, which is atypical compared to 

acetylcholine (ACh) or carbachol (CCh), this quaternary ammonium salt is 

one of the most potent agonists at all the three investigated muscarinic 

receptor subtypes (M1, M2, and M3). However, its pharmacological profile 

is lacking subtype selectivity (Barocelli et al., 2000; Dallanoce et al., 1999). 

 

Figure 35. Chemical structures of acetylcholine (ACh), carbachol (CCh) and Iperoxo (IPX)  

With the aim of developing innovative muscarinic agonists, we designed, 

synthesized and characterized the pharmacological profile of 

photoswitchable derivatives of iperoxo. These agents might have not only 

important applications in research and expand the knowledge about the 

mAChRs role in the pathophysiology of various diseases, but also clinical 

applications in medicine. 

We elongated the quaternary ammonium nitrogen of iperoxo with 

unsubstituted and tetra-ortho-fluorinated azobenzenes and produced a 

set of monovalent and bivalent photoswitchable agonists. The synthesis 

work was followed by the photochemical characterization of the new 

compounds, to prove their behavior as reversible photoswitches. Their 

pharmacology on mAChRs was tested with specific competition binding 

experiments in rat brain membranes. Afterward, a more advanced 

biological in vitro assay was used to demonstrate their light-dependent 

activity on M1 receptors. The action of the new iperoxo derivatives was 

studied with the split-luciferase complementation technique in living 
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human embryonic kidney (HEK) cells expressing the human M1 mAChR. 

Lastly, we attempted to explain our pharmacological results with 

computational binding simulations using the active conformational model 

of M1 receptor. 

 

This project has been realized initially in parallel and later in collaboration 

with the laboratories of Professor Michael Decker and Professor Ulrike 

Holzgrabe from the University of Wuerzburg (Germany). I personally 

carried out the design of the compounds, the chemical synthesis of iperoxo 

and all its unsubstituted azobenzene-based derivatives with their 

photochemical characterizations, the development and the performance 

of all the competition binding experiments on mAChRs that are present in 

this work and I took part on writing the draft of the final paper.  This full 

study has been published in the following article: 

“Fluorination of Photoswitchable Muscarinic Agonists Tunes Receptor 

Pharmacology and Photochromic Properties”  

Luca Agnetta, Marcel Bermúdez, Fabio Riefolo, Carlo Matera, Enrique 

Claro, Regina Messerer, Timo Littmann, Gerhard Wolber, Ulrike Holzgrabe, 

and Michael Decker 

Journal of Medicinal Chemistry 2019 62 (6), 3009-3020.  

DOI: 10.1021/acs.jmedchem.8b01822 
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ABSTRACT: Red-shifted azobenzene scaffolds have emerged as useful 

molecular photoswitches to expand potential applications of 

photopharmacological tool compounds. As one of them, tetra-ortho-

fluoro azobenzene is well compatible for the design of visible-light-

responsive systems, providing stable and bidirectional photoconversions 

and tissue-compatible characteristics. Using the unsubstituted 

azobenzene core and its tetra-ortho-fluorinated analogue, we have 

developed a set of uni- and bivalent photoswitchable toolbox derivatives 

of the highly potent muscarinic acetylcholine receptor agonist iperoxo. We 

investigated the impact of the substitution pattern on receptor activity 

and evaluated the different binding modes. Compounds 9b and 15b show 

excellent photochemical properties and biological activity as fluorination 

of the azobenzene core alters not only the photochromic behavior but also 
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the pharmacological profile at the muscarinic M1 receptor. These findings 

demonstrate that incorporation of fluorinated azobenzenes not just may 

alter photophysical properties but can exhibit a considerably different 

biological profile that has to be carefully investigated. 

 

INTRODUCTION 

In recent years, many different biochemical  targets,  including ion 

channels, enzymes, and lipids, have been effectively modulated in a light-

controlled fashion using photoswitchable ligands, expanding the vibrant 

field of photopharmacology.1 Now, the potential of the application of 

photopharmacological tool compounds to G protein-coupled receptors 

(GPCRs) is being steadily investigated.2 The rapid light-induced 

isomerization of photochromic ligands can be directly translated into a 

change in affinity or activity. This can give important new insights into the 

binding mode and time course of activation processes, enabling precise 

spatial and temporal resolution of the complex signaling pathway of 

GPCRs.3 The muscarinic acetylcholine (ACh) receptors (mAChRs), which 

belong to class A GPCRs, have received special attention in this regard due 

to their role as a prototypic pharmacological system4 and their therapeutic 

potential.5 The muscarinic receptors mediate the excitatory and inhibitory 

effects of the neurotransmitter acetylcholine (ACh),6 thus regulating 

diverse important biological processes. Muscarinic receptors are widely 

expressed in the human body including the central nervous system (M1/ 

M4/M5) related to neurological processes of memory and learning. In the 

peripheral nervous system (M2/M3), they are related to the so-called “rest 

and digest” biological functions.7 In this work, we present an optimized 

approach for the application of photochromic ligands to GPCRs by using 

the M1 receptor as a prototypic model system, outlining the advantages 

and challenges of using red-shifted molecular photoswitches. 

Accordingly, we focused on the highly potent orthosteric agonist iperoxo 

in the design of bidirectional pharmacological tool compounds with tuned 

photochemical properties. Iperoxo (iper) is a muscarinic ACh receptor 

agonist with outstanding potency that is known to tolerate bulky 

substituents without compromising agonist efficacy.8 Recently, we 
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reported on photoiperoxo (9a), a compound that consists of iperoxo 

extended with a molecular photoswitch and a dualsteric photochromic 

ligand BQCAAI.2c We made use of azobenzene as a molecular photoswitch 

to change intrinsically the geometry and polarity of the linking unit and to 

control its activation by light.1a,b,d Upon irradiation with UV- and blue light, 

and thus triggering a switch from the trans- to the cis- form, we were able 

to control the efficacy and to investigate the time course of receptor 

activation processes.2c 

Despite this remarkable progress in the development of 

photopharmacological tool compounds, the poor photostationary states 

(PSSs) of our azobenzene-based systems resulted in an unclear correlation 

between the ratio of the cis/trans concentration to the actual activity at 

the receptor. The PSS strongly depends on the electronic environment of 

the system and the overlap of transitions of the cis/trans photoisomers 

and can be influenced by changing the substitution pattern of the 

azobenzene moiety. Additionally, the operational wavelengths to trigger 

photoisomerization can interfere to a significant degree with the 

fluorescent readout methods that are commonly used in GPCR research. 

To investigate the complex nature of M1 activation, 

photopharmacological tool compounds should ideally show superior 

photochemical properties, such as quantitative and stable bidirectional 

photoswitching, and be responsive to visible rather than high-energy 

light.1a,b,d A convincing approach to optimize the photochemical properties 

of azobenzenes involving the tetra-ortho-substitution of azobenzene has 

been described previously by the groups of Woolley9 and Hecht.10 By 

choosing the suitable moieties, tetra-ortho-substitution leads to a 

separation of the n → π* transitions of trans and cis isomers and ultimately 

to almost complete trans/cis photoconversions. Importantly, the desired 

isomer can be selectively formed with wavelengths in the visible-light 

window. Despite their promising application in photobiology due to the 

well- separated n → π* transitions,11 ortho-methoxylated azobenzenes are 

sterically demanding and strongly twisted about the N−N double bond. 

This makes them unlikely to fit into the narrow receptor binding pocket. 

Ortho-chlorinated and fluorinated azobenzenes show comparable red-

shifted trans n−π* transitions, albeit somewhat less than ortho-

methoxylated, and have been successfully employed in biological 
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applications.12 However, tetra-ortho-fluoro substituted azobenzenes 

stand out in their slow thermal cis-to-trans relaxation rate, representing a 

truly bistable molecular switch on the biological time scale. Moreover, the 

fluorine substituents are sterically less demanding compared to the 

chlorine ones.10a Based on these results, we further investigated the effect 

of iperoxo-derived photoswitchable ligands by developing a set of tool 

compounds, containing the iperoxo motif and the tetra-ortho-fluoro 

azobenzene or unsubstituted azobenzene, separately. 

In modern medicinal chemistry, the bivalent strategy has been extensively 

applied to GPCR ligands.13 Appropriately designed bivalent ligands can 

exhibit higher affinity, potency, and selectivity compared with the parent 

ligand, with potential therapeutic application.14 Successful examples of the 

application of this approach to GPCRs include the human cannabinoid 

receptor 2,15 opioid receptor,16 dopamine 2,17 and muscarinic receptors.18 

To this end, we extended the photoiperoxo structure with another iperoxo 

moiety, creating a homobivalent ligand, to improve and investigate 

binding at the M1 receptor.  

 

Figure 1. Structures of (1) reference agonists acetylcholine (ACh), carbachol (CCh), and 

iperoxo (iper); (2) univalent; and (3) homobivalent photoswitchable derivatives with 

azobenzene- and tetra-ortho-fluoro azobenzene scaffolds and homobivalent ligands linked 

by polymethylene linkers. 

 



89 
 

RESULTS AND DISCUSSION 

We now report the design and synthesis of photoswitchable homobivalent 

iperoxo (15a), tetra-ortho-fluoro-photoiperoxo (9b), and homobivalent 

tetra-ortho-fluoro-photoiperoxo (15b), being the corresponding tetra-

ortho-fluorinated analogues of the azobenzene iperoxo derivatives (Figure 

1). In addition, we synthesized homobivalent iperoxo derivatives (18a−d) 

connected by aliphatic chains as reference compounds to identify the 

optimal distance between the two orthosteric moieties for dualsteric 

binding.  

 

Scheme 1. Synthesis of Photoiperoxo and F4-Photoiperoxoa 

aReagents and conditions: (a) Pd/C, EtOH (87%); (b) oxone, CH2Cl2, water; (c) 2, 

AcOH/trifluoroacetyl (TFA), toluene (43%); (d) N-bromosuccinimide (NBS), 

azobisisobutyronitrile (AIBN), CCl4, 80 °C (50%); (e) nitrosobenzene, AcOH (75%); (f) CBr4, 

PPh3, CH2Cl2 (60%); (g) 4((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine 16, 

EtOAc/MeCN (39% for 9a, 92% for 9b). 

Chemistry. The synthetic routes for the uni- and homobivalent ligands are 

summarized in Schemes 1 and 2, respectively. Azobenzene moieties 5 and 

7 were accessed starting from the corresponding anilines 2, obtained from 

reduction of 1,3-difluoro-5-methyl-2-nitrobenzene 1, and commercially 

available (4-aminophenyl)methanol 6. Anilines were used in Baeyer−Mills 

reactions with 1,3-difluoro-2-nitrosobenzene 4 and nitrosobenzene, 
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respectively, to afford precursors for bromination, which took place under 

either radical (for 8b) or nucleophilic substitution conditions (for 8a). 

 

Scheme 2. Synthesis of Iper-azo-iper and F4-Iper-azo-ipera 

aReagents and conditions: (a) oxone, CH2Cl2, water; (b) 10, AcOH (36%); (c) KMnO4, 

FeSO4·7H2O, CH2Cl2 (29%); (d) NBS, AIBN, CCl4, 80 °C (76% for 14a, 24% for 14b); (e) 4((4,5-

dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine, EtOAc, 60 °C (83% for 15a, 32% 

for 15b). 

Lastly, 4((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethyl-but-2-yn-1-amine, 

prepared using the standard convergent procedure as described 

previously,19 was connected to the photoswitches to afford photoiperoxo 

9a and F4-photoiperoxo 9b. The synthesis of the homobivalent ligands 

started from commercially available p-toluidine 10, which was condensed 

to compound 13a by means of a Baeyer−Mills reaction. Tetra- ortho-

fluorinated analogue 13b was obtained by oxidative coupling of 12 with 

potassium permanganate and iron sulfate heptahydrate as oxidizing 

reagents.  

 

Table 1. UV−Vis Spectroscopic Data of Compounds 9a, 9b, 15a, and 15ba 

aλmax (π−π*, n−π*) represents the wavelength at the maximal absorption of the π−π* and 

n−π* transition bands, respectively. The molar extinction coefficients ε (π−π*, n−π*) were 

calculated according to the Lambert−Beer formula. Δλ (n−π*) is the difference between 

trans and cis regarding λmax of the n−π* band. PSS percentages after irradiation with 

operational wavelengths determined by liquid chromatography using the wavelength at the 

isosbestic point as the detecting wavelength. 
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Again, radical bromination and substitution with 4((4,5-dihydroisoxazol-3-

yl)oxy)-N,N-dimethylbut-2-yn-1-amine resulted in formation of target 

compounds 15a and 15b. Aliphatic derivatives (18a−d) were synthesized 

reacting the corresponding double brominated aliphatic chains with 2 

equiv of 4((4,5-dihydroisoxazol- 3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine 

(Suppl. Scheme 5).  

 

Figure 2. Representative (A) absorption spectra of PSS at the dark-adapted state and after 

illumination with 400 nm (to trans) and 500 nm (to cis), (B) stability measurement and (C) 

multiple cis/trans isomerization cycles of compound 9b in dimethyl sulfoxide at 25 °C. 

Spectra of compounds 9a, 15a, and 15b are displayed in the Supporting Information section. 

UV−Vis Spectroscopic Characterization. The UV−vis absorption spectra of 

the set of compounds 9a, 9b, 15a, and 15b were measured at a 

concentration of 50 μm in dimethyl sulfoxide (DMSO). For compounds 9a 

and 15a (with unsubstituted azobenzene scaffold), we observed a strong 

π−π* transition band at short wavelength (λπ−π* ≈ 320 nm) and a weaker 

n−π* (λn−π* ≈ 422 nm) upon irradiation with blue light (400 nm, trans 

isomer). Irradiation with UV light (365 nm), and thus photoconversion to 

the cis-isomer, leads to a decrease in absorbance intensity of the π−π* and 

increase of the n−π* band without affecting the wavelengths of the 

respective transition bands. Spectra of fluorinated compounds 9b and 15b 

were measured using 400 nm for cis → trans and 500 nm for trans → cis 

photoconversions. Due to the n-orbital stabilization of electron-

withdrawing groups in the cis-state, tetra-ortho-fluoro substitution of the 

azobenzene core causes a separation of the transitions of the n−π* band, 

in our case of around 33 nm on average, which makes it possible to address 

both isomers selectively with light in the visible region (Figure 1A).20 As a 

direct consequence, the PSSs (measured by means of liquid 

chromatography at the isosbestic point wavelength) are substantially 

higher than for nonfluorinated analogues (Table 1), which is beneficial for 

the application of photoswitchable ligands in biological systems and allows 
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a clear correlation between the distinct photoisomer and its biological 

effect. Moreover, multiple cis/trans switching cycles did not cause 

noticeable degradation, highlighting the reliability and robustness of the 

photochromic conversion of both the tetra-ortho-fluoro and 

unsubstituted azobenzene scaffolds. This is confirmed by stability 

measurements in which the compounds were kept in the dark for at least 

120 min after switching to the less stable cis-isomer, without significant 

changes in absorbance and hence in the PSS. Importantly, this information 

is required when considering eventual incubation times required in 

biological assays, making sure that the photoswitchable ligands do not 

relax to the trans-isoform during the readout (Figure 1B, C). From the 

physicochemical point of view, this set of compounds shows ideal 

characteristics for stable and bidirectional photoswitching (Figure 2). 

Binding Experiments. First, 9a, 9b, 15a, and 15b were tested for affinity to 

the M receptors. This was achieved in competition experiments with the 

photoswitchable ligands in rat brain membrane preparations. These were 

conducted as described previously21 and contained a high density of all the 

five mAChR subtypes. [3H]Quinuclidinyl benzilate ([3H]QNB) is a 

nonselective muscarinic ligand, which allows the identification of 

muscarinic receptors,22 and displays an equilibrium dissociation constant 

of about 40 pM,23 making it suitable for these experiments. Specific 

binding was defined with test compounds at total nominal concentrations 

in the range of 1−100 μM and elaborating the raw dpm data from the 

scintillation counter,21 representing total radioactivity. In general, 

compounds 9a, 9b, 15a, and 15b were found to show good affinity for the 

M receptors (Figure 3). In particular, the azobenzene-elongated iperoxo 

9a and 9b showed a binding affinity in the low-micromolar range, although 

no significant changes could be observed upon irradiation (pIC50 ≃ 5 for 

both photoisomers, Figure 3A, C). The affinity increased significantly for 

the homobivalent ligands 15a and 15b. In good agreement with results 

from the split-luciferase interaction assay, trans-15a showed an affinity in 

the high-nanomolar range, with a significant difference between the two 

photo isoforms (pIC50 = 6.32 in the dark vs 5.88 under illumination with 

365 nm light, Figure 3B). Thus, we observed that despite the introduction 

of an azobenzene molecular photoswitch, a good affinity could be 

preserved. Moreover, the presence of a second moiety of iperoxo, as in 
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the homobivalent ligands 15a and 15b, improved binding affinity and 

created an appreciable difference between trans and cis isomers. 

 

Figure 3. Competition for specific binding of 200 pM [3H]QNB to rat brain membranes 

containing high density of all the five mAChRs by 9a, 9b, 15a, and 15b. Data points were 

fitted using the “log(inhibitor) vs normalized response − variable slope” function in 

GraphPad Prism 6. 

Biological in Vitro Assay. Our goal was to assess the extent to which the 

pharmacological profiles of these compounds change after fluoro 

substitution of the azobenzene core. For this purpose, we used a novel 

split-luciferase complementation technique detecting the interaction 

between the Gαq subunit and phospholipase C-β3 (PLC-β3) and thus 

reflecting G protein activation in living HEK 293T cells expressing the 

human M1 receptor.24 The split-luciferase complementation technique is 

particularly  suitable  to  detect protein−protein interactions and 

associated signaling in living cells.25 Since it is not fluorescence-based, no 

excitement irradiation is needed and, consequently, its readout does not 

interfere with the operational wavelengths for photoswitching, providing 

clear-cut and distinguishable concentration−response curves for each 

photoisomer, which makes it highly suitable for photopharmacological 

investigations into GPCRs. Technically, HEK 293T cells were engineered to 

express a fragment of the luciferase at the Gαq subunit of the 

heterotrimeric G protein and the complementary fragment at the N-
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terminus of the PLC-β3. Upon binding of the endogenous or synthetic 

agonists, both fragments are brought in close proximity, leading to a 

reconstitution of the functional luciferase protein and emission of 

bioluminescence, in the presence of the substrate luciferin.24 Also 

advantageous is the fact that the receptor itself, in this case M1, remains 

unengineered in contrast to, for example, fluorescence resonance energy 

transfer (FRET) sensors, where often large constructs at intracellular loops 

could act as anchors and may affect changes in conformations. 

Pharmacological data are depicted in Figure 4 and summarized in Table 2 

and show the recorded potencies and efficacies of compounds 9a, 9b, 15a, 

and 15b, reflected by the pEC50, and maximal response Emax for each 

isomer. The data are normalized to the maximum response of the 

synthetic agonist carbachol (CCh) at a concentration of 100 μM. 

Measurements of the endogenous agonists acetylcholine (ACh) and the 

synthetic parent compound iperoxo as references were not affected by 

illumination with operational wavelengths. First, bivalent alkyl-substituted 

iperoxo compounds were screened to identify the correlation between the 

distance of the orthosteric moieties and their corresponding biological 

activity. For this purpose, homobivalent ligands 18a−d with different chain 

lengths were employed. All compounds were characterized as full 

agonists, and longer spacer proved advantageous for the M1 affinity, 

suggesting a dualsteric binding.26 The C10-spacer, which is comparable to 

the azobenzene scaffold, shows the highest effect and suggests this 

distance as optimal for the design of photoswitchable ligands (Suppl. 

Figure 1). 

As investigated in previous studies, photoiperoxo 9a was unable to induce 

a conformational change at the M1 receptor in FRET studies, upon 

illumination with either UV- or blue light. Instead, it exhibited antagonist 

behavior in competition experiments.2c Using the split-luciferase 

complementation assay, 9a shows two distinct curves for each 

photoisomer, differing in their efficacy. The maximal response Emax was 

48% for the trans and 34% for the cis photoisomer, indicating partial 

agonism at the M1 receptor. Surprisingly, substitution of azobenzene with 

the tetra-ortho-fluorinated scaffold resulted in full agonist 9b with a 

significant potency enhancement and pEC50 values almost two log units 

higher (comparable to endogenous agonist ACh). However, no significant 
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changes in efficacy or affinity could be observed for 9b upon irradiation. 

The potency at the M1 receptor was modulated effectively by introducing 

an additional iperoxo moiety, resulting in the homobivalent ligand 15a. By 

doing so, considerable improvement in the potency was gained and a 

difference between the two photoisomers was re-established. Again, 

replacement of the azo-core with tetra-ortho-fluoro scaffold (15b) 

resulted in a distinctive change toward higher potency, being almost 10- 

fold more pronounced for the trans isomer. Noteworthy, trans-15b shows 

a pEC50 concentration in the one-digit nanomolar range, which is 

comparable to the agonist iperoxo itself.  

 

Figure 4. Gα/PLC-β3 split-luciferase interaction assay in HEK 293T cells expressing the 

human muscarinic M1 receptors. Concentration−response curves for (A) reference 

compounds, (B) iper-linker-iper derivatives (18a−d), (C) 9a and 9b, and (D) 15a and 15b at 

operational wavelengths specific for the respective photoconversion. Data represent means 

± standard error of the mean of three to four experiments conducted at least in triplicate. 

This is a remarkable observation, as the introduction of a molecular 

photoswitch generally causes an overall loss in activity at the receptor. A 

photoswitch-endowed compound showing an almost identical potency as 

the reference compound is hard to achieve. Taken together, these findings 

suggest that binding of trans-form of bivalent derivatives 15a, 15b, and 9b 

stabilizes the M1 receptor in the active conformation to a greater extent 

than 9a. Additionally, fluoro substitution leads to pronounced differences 

in biological activity and is beneficial for binding to the M1 receptor. As 
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such, we developed a set of photopharmacological GPCR tool compounds 

for a better understanding of M1 receptor binding modes. 

Molecular Modeling.  Docking studies using a previously reported 

homology model of the active M1 receptor conformation27 reveal a 

dualsteric (bitopic) binding mode for all investigated photoswitchable 

iperoxo derivatives in their trans conformation (Figure 5). We surmise that 

the photoswitch primarily occurs in solution and that the pharmaco- 

logical properties are mainly driven by binding of trans isomers. The active 

M1 receptor model indicates a narrow channel between the orthosteric 

and allosteric binding sites, rendering binding of cis conformations to the 

receptor unlikely due to steric interference with the tyrosine lid. Similar to 

other iperoxo-based dualsteric ligands,28 the iperoxo moiety is located in 

the orthosteric binding pocket showing interactions with D84, N213, and 

the tyrosine lid consisting of Y85, Y212, and Y235 (Figure 5). For all 

compounds, a hydrogen bond between the azo group and the hydroxy 

group of Y235 is formed. The side chain of Y235 shows a reorientation 

toward the extracellular side, which allows binding of azobenzene 

scaffolds through π−π interactions. This side-chain position allows full 

contraction of the orthosteric binding site without full closure of the 

tyrosine lid and thereby stabilizes active receptor conformations. 

Interestingly, fluorination of the azobenzene scaffold results in a higher 

potency of 9b and 15b compared to the nonfluorinated compounds 9a and 

15a. This can be rationalized in our model by an optimal geometry of the 

aromatic ring in the M1 receptor. Whereas the phenyl ring opposite to 

Y235 is more flexible in 9a and 15a, it is restrained in an orientation 

optimal for parallel π−π interaction. This is caused by the spatial 

requirements of the ortho-fluorine atoms in 9b and 15b and an additional 

hydrogen bond with the hydroxy group of Y85 (Figure 5A). In addition, 

fluorinated compounds show additional lipophilic contacts with the 

tyrosine lid as well as W231 (Figure 5A, B). Since the symmetric 

compounds 15a and 15b are larger, they show secondary interactions in 

the extracellular vestibule compared to 9a and 9b. In particular, a charge 

interaction of the ammonium group in the extracellular receptor domain 

with E228 can be observed (Figure 5C). Positive charges in the allosteric 

vestibule recognized by aromatic residues or the EDGE sequence have 

previously been found to be important for the M2 receptor.28b,29 
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Figure 5. Proposed binding modes and interactions of trans isomers of photoswitchable 

dualsteric iperoxo derivatives (A) 9b, (B) 9a, and (C) 15a in complex with the M1 receptor. 

Positive ionizable centers are shown as blue stars, yellow spheres indicate lipophilic 

contacts, purple disks show aromatic interactions, and red arrows indicate hydrogen bonds. 

Interestingly, the M2 receptor lacks the presence of an acidic residue at 

the beginning of transmembrane domain 7, suggesting a specific role for 

E228 in the M1 receptor. This observation is in accordance with the higher 

potencies for 15a and 15b that can be explained by this specific charge 

interaction and additional lipophilic contacts with Y158, which were not 

observed for 9a and 9b due to the lack of an allosteric ammonium group 

(Figure 5). The absence of extensive allosteric interactions and less 

lipophilic contacts of 9a compared with 9b suggests a ligand−receptor 

complex in which 9a is not able to fully stabilize the active receptor state. 

This is supported by previously reported FRET-based measurements 

indicating the insensitivity of the M1 receptor upon 9a binding with regard 

to conformational changes.2c However, the here-applied Gα/PLC-β3 split-

luciferase interaction assay unveiled 9a as a weak partial agonist (Emax 

34−48%). At first sight, it may appear conflicting that the cis photoisomers 

bind to the receptor and induce a receptor response, whereas the docking 

data predict only the trans photoisomers to bind. On a closer look, even 

though the fluorinated azobenzene scaffold provides higher PSS, a distinct 

percentage of trans isomer remains (Table 1), which can still bind and 

activate the receptor. On a logarithmic scale, as used for the binding and 

functional studies, even a small trans percentage shows a pronounced 

effect. An alternative explanation can be rationalized by a second purely 

allosteric binding mode as shown for several other dualsteric ligands.26,28a 
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For such a binding pose, the cis orientation is compulsory, forming π−π 

and cation−π interactions, which can, to a certain extent, favor the active 

state of the receptor. In contrast, the linear nature of the trans 

photoisomer is not suitable to solely bind to the allosteric binding site. At 

this stage, this is still a subject of future investigations though. 

 

CONCLUSIONS 

We successfully developed a set of photopharmacological tools that 

allowed detailed investigation of the distinct effects of fluorination and 

bivalency on binding properties at the M1 receptor. We designed 

photoswitchable iperoxo (9a) and bivalent iperoxo (15a) compounds, as 

well as the red-shifted congeners (9b, 15b) by introduction of the tetra-

ortho-fluoro scaffold. Bivalent compounds (15a, 15b) show much higher 

affinity compared to the univalent compounds (9a, 9b) due to additional 

interactions at allosteric binding sites. Remarkably, the fluorine 

compounds (9b, 15b) not only show improved operational wavelengths as 

shown in a novel, light-independent luciferase complementation assay, 

but also increased potency at the M1 receptor. Bivalent and fluorinated 

photoiperoxo (15b) act as pronounced affinity switches, whereas the 

univalent photoiperoxo acts as an efficacy switch (9a). The work 

significantly enlarges the photopharmacological toolbox for mAChRs. We 

strongly recommend detailed pharmacological evaluation for red-shifted 

compounds since their biological properties might differ significantly from 

the parent compound. It will be interesting to investigate the potential for 

in vivo photopharmacological control of this series. 

 

EXPERIMENTAL SECTION 

General Information. Common reagents and solvents were obtained from commercial 

suppliers (Aldrich, Steinheim, Germany; Merck, Darmstadt, Germany) and were used 

without any further purification. Tetrahydrofuran (THF) was distilled from sodium/ 

benzophenone under an argon atmosphere. Microwave-assisted reactions were carried 

out on an MLS-rotaPREP instrument (Milestone, Leutkirch, Germany) using 8−10 Weflon 

disks. Melting points were determined on a Stuart melting point apparatus SMP3 (Bibby 

Scientific, U.K.). Thin-layer chromatography was performed on silica gel 60 F254 plates 
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(Macherey-Nagel, Düren, Germany), and spots were detected under UV light (λ = 254 nm) 

or by staining with iodine. Merck silica gel 60 (Merck, Darmstadt, Germany) was used for 

chromatography (230−400 mesh) columns or performed on an Interchim puriFlash 430 

(Ultra Performance Flash Purification) instrument (Montluçon, France). Used columns are 

silica 25 g, 30 μm, Alox-B 40 g, 32/63 μm, and Alox-B 25 g, 32/63 μm (Interchim, Montluçon, 

France). Nuclear magnetic resonance spectra were performed with a Bruker AV-400 NMR 

instrument (Bruker, Karlsruhe, Germany) in DMSO-d6, CDCl3, (CD3)2CO. As internal 

standard, the signals of the deuterated solvents were used (DMSO-d6: 1H 2.50 ppm, 13C 

39.52 ppm; CDCl3: 1H 7.26 ppm, 13C 77.16 ppm; (CD3)2CO: 1H 2.05 ppm, 13C 39.52 ppm). 

Abbreviation for data quoted are as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, 

multiplet; br, broad; dd, doublet of doublets; dt, doublet of triplets; tt, triplet of triplets; 

and tq, triplet of quartets. Coupling constants (J) are given in hertz. For purity and reaction 

monitoring, analytical high-performance liquid chromatography (HPLC) analysis was 

performed with a system from Shimadzu equipped with a DGU-20A3R controller, an 

LC20AB liquid chromatograph, and an SPD-20A UV−vis detector. Stationary phase was a 

Synergi 4 μm fusion-RP (150 × 4.6 mm2) column (Phenomenex, Aschaffenburg, Germany). 

For the mobile phase, a gradient of MeOH/water with 0.1% formic acid was used. 

Parameters: A = water, B = MeOH, V(B)/(V(A) + V(B)) = from 5 to 90% over 10 min, 

V(B)/(V(A) + V(B)) = 90% for 5 min, V(B)/(V(A) + V(B)) = from 90 to 5% over 3 min. The 

method was performed with a flow rate of 1.0 mL/min. Compounds were only used for 

biological evaluation if the purity was ≥95%. Electrospray ionization (ESI) mass spectral 

(MS) data were acquired with Shimadzu LCMS-2020. Data are reported as mass-to-charge 

ratio (m/z) of the corresponding positively charged molecular ions.  

2,6-Difluoro-4-methylaniline (2). 1,3-Difluoro-5-methyl-2-nitrobenzene 1 (1.0 g, 5.78 

mmol) and 10% Pd−C (190 mg) in EtOH (20 mL) were hydrogenated under atmospheric 

pressure for 3 h. The catalyst was filtered off, and the filtrate was evaporated to give 2 as 

a light reddish oil (0.686 g, 4.80 mmol, 87%). 1H NMR (CDCl3, 400 MHz): δ (ppm) = 6.63 (m, 

2H), 3.49 (s, 2H), 2.23 (s, 3H). 13C NMR (CDCl3, 400 MHz): δ (ppm) = 153.3 (d, J = 8.3 Hz), 

151.0 (d, J = 8.3 Hz), 127.4 (t, J = 8.5 Hz), 121.1 (t, J = 16.6 Hz), 111.9−111.3 (m), 20.7 (t, J = 

1.7 Hz). ESI-MS: m/z calcd for C7H8F4N2 + [M + H]+: 144.1, found: 144.1.  

1-(2,6-Difluoro-4-methylphenyl)-2-(2,6-difluorophenyl)-diazene (5). 2,6-Difluoraniline 3 

(641 mg, 4.96 mmol, 2.00 equiv) was dissolved in dichloromethane (DCM) (30 mL). To this 

solution, oxone (16.8g, 27.3 mmol, 20.00 equiv) dissolved in water (60 mL) was added. The 

solution was under argon at room temperature overnight. After separation of the layers, 

the aqueous layer was extracted with DCM twice. The combined organic layers were 

washed with 1 N HCl, saturated sodium bicarbonate solution, water, and brine, dried over 

MgSO4, and evaporated to dryness. Afterward, toluene (10 mL) and 2,6-difluoro-4-

metylaniline 2 (357 mg, 2.49 mmol, 1.00 equiv) were added. A mixture of acetic acid (20 

mL) and TFA (50 mL) was prepared and added to the solution. The resulting mixture was 

stirred at room temperature for 24 h. Afterward, it was evaporated to dryness. Purification 

by column chromatography over silica gel (DCM/petrol ether (PE),1:4, silica gel) yielded the 

desired product 5 as a deep orange solid (292 mg, 1.09 mmol, 43%). 1H NMR (CDCl3, 400 
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MHz): δ (ppm) = 7.40−7.29 (m, 1H), 7.05 (t, J = 8.6 Hz, 2H), 6.87 (d, J = 10.5 Hz, 2H), 2.41 (s, 

3H). ESI-MS: m/z calcd for C13H9BF4N2
+ [M + H]+: 269.1, found: 269.1.  

(4-(Phenyldiazenyl)phenyl)methanol (7). Nitrosobenzene 4a (1.28 g, 11.9 mmol, 3 equiv) 

was dissolved in ethanol (10 mL). To this solution, (4-aminophenyl)methanol 6 (491 mg, 

4.00 mmol, 1 equiv) and acetic acid (20 mL) were added. The reaction mixture was stirred 

for 4 h at room temperature. Subsequently, the reaction mixture was poured into 30 mL 

of ice-cold water, and the precipitate was collected by filtration. Column chromatography 

(DCM/methanol = 50:1) provided compound 7 (659 mg, 2.99 mmol, 75%) as bright orange 

needles. 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 7.88 (m, J = 6.9, 1.8 Hz, 4H), 7.65−7.50 

(m, 5H), 5.40 (t, J = 5.7 Hz, 1H), 4.61 (d, J = 5.6 Hz, 2H). 13C NMR (101 MHz, DMSO-d6): δ 

(ppm) = 152.4, 151.3, 146.9, 131.8, 129.93, 127.6, 122.9, 62.9. ESI-MS: m/z calcd for 

C13H12N2O+ [M + H]+: 213.1, found: 213.1.  

1-(4-(Bromomethyl)phenyl)-2-phenyldiazene (8a). (4- (Phenyldiazenyl)phenyl)methanol 7 

(300 mg, 1.41 mmol, 1 equiv) was dissolved in dry THF (15 mL) under argon atmosphere, 

tetrabromomethane (703 mg, 2.12 mmol, 1.5 equiv) and triphenylphosphine (556 mg, 2.12 

mmol, 1.5 equiv) were added, and the reaction mixture was stirred for 4 h. The reaction 

mixture was filtered, and the filtrate was evaporated to dryness and purified by column 

chromatography (ethyl acetate (EA)/hex = 1:10) yielding compound 8a as orange needles 

(232 mg, 0.84 mmol, 60%). 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 7.89 (tt, J = 7.7, 2.0 Hz, 

4H), 7.69−7.57 (m, 5H), 4.80 (s, 2H). 13C NMR (101 MHz, DMSO-d6): δ (ppm) = 151.9, 151.5, 

141.5, 131.7, 130.5, 129.5, 122.9, 122.6, 33.6. ESI-MS: m/z calcd for C13H11BrN2
+ [M + H]+: 

275.0, 277.0, found: 274.9, 276.9.  

1-(4-(Bromomethyl)-2,6-difluorophenyl)-2-(2,6-difluorophenyl)diazene (8b). To a solution 

of 1,2-bis(2,6-difluoro- 4-methylphenyl)diazene 5 (250 mg, 0.93 mmol) in 20 mL of CCl4 

were added NBS (0.332 g, 1.86 mmol) and AIBN (11 mg, 0.076 mmol). The resultant 

solution was stirred overnight at 80 °C. After evaporation of the solvent, the product was 

purified by column chromatography over silica gel (DCM/PE,1:4, silica gel) yielding the 

desired product 8b (163 mg, 0.47 mmol, 50%). 1H NMR (CDCl3, 400 MHz): δ (ppm) = 7.38 

(t, J = 8.5 Hz, 4H), 7.21 (d, J = 8.5 Hz, 11H), 7.13−7.03 (m, 14H), 6.87 (dt, J = 14.8, 7.3 Hz, 

42H), 6.65 (d, J = 8.8 Hz, 4H), 4.44 (s, 6H), 4.33 (s, 19H), 2.41 (s, 2H), 2.29 (s, 6H). ESI-MS: 

m/z calcd for C13H8BrF4N2 + [M + H]+: 347.0, 349.0 found: 347.0, 349.0.  

4-((4,5-Dihydroisoxazol-3-yl)oxy)-N,N-dimethyl-N-(4-(phenyldiazenyl)benzyl)but-2-yn-1-

aminium (9a). 1-(4- (Bromomethyl)phenyl)-2-phenyldiazene 8a (100 mg, 0.36 mmol, 1 

equiv) and 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn- 1-amine 16 (132 mg, 

0.73 mmol, 2 equiv) were dissolved in acetonitrile (10 mL) and stirred at room temperature 

for 12 h. The reaction was monitored by liquid chromatography (LC)−MS. The precipitate 

was filtered off, and the solvent was removed under reduced pressure. The crude product 

was purified by column chromatography (DCM/MA/NH3 = 20:1:0.1) yielding compound 9a 

as a dark red oil (54 mg, 0.14 mmol, 39%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.99−7.86 

(m, 6H), 7.56−7.46 (m, 3H), 5.24 (s, 2H), 4.88 (d, J = 7.9 Hz, 4H), 4.42 (t, J = 9.6 Hz, 2H), 

3.53−3.40 (m, 6H), 3.02 (t, J = 9.6 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ (ppm) = 166.9, 
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154.1, 152.6, 134.3, 131.9, 129.3, 129.0, 123.7, 123.3, 87.8, 75.9, 70.2, 66.2, 57.5, 54.8, 

50.0, 33.1. ESI-MS: m/z calcd for C22H25BrN4O2
+ [M + H]+: 377.2, found: 377.2.  

N-(4-((2,6-Difluorophenyl)diazenyl)-3,5-difluorobenzyl)-4-((4,5-dihydroisoxazol-3-

yl)oxy)-N,N-dimethylbut-2-yn-1-aminium Bromide (9b). 1-(4-(Bromomethyl)-2,6-

difluorophenyl)-2-(2,6-difluorophenyl)diazene 8b (64 mg, 0.184 mmol) and 4-((4,5- 

dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine (34 mg, 0.184 mmol, 1 equiv) in 

ethyl acetate (10 mL) were charged in a sealed reaction vessel and stirred for 4 h. The 

precipitate was collected and washed several times with ethyl acetate to afford the desired 

product 9b as a bright yellow powder (90 mg, 0.170 mmol, 92%). 1H NMR (MeOD, 400 

MHz): δ (ppm) = 7.63−7.30 (m, 3H), 7.12 (dt, J = 17.0, 8.7 Hz, 2H), 4.97 (d, J = 14.5 Hz, 2H), 

4.66 (d, J = 49.0 Hz, 2H), 4.48−4.28 (m, 4H), 3.21 (d, J = 30.4 Hz, 6H), 3.05 (dt, J = 15.1, 9.6 

Hz, 2H). 13C NMR (MeOD, 400 MHz): δ (ppm) = 168.82, 154.23 (d, J = 5.1 Hz), 151.71 (d, J = 

5.5 Hz), 132.40 (t, J = 9.7 Hz), 131.22 (d, J = 9.0 Hz), 118.4, 118.1, 113.5 (d, J = 19.1 Hz), 89.1, 

76.7, 71.2, 66.0, 58.3, 55.3, 51.1, 33.6. ESI-MS: m/z calcd for C22H21F4N4O2
+ [M]+: 449.16, 

found: 449.05.  

1-Methyl-4-nitrosobenzene (11). p-Toluidine 10 (2.00 g, 18.7 mmol) was dissolved in DCM 

(60 mL), and a solution of oxone (11.5 g, 18.7 mmol) in water (60 mL) was added. The 

resulting biphasic mixture was stirred at room temperature for 30 min. The organic layer 

was separated, and the aqueous layer was extracted twice with DCM. The combined 

organic layers were washed with 1 M aqueous hydrochloric acid, saturated sodium 

hydrogen carbonate, and brine and dried over anhydrous sodium sulfate. Mixture 11 was 

concentrated to 10−15 mL volume, which was further used without purification.  

4,4′-Dimethylazobenzene (13a). 1-Methyl-4-nitrososbenzene 11 and p-toluidine 10 (1.00 

g, 9.33 mmol) were dissolved in glacial acetic acid (20 mL) and stirred overnight. The 

solution was diluted with water and extracted with ethyl acetate. The organic phase was 

washed four times with water and once with brine and dried over anhydrous sodium 

sulfate. The crude product was purified by flash chromatography (pentane/diethyl ether, 

9:1) to obtain the desired product 13a as an orange crystalline solid (695 mg, 3.31 mmol, 

36%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.82 (d, J = 8.3 Hz, 4H), 7.31 (d, J = 8.6 Hz, 4H), 

2.44 (s, 6H). 13C NMR (101 MHz, CDCl3): δ (ppm) = 151.0, 141.3, 129.9, 122.9, 21.6. ESI-MS: 

m/z calcd for C14H14N2
+ [M + H]+: 211.1, found: 211.0.  

1,2-Bis(2,6-difluoro-4-methylphenyl)diazene (13b). 2,6-Difluoro-4-methylaniline 12 (397 

mg, 2.77 mmol) and a freshly ground mixture of potassium permanganate (1.17 g, 4.21 

mmol) and iron(II) sulfate heptahydrate (1.17 g, 7.40 mmol) were dissolved in DCM (10 

mL). The solution was refluxed overnight, filtered through celite, dried over anhydrous 

sodium sulfate, filtered, and concentrated under reduced pressure. The crude residue was 

purified by column chromatography (DCM/petrol ether 1:1) to give the desired product 

13b (110 mg, 0.39 mmol, 29%). 1H NMR (CDCl3, 400 MHz): δ (ppm) = 6.86 (d, J = 10.3 Hz, 

4H, arom. trans), 6.65 (d, J = 8.3 Hz, 0.39H, arom. cis), 2.40 (s, 6 H, −CH3, trans), 2.29 (s, 

0.62H, −CH3, cis). 13C NMR (CDCl3, 400 MHz): δ (ppm) = 156.8 (d, J = 5.0 Hz), 154.3 (d, J = 

5.2 Hz), 143.2 (t, J = 10.3 Hz), 113.2, 113.0, 21.7. 
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4,4′-Bis(bromomethyl)azobenzene (14a). To a solution of 4,4′-dimethylazobenzene 13a 

(2.17 g, 10.3 mmol) in 20 mL of carbon tetrachloride (40 mL) were added N-

bromosuccinimide (4.22 g, 23.7 mmol) and azobisisobutyronitrile (127 mg, 0.77 mmol). The 

resultant solution was stirred overnight at 70 °C, filtered, washed with chloroform and 

water, and dried under reduced pressure, which yielded 14a as an orange crystalline 

powder (2.88 g, 7.81 mmol, 76%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.90 (d, J = 8.4 Hz, 

4H), 7.54 (d, J = 8.5 Hz, 4H), 4.56 (s, 4H). 13C NMR (101 MHz, CDCl3): δ (ppm) = 152.3, 140.8, 

129.9, 32.7. ESI-MS: m/z calcd for C12H13Br2N2
+ [M + H]+: 368.9, found: 368.8.  

1,2-Bis(4-(bromomethyl)-2,6-difluorophenyl)diazene (14b). To a solution of 1,2-bis(2,6-

difluoro-4-methylphenyl)diazene 13b (226 mg, 0.801 mmol) in 17 mL of CCl4 were added 

NBS (0.356 g, 2.02 mmol) and AIBN (10 mg, 0.060 mmol). The resultant solution was stirred 

overnight at 80 °C. After evaporation of the solvent, the product was recrystallized from 

methanol to afford the desired product 14b as red needles (86 mg, 0.195 mmol, 24%). 1H 

NMR (CDCl3, 400 MHz): δ (ppm) = 7.11 (d, J = 9.1 Hz, 4H), 4.43 (s, 4H). 13C NMR (CDCl3, 400 

MHz): δ (ppm) = 160.9 (d, J = 7.6 Hz), 158.8 (d, J = 6.7 Hz), 150.4 (t, J = 6.7 Hz), 125.2 (t, J = 

27.2 Hz), 114.0 (dd, J = 26.7, 3.7 Hz), 30.6 (t, J = 3.7 Hz). ESI-MS: m/z calcd for C14H9Br2F4N2
+ 

[M]+: 440.9, found: 440.7.  

4-((4,5-Dihydroisoxazol-3-yl)oxy)-N-(4-((4-(((4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-

yl)dimethyl-l4-azaneyl)-methyl)phenyl)diazenyl)benzyl)-N,N-dimethylbut-2-yn-1-

aminium Bromide (15a). 4,4′-Bis(bromomethyl)azobenzene 14a (100 mg, 0.272 mmol) and 

4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine 16 were dissolved in 30 

mL of ethyl acetate and stirred at 60 °C for 16 h. The precipitate was filtered and washed 

with cold ethyl acetate to afford the desired product 15a as a yellow powder (166 mg, 

0.227 mmol, 83%). 1H NMR (400 MHz, DMSOd6): δ (ppm) = 8.03 (d, J = 8.4 Hz, 1H), 7.83 (d, 

J = 8.4 Hz, 1H), 4.99 (s, 1H), 4.75 (s, 1H), 4.47 (s, 1H), 4.33 (t, J = 9.6 Hz, 1H), 3.13 (s, 3H), 

3.05 (t, J = 9.6 Hz, 1H). 13C NMR (101 MHz, DMSO-d6): δ (ppm) = 166.8, 152.8, 134.2, 131.1, 

123.0, 86.8, 76.3, 69.6, 64.9, 57.3, 53.3, 49.5, 32.3. ESI-MS: m/z calcd for C32H40N6O4 2+ 

[M]2+: 286.2, found: 286.1.  

N,N′-((Diazene-1,2-diylbis(3,5-difluoro-4,1-phenylene))bis- (methylene))bis(4-((4,5-

dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut- 2-yn-1-aminium) Bromide (15b). 4-((4,5-

Dihydroisoxazol- 3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine 16 (24.5 mg, 0.134 mmol) in 

ethyl acetate (40 mL) was slowly added to a stirred solution of 1,2-bis(4-(bromomethyl)-

2,6-difluorophenyl)diazene 14b (118 mg, 0.269 mmol, 2 equiv) in ethyl acetate (10 mL) at 

60 °C. The reaction mixture was stirred for 18 h. The reaction mixture was evaporated to 

dryness and purified by reverse phase column chromatography (acetonitrile/water) 

yielding the desired product 15b as a bright orange powder (35 mg, 0.043 mmol, 32%). 1H 

NMR (MeOD, 400 MHz): δ (ppm) = 7.55 (dd, J = 60.3, 8.6 Hz, 4H), 5.03 (dd, J = 7.6, 6.1 Hz, 

4H), 4.77 (d, J = 38.9 Hz, 4H), 4.51 (s, 2H), 4.44 (s, 2H), 3.29 (d, J = 24.8 Hz, 12H), 3.09 (dt, J 

= 19.3, 9.7 Hz, 4H). 13C NMR (MeOD, 400 MHz): δ (ppm) = 176.6, 169.90, 168.9 (d, J = 2.4 

Hz), 119.0, 118.4, 89.1, 76.7 (d, J = 7.4 Hz), 71.2, 58.4, 55.4 (d, J = 11.4 Hz), 51.2, 33.7. ESI-

MS: m/z calcd for C32H36F4N6O4 2+ [M]2+: 322.14, found: 322.25.  
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General Procedure for the Synthesis of the Homobivalent Quaternary Iperoxo Dimers 

18a−d. To a solution of 2 equiv of 4- ((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-

1-amine 16 in 10 mL of acetonitrile, 1 equiv of the corresponding bromoalkane 17- C4, 17-

C6, 17-C8, and 17-C10 and a catalytic amount of KI/K2CO3 (1:1) were added. The reaction 

mixture was heated in the microwave (500 W, 70 °C) for 2−3 h. After cooling to room 

temperature, the surplus of KI/K2CO3 was filtered off and the solvent was evaporated to 

half of the volume. The solution was kept in the fridge overnight. The precipitate obtained 

was filtered, washed with Et2O, and dried in vacuo.  

N1,N4-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N1,N1,N4,N4-

tetramethylbutane-1,4-diaminium Bromide (18a). Light, yellow solid; yield 69%. 1H NMR 

(400 MHz, DMSOd6): δ (ppm) = 2.73−2.77 (m, 4H), 3.03 (t, 4H, J = 9.6 Hz), 3.12 (s, 12H), 

3.44−3.48 (m, 4H), 4.33 (t, 4H, J = 9.6 Hz), 4.53 (s, 4H), 4.95 (s, 4H). 13C NMR (101 MHz, 

DMSO-d6): δ (ppm) = 19.1, 32.2, 49.7, 53.6, 57.2, 62.2, 69.6, 76.0, 86.1, 166.7. ESI-MS: m/z 

calcd for C22H36N4O4
2+ [M]2+: 210.1, found: 210.1  

N1,N6-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N1,N1,N6,N6-

tetramethylhexane-1,6-diaminium Bromide (18b). Light, yellow solid; yield 49%. 1H NMR 

(400 MHz, DMSOd6): δ (ppm) = 1.32−1.37 (m, 4H), 1.69−1.78 (m, 4H), 3.03 (t, 4H, J = 9.6 

Hz), 3.11 (s, 12H), 3.36−3.40 (m, 4H), 4.33 (t, 4H, J = 9.6 Hz), 4,50 (s, 4H), 4.94 (s, 4H). 13C 

NMR (101 MHz, DMSO-d6): δ (ppm) = 21.6, 25.1, 32.2, 49.7, 53.3, 57.1, 62.9, 69.5, 76.1, 

85.9, 166.6. ESI-MS: m/z calcd for C24H40N4O4
2+ [M]2+: 224.2, found: 224.1.  

N1,N8-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N1,N1,N8,N8-

tetramethyloctane-1,8-diaminium Bromide (18c). Light, yellow solid; yield 15%. 1H NMR 

(400 MHz, DMSOd6): δ (ppm) = 1.29−1.32 (m, 8H), 1.64−1.72 (m, 4H), 3.02 (t, 4H, J = 9.6 

Hz), 3.10 (s, 12H), 3.39−3.41 (m, 4H), 4.32 (t, 4H, J = 9.6 Hz), 4,51 (s, 4H), 4.93 (s, 4H). 13C 

NMR (101 MHz, DMSO-d6): δ (ppm) = 21.7, 25.5, 28.1, 32.2, 49.7, 53.2, 57.2, 63.0, 69.5, 

76.1, 85.9, 166.7. ESI-MS: m/z calcd for C26H44N4O4
2+ [M]2+: 238.2, found: 238.1.  

N1,N10-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N1,N1,N10,N10-

tetramethyldecane-1,10-diaminium Bromide (18d). Light, yellow solid; yield 36%. 1H NMR 

(400 MHz, DMSOd6): δ (ppm) = 1.30 (s, 12H), 1.62−1.72 (m, 4H), 3.02 (t, 4H, J = 9.2 Hz), 3.09 

(s, 12H), 3.36−3.38 (m, 4H), 4.32 (t, 4H, J = 9.2 Hz), 4.51 (s, 4H), 4.93 (s, 4H). 13C NMR (101 

MHz, DMSO-d6): δ (ppm) = 21.7, 25.6, 28.3, 28.6, 32.2, 49.7, 53.2, 57.1, 63.0, 69.5, 76.1, 

85.8, 166.6. ESI-MS: m/z calcd for C28H48N4O4
2+ [M]2+: 252.2, found: 252.2.  

Photochemical Characterization. UV−vis spectra and experiments were recorded on a 

Varian Cary 50 Bio UV/vis spectrophotometer using Hellma (type 100-QS) cuvettes (10 mm 

light path). Data were plotted using GraphPad Prism 5.0. For irradiation, high-performance 

light-emitting diodes (LEDs, Mouser Electronics Inc. or Hartenstein) were used as the light 

source. A concentration of 50 μM was prepared for each compound and measured in its 

dark-adapted state. Next, the probe was illuminated with LEDs of different wavelengths 

(254, 365, 380, 400, 430, 500 nm, and white light) while gradually increasing the irradiation 

time until no change in the spectrum was detectable. Stability measurements were 

performed irradiating the probe with the light source, which provided the highest 
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photoconversion to the cis-isomer, and kept in dark for at least 120 min. During this time, 

the absorbance at λmax was recorded every 5 min. Lastly, the probe was irradiated with the 

light source, which provided the highest photoconversion to the trans isomer. 

Photostationary distributions were determined by HPLC analysis using a 50 μm probe in 

physiological buffer. Absorption was measured at the respective isosbestic point 

wavelengths. Analysis was carried out with GraphPad Prism software (GraphPad Software 

Inc., San Diego, CA, www.graphpad.com).  

Pharmacology. Cell Culture. All experiments were performed with HEK 293T cells stably 

expressing the novel split-luciferase receptor sensor. Cells were incubated at 37 °C with 5% 

CO2 and cultivated in DMEM with 4500 mg/L glucose, 10% (v/v) fetal calf serum, 100 μg/mL 

penicillin, 100 μg/mL streptomycin sulfate, 2 mM L-glutamine, and 600 μg/mL G-418. Every 

2−3 days the cell lines were routinely passaged.  

Split-Luciferase Complementation Assay. The assay was performed as described 

previously,24 except for the following modifications: a Berthold Mithras LB 940 plate reader 

was used to quantify the luminescence emitted by the cells, using white, flatbottomed 

nunc f96 microwell polystyrene plates.  

Molecular Modeling. In brief, all receptor−ligand docking experiments reported in this 

study were carried out with CCDCs software GOLD version 5.1.30 The active M1 receptor 

homology model used as protein was previously reported.27 All residues of the extracellular 

domains and the receptor core region were defined as a potential binding pocket. Default 

settings were chosen for receptor−ligand docking, and GoldScore was used as the primary 

scoring function. All obtained docking poses and receptor−ligand interactions were 

analyzed with LigandScout 4.2 using 3D-pharmacophores.31  

Binding Experiments. [3H]Quinuclidinyl benzilate ([3H]QNB), ethanol solution, was 

purchased from Amersham Biosciences (catalog number TRK 604, 42 Ci/mmol, 1 mCi/mL). 

The experiments were carried out in 10 mM Tris−HCl buffer, pH 7.0, containing 6 mM 

MgCl2. Rat brain cortices were used as a source of muscarinic receptors in the assay. After 

cleaning the meninges with buffer-soaked filter paper, cortices were dissected, and white 

matter was carefully trimmed off. This tissue was homogenized in 40 mL of buffer using a 

Potter homogenizer with a motor-driven Teflon pestle. The homogenate was centrifuged 

for 30 min at 50 000g, and the resulting pellet was homogenized and centrifuged again. 

After protein determination by the Bradford assay, the final pellet was resuspended at 1 

mg of protein/mL, transferred to 1.5 mL microcentrifuge tubes, and centrifuged once 

more. After discarding the supernatant, membrane pellets were kept at −80 °C until use.23 

The general procedure consists of the incubation of 20 μg of membrane protein with 200 

pM [3H]QNB (200 pM), in a total volume of 2 mL and in the presence of varying 

concentrations of competing compounds. An excess (2 μM) of the unlabeled muscarinic 

antagonist atropine was used to define nonspecific binding. After 45 min at 25 °C to reach 

equilibrium, the reaction mixtures were quickly filtered through glass fiber disks using a 

semiautomated Brandel harvester allowing the simultaneous filtration of 24 samples.21 

Filters were washed twice with 4 mL of ice-cold Tris−HCl buffer (10 mM, pH 7.0) and 

counted for radioactivity. The final results were reported as % binding of [3H]QNB in each 
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condition. This analysis was carried out with GraphPad Prism software (GraphPad Software 

Inc., San Diego, CA, www.graphpad.com). 

ASSOCIATED CONTENT. Supporting Information. The Supporting Information is available 

free of charge on the ACS Publications website at DOI: 10.1021/acs.jmedchem. 8b01822. 

UV−vis spectra, NMR data, HPLC traces, molecular modeling, binding experiments, 

Molecular formula strings. 

Accession Codes. PDB code for the crystal structure of the human M2 receptor in complex 

with agonist iperoxo is 4MQS. This crystal structure was used for the generation of the 

homology model for computational studies of the human M1 receptor in complex with 

compounds 9a, 9b, 15a, 15b, and 18a−d.  
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1. Syntheses 

1.1 Photoiperoxo (PI, 9b) 

 

Suppl. Scheme 1. Three-step synthesis of photoiperoxo 9a. 

 

1.1.1 1H-NMR and 13C-NMR spectra of photoiperoxo (PI, 9b) 
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1.1.2 HPLC analysis of photoiperoxo (PI, 9b) 
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1.2 Iper-Azo-Iper (IAI, 15a) 

 

Suppl. Scheme 2. Synthesis of Iper-azo-Iper 15a. 

 

1.2.1 1H-NMR and 13C-NMR spectra of iper-azo-iper (IAI, 15a) 
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1.2.2 HPLC analysis of iper-azo-iper (IAI, 15a) 
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2. Photochemical characterization 

2.1. UV-Vis spectra, stability measurements, multiple switching cycles 

2.1.1  Photoiperoxo (PI, 9a) 

 

2.1.2  F4-photoiperoxo (F4-PI, 9b) 

 

2.1.3  Iper-azo-iper (IAI, 15a) 

 

2.1.4 F4-iper-azo-iper (F4-IAI, 15b) 
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2.2  Photostationary states (PSS) 

2.2.1 Photoiperoxo (PI, 9a) 

2.2.1.1 PSS trans 
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2.2.1.2 PSS cis 
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2.2.2 Iper-azo-iper (IAI, 15a) 

2.2.2.1 PSS trans 
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2.2.2.2 PSS cis 
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General Discussion 

Chapter II 

 

 

 

In this first work, we demonstrated the potential of the 

photopharmacological strategy to modulate the activity of muscarinic 

receptors with light.  

We designed, synthesized and pharmacologically characterized light-

sensitive monovalent (PI and F4-PI) and bivalent (IAI and F4-IAI) 

derivatives of iperoxo, which is a potent agonist of mAChRs. Among other 

possibilities, we chose azobenzenes as molecular switches because these 

scaffolds display many favorable properties, such as design flexibility, large 

changes in geometry upon isomerization, high and efficient 

photoisomerization, chemical stability, and a proven safety profile in 

humans. In particular, we coupled the quaternary ammonium nitrogen of 

iperoxo with unsubstituted and tetra-ortho-fluorinated azobenzenes.  

The first important information we obtained from our studies was that the 

extension of the relatively small chemical structure of iperoxo with bulky 

moieties, such as azobenzenes, does not compromise the agonist activity. 

This result could not be taken for granted and is of fundamental 

importance to develop light-sensitive ligands of muscarinic receptors. 

Other conclusions that can be drawn from our in vitro studies concern the 

behavior of the new compounds as M1 agonists. Only the monovalent 

derivative PI showed significantly lower efficacy and potency compared to 

iperoxo, whereas all the other ligands maintained a pharmacological 

behavior comparable to the parent drug. In particular, the bivalent and 

fluorinated compound F4-IAI has a dose-response curve that is almost 

identical to iperoxo.  

After evaluating the pharmacological properties, we focused on the 

photoswitchable activity of our light-sensitive agonists. Our work suggests 

that ligands with bivalent nature have come up with more promising 
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agonist properties for mAChRs than their corresponding monovalent 

derivatives. IAI and F4-IAI displayed higher binding affinity, higher 

potency, and better photoswitchable performances than PI and F4-PI. In 

fact, the split-luciferase complementation assays detected a potency shift 

between trans and cis configurations for the two bivalents agonists, with 

the trans-enriched form being more potent than the cis in both cases. 

These significant shifts strongly suggest the possibility of photocontrolling 

the activity of muscarinic receptors reversibly and in real-time in animal 

models.  

In order to account for these results and to rationally improve the 

photopharmacological activity of the ligands, we simulated their binding 

modality into the active M1 receptor model with computational studies. 

The superior photoswitchable activity of bivalent iperoxo derivatives 

seems to be caused by additional interactions at the muscarinic allosteric 

site that monovalent ligands are not in a position to do because of the 

reduced size of their chemical structure. Thus, the next design of iperoxo 

derivatives should include the improvement of allosteric contacts as it 

might optimize their light-dependent activity on muscarinic receptors.  
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Novel Photoswitchable Muscarinic Agonists 

Obtained by Molecular Hybridization of  

Orthosteric and Allosteric Ligands 
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General Introduction  

Chapter III 

 

 

 

The primary aim of this works is to develop new synthetic tools to control 

endogenous muscarinic receptors with light that display improved 

performance. We studied different strategies to develop new agonists, 

such as the full involvement of the muscarinic allosteric site into the drug 

design. This approach was expected to improve light-dependent behavior 

of iperoxo derivatives, as suggested by our previous work.  

Molecular hybridization is an emerging concept to discover novel 

biological agents, based on combining the pharmacophores of different 

bioactive molecules in a single chemical structure. The new hybrid 

compound can show a "hybrid" pharmacological profile, which can result 

in an enhanced affinity, efficacy, selectivity or safety than the parent drugs 

(Claudio Viegas-Junior et al., 2007; Decker, 2017; Matera et al., 2019; 

Mohr et al., 2010). This design emerged as a promising option to develop 

new muscarinic ligands with potential clinical applications. The 

conventional hybrid agents designed for mAChRs merge in the same 

molecular skeleton the fundamental elements of both a potent orthosteric 

agonist and a subtype-selective allosteric ligand (De Amici et al., 2010; 

Antony et al., 2009). Such hybrids are named “dualsteric” (or “bitopic”) 

because they interact with both the allosteric and orthosteric sites of the 

same receptor (Antony et al., 2009). The presence of an allosteric portion 

into the chemical structure of orthosteric agonists confers distinctive 

features to the resulting hybrids, such as a certain subtype selectivity. 

Moreover, some of them showed functional selectivity and/or enhanced 

tolerability for in vivo applications compared to the agonists alone (Bock 

et al., 2012, 2016; Cristofaro et al., 2018; De Min et al., 2017).  

Among the five subtypes, the M2 receptor is recognized as a fundamental 

prototype for the study of GPCR allosterism, and the allosteric agents W84 

and Naphmethonium have been extensively combined with iperoxo to 
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develop various M2 dualsteric agonists (Matera et al., 2014; Messerer et 

al., 2017). In this work, we focused on the best-performing hybrid 

compounds of these series, Phthalimide-8-Iperoxo (P-8-Iper) and 

Naphthalimide-8-Iperoxo (N-8-Iper), and developed the corresponding 

non-canonical azologized derivatives. Their octane chains that separate 

the ortho/allosteric moieties were replaced with unsubstituted 

azobenzenes. The syntheses and the photochemical characterizations of 

the obtained novel compounds, named Phthalimide-Azobenzene-Iperoxo 

(PAI) and Naphthalimide-Azobenzene-Iperoxo (NAI), were performed. In 

our hands, PAI was the only one that photoswitched reversibly, and we 

moved on to study its pharmacological properties. 

PAI activity was studied with real-time calcium imaging assays. We 

overexpressed human M2 receptors in cultured cells and quantified 

receptor activation by measuring cytosolic calcium oscillations in response 

to the application of our compound and illumination. Once we 

demonstrated that PAI can effectively photocontrol M2 activation in vitro, 

we developed different assays to test its potential applications in research 

and future clinical therapies. 

M2 receptors are highly expressed in the heart and their activation can 

decrease the heart rate. Such activity makes them a potential 

pharmacological target to modulate cardiac function (Brodde et al., 2001; 

Dhein et al., 2001). The spatio-temporal and reversible photoregulation 

technique is of fundamental interest in the cardiovascular field, in 

particular for arrhythmia diseases, where the classical therapies like the 

electrical stimulation of cardiac muscles display several limitations (Bingen 

et al., 2014; Boyle et al., 2015; Bruegmann et al., 2016; Pianca et al., 2017; 

Yu et al., 2017). 

Thus, we first applied PAI to control cardiac function with light in two 

wildtype animal models.  

 

This project was carried out at IBEC with several collaborations. I 

personally performed the design, chemical synthesis, and photochemical 

characterizations of all the compounds shown in this work. I contributed to 

the development of the experimental set-up to pharmacologically 
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characterize the compounds and in the performance of all the in vitro and 

in vivo experiments that are described in this work. I gave central 

contributions to the final paper realization. This study has been published 

in the following article:  

“Optical Control of Cardiac Function with a Photoswitchable Muscarinic 

Agonist”  

Fabio Riefolo, Carlo Matera, Aida Garrido-Charles, Alexandre M. J. Gomila, 

Rosalba Sortino, Luca Agnetta, Enrique Claro, Roser Masgrau, Ulrike 

Holzgrabe, Montserrat Batlle, Michael Decker, Eduard Guasch, and Pau 

Gorostiza 

Journal of the American Chemical Society 2019 141 (18), 7628-7636.  

DOI: 10.1021/jacs.9b03505 

 

At a second stage, we converged on the important brain functions that are 

controlled by the cholinergic system (Scarr, 2012). The distribution of M1, 

M2, and M3 receptors is abundant in brain tissues. Acetylcholine 

neuromodulation is complex and can be directly associated with 

characteristic patterns of neural activity, called brainwaves or brain states 

(Ruiz-Mejias et al., 2011; Sanchez-Vives and Mattia, 2014). In general, 

neurons have an incessant oscillatory activity that is a marker of various 

human behaviors and mental states. The cholinergic system cooperates 

with other endogenous neurotransmitter pathways to control the 

transition between different neural oscillatory patterns, that is, between 

different behaviors (Hasselmo and Sarter, 2011; Lee and Dan, 2012; Pinto 

et al., 2013; Ramaswamy et al., 2018). The manipulation of such 

brainwaves is not only important for neuroscience research purposes but 

also has the potential to stand as an innovative therapy against several 

neurological disorders (Lefaucheur, 2009; Lefaucheur et al., 2014; Paulus, 

2014; Pereira et al., 2016). In this study, we enabled the direct control of 

brain state transitions with light in wildtype animals using our 

photoswitchable muscarinic ligand PAI in isolated cortical slices and 

anesthetized mice. 
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This project has been realized in collaboration between the laboratories of 

María Victoria Sánchez-Vives (IDIBAPS) and Pau Gorostiza (IBEC). I 

personally carried out the chemical synthesis and the photochemical 

characterizations in the new experimental conditions of PAI, the 

competition binding experiments on mAChRs, the development of the 

light-sensitive experimental set-up for achieving the final pharmacological 

results, the design and the co-performance of all the in vitro and in vivo 

experiments. I made major contributions to prepare the manuscript. 

The results of this research have been recently submitted for publication 

and are currently under review. The preprint version of the article has been 

deposited here and published with the following reference: 

“Control of brain state transitions with light” 

Almudena Barbero-Castillo*, Fabio Riefolo*, Carlo Matera, Sara Caldas-

Martínez, Pedro Mateos-Aparicio, Julia F. Weinert, Enrique Claro, Maria 

Victoria Sánchez-Vives, and Pau Gorostiza. *co-first authors. 

DOI: https://doi.org/10.1101/793927  
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ABSTRACT: Light-triggered reversible modulation of physiological 

functions offers the promise of enabling on-demand spatiotemporally 

controlled therapeutic interventions. Optogenetics has been successfully 

implemented in the heart, but significant barriers to its use in the clinic 

remain, such as the need for genetic transfection. Herein, we present a 

method to modulate cardiac function with light through a 

photoswitchable compound and without genetic manipulation. The 

molecule, named PAI, was designed by introduction of a photoswitch into 

the molecular structure of an M2 mAChR agonist. In vitro assays revealed 

that PAI enables light-dependent activation of M2 mAChRs. To validate the 

method, we show that PAI photoisomers display different cardiac effects 
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in a mammalian animal model, and demonstrate reversible, real-time 

photocontrol of cardiac function in translucent wildtype tadpoles. PAI can 

also effectively activate M2 receptors using two-photon excitation with 

near-infrared light, which overcomes the scattering and low penetration 

of short-wavelength illumination, and offers new opportunities for 

intravital imaging and control of cardiac function. 

 

INTRODUCTION 

Remote spatiotemporal control of physiological processes may provide 

novel treatment opportunities. Cardiopathies are paradigmatic in this 

regard because of the rapid time course and complex integration of 

electrophysiological and molecular events in very specific areas of the 

heart. For instance, most cardiac rhythm control strategies rely on 

antiarrhythmic drugs (AADs) targeting ionic currents, whose effects 

cannot be regulated spatiotemporally. As a result, AADs often give rise to 

intolerable side effects, including ventricular pro-arrhythmogenicity, and 

are only partially effective. Overcoming the high failure and complication 

rates of current therapeutic strategies to treat these diseases will require 

both patient-personalized determination of the specific 

physiopathological mechanism and qualitative pharmacological 

breakthroughs.1 

The application of light and optical techniques in medicine has had a 

profound impact over the last several decades, in diagnostics, surgery and 

therapy.2 In particular, photoexcitation of intrinsic molecules or 

exogenous light-sensitive agents introduced in the body can affect the 

tissues and cells within in various ways, via the generation of heat 

(photothermal), chemical reactions (photochemical), and biological 

processes (photobiological/photopharmacological or optogenetic).2 The 

potential of light as a therapeutic tool with high spatiotemporal resolution 

has been recently investigated in the cardiovascular field, particularly for 

arrhythmias, through optogenetics.3–7 However, the application of such 

genetic techniques to human subjects with therapeutic purposes is still 

hampered by safety, regulatory and economic hurdles. Unlike 

optogenetics, photopharmacology rely on the use of exogenous light-
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regulated small molecules that can photocontrol native targets and that 

could be tested and approved using standard drug development 

procedures.8–15 These molecules can be used in combination with devices 

that deliver light to specific locations in the body7,16–18 in order to remotely 

control drug dosing and duration of action. Since the activity of drugs is 

structure-dependent, reversible photoresponsive drugs are obtained by 

the rational introduction of a molecular photoswitch into the structure of 

a bioactive compound.8,14 

Cardiac function is controlled by the autonomic sympathetic and 

parasympathetic nervous systems, which act via adrenoceptors and 

muscarinic acetylcholine receptors (mAChRs), respectively.19 In particular, 

stimulation of β1 and β2 adrenergic receptors increases the heart rate 

(positive chronotropy) and contractility (positive inotropy), whilst 

stimulation of M2 mAChRs decreases heart rate and prolongs the 

atrioventricular conduction time.20,21 Thus, adrenergic and muscarinic 

receptors constitute suitable target candidates to control cardiac function 

with light. Muscarinic acetylcholine receptors (mAChRs) belong to class A 

G protein-coupled receptors (GPCRs) and are divided in five different 

subtypes (M1-M5).22 M2 receptor is extensively expressed in the heart. All 

five mAChRs are characterized by a high sequence homology in the 

orthosteric site located in the transmembrane region. This fact limits the 

development of subtype-selective orthosteric agonists. On the other hand, 

the allosteric site located in the extracellular loop is less conserved, thus 

muscarinic allosteric agents are commonly endowed with a more 

pronounced subtype-selectivity.23 A chemical strategy commonly applied 

to overcome such limitation is the incorporation, within the same 

molecular structure, of two distinct pharmacophore elements belonging 

to (a) high-affinity orthosteric agonists and (b) highly selective allosteric 

ligands.24–28 These hybrid compounds, termed “dualsteric” or “bitopic”, 

are capable to bind simultaneously to both the orthosteric and the 

allosteric sites of mAChRs and usually display valuable properties,29 such 

as receptor subtype selectivity, functional selectivity,26,30 and higher 

tolerability in vivo.31 Moreover, such ligands bear in their structure two 

permanently charged nitrogen atoms, which likely prevent them from 

crossing the blood-brain barrier, confining their effects to the periphery, 

which is advantageous for cardiovascular agents. Herein, we describe the 
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first non-genetic method for the optical control of cardiac function with a 

photoswitchable agonist. The design and synthesis of this molecule and its 

pharmacological characterization under one-photon (1P) and two-photon 

(2P) excitation are reported. 

 

Figure 1. Chemical structures of the muscarinic ligands discussed in this work: the allosteric 

modulators W84 and Naphmethonium, the orthosteric agonist Iperoxo, the dualsteric 

agonists P-8-Iper and N-8-Iper, and the photoswitchable dualsteric ligands PAI and NAI. 

 

RESULT AND DISCUSSION 

Rational design, chemical synthesis and photochemical characterization. 

Two novel putative photoresponsive muscarinic agents, named 

Phthalimide-Azo-Iperoxo (PAI) and Naph-thalimide-Azo-Iperoxo (NAI), 

were designed by replacing the polymethylene spacer chain of known M2 

dualsteric agonists (P-8-Iper and N-8-Iper)30–32 with a molecular 

photoswitch, while conserving (a) the Iperoxo-like orthosteric agonist 

moiety, and (b) the M2-selective allosteric fragments derived from W84 

and Naphmethonium (Figure 1). The incorporation of a photoisomerizable 

unit into the structure of a dualsteric agonist should enable controlling 

with light the mutual position of the orthosteric and the allosteric 

moieties, presumably leading to differences between the two isomers in 

receptor affinity and efficacy. We chose an azobenzene core as 

photoresponsive component because of the favourable characteristics 

that azobenzene-based photoswitches normally display for biological 
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purposes in comparison to other photoswitches, such as design flexibility, 

large changes in geometry upon isomerization, high photostationary 

states and fatigue resistance, fast photoisomerization rates, and chemical 

stability, among others.33 Moreover, the use of arylazo compounds has 

been proven safe in humans for some approved drugs and food 

colorants.33 

 

Scheme 1. Chemical synthesis of PAI and NAI. 

PAI (1) and NAI (2) were prepared via two subsequent Menshutkin 

reactions between the azobenzene linker (4) and the corresponding allo- 

and orthosteric intermediates (5 and 6, 9) (Scheme 1). Compound 3 was 

synthesized via the typical Mills reaction and successively brominated 

photochemically to afford the desired linker 4. Notably, this 

photochemical reaction exempted us from using a radical initiator34 and 

gave an excellent yield (96%), proving for the first time that light-induced 

benzylic halogenations can be conveniently used also for the preparation 

of such versatile photoswitchable linkers. Compounds 5, 6 and 9 were 
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prepared as previously reported from commercially available starting 

materials (Scheme 1 and SI).24–26,31 

 

Figure 2. Photochemical characterization. a) 2D and 3D representation of the chemical 

structures of trans- and cis-PAI. b) Absorption spectra of PAI showing distinct photochromic 

behaviour. c) The photoswitching process can be repeated over several cycles without 

noticeable photofatigue. 

As a prerequisite for a reversible light-dependent control of their biological 

activity, PAI and NAI need to effectively behave as reversible 

photoswitches, which means that the photoisomerization should be 

relatively fast and quantitatively significant in both directions. UV/Vis 

spectroscopy experiments showed that PAI and NAI have the typical 

absorption bands of conventional azobenzenes. PAI can be isomerized to 

the cis form (about 73% conversion) by applying 365 nm light, while it 

thermally relaxes back to the trans form in several hours at room 

temperature. It can be also effectively back-isomerized to the trans form 

by applying white or blue (460 nm) light (83% trans) (Figure 2 and SI, Figure 

S2). Surprisingly, NAI resulted refractory to photoisomerization (only 23% 

cis after 10 min at 365 nm, SI, Figure S2.1CD), which shows that rational 

design of azobenzene-containing ligands does not always afford the 

expected results. We hypothesized that the absorption and emission 

properties of the naphthalimide moiety35 could interfere with its 

photochromism. Given the unsatisfactorily photochromic behaviour of 

NAI, we selected only PAI for further studies. 
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PAI allows reversible photo-activation of M2 mAChRs in calcium imaging 

experiments and molecular docking simulations. The 

photopharmacological properties of PAI were first assessed in vitro with 

real-time calcium imaging assays in transiently transfected HEK cells under 

1P-illumination (Figure 3 and SI). We tested also the non-photoresponsive 

muscarinic agonist Iperoxo (IPX)36 as a control (Figure 3a). The application 

of trans-PAI (dark-adapted state) induced cytosolic calcium oscillations 

indicative of M2 agonism, which were reduced by converting PAI to its cis 

form upon illumination with UV light (365 nm) (Figure 3bc).  

 

Figure 3. PAI reversibly activates M2 mAChRs with light in calcium imaging assays. Real-time 

calcium imaging traces from HEK cells co-expressing M2mAChR and GqTOP loaded with 10 

μM of the calcium indicator OGB1AM. a) Average trace of cell responses to 30 pM of non-

photoswitchable muscarinic agonist IPX (n=130). Cells gave a sharp response to the 

application of IPX but, as expected, the concomitant application of pulses of UV or blue light 

did not alter calcium responses. b) Average trace of cell responses to 30 pM of trans-PAI 

(n=8). c) Single cell calcium responses induced by the direct application of 10 pM of trans-

PAI (yellow bar). Purple bars indicate illumination at 365 nm, blue bars indicate illumination 

at 460 nm. Gray shadow in the recordings represents ±SEM. d) Quantification of 

photoresponses to the application of PAI (yellow bar) at 10 pM (n = 356 cells from 5 different 

experiments) and 30 pM (n = 293 cells from 6 different experiments), and recovery after 

365 nm illumination (purple bar). Error bars are ± SEM. 

Calcium oscillations could be restored after back-isomerizing PAI to the 

trans configuration using blue light (460 nm). The time course of calcium 
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responses during activation with trans-PAI displayed a diversity of 

behaviours in individual cells (Figure 3c), including oscillatory waves, 

transient peaks, and step responses as previously observed with PLC-

activating GPCRs.12 Quantification of photoresponses (ΔF/F0) to PAI 

application and 365 nm illumination shows a reduction in the calcium 

signal induced by UV light pulses (Figure 3d). Intriguingly, PAI activated M2 

mAChRs in the range of picomolar concentrations, similarly to the super-

agonist Iperoxo.36 Thus, we demonstrated that PAI can effectively activate 

M2 mAChRs in vitro in its dark-adapted (trans) form and its activity can be 

reversibly switched off and on with light. In order to account for the 

observed photoswitchable activity of PAI in M2 mAChR, we looked for 

putative differences on the receptor level regarding binding efficacy of cis- 

and trans-PAI using molecular docking simulations (see SI for details). PAI 

isomers were docked into their theoretical binding site at the human M2 

mAChR (PDB 4MQT). Our results suggested that trans-PAI can bind to the 

M2 mAChR in a typical dualsteric pose compatible with receptor activation 

(SI, Figure S5.1a).37 In contrast, a flipped orientation is favoured in the case 

of the cis-isomer (SI, Figure S5.1b). This binding pose is likely incompatible 

with receptor activation and provides a possible explanation for the light-

dependent efficacy of PAI. 

Trans-PAI is more effective than cis-PAI at inducing bradycardia and PR 

lengthening in rats. Once established that PAI allows light-dependent 

reversible activation of M2 mAChRs, we aimed at testing it as an agent to 

photocontrol cardiac function in vivo. We initially used Wistar rats for our 

experiments. The intraperitoneal administration of PAI induced 

progressive bradycardia and PR lengthening in a dose-dependent manner 

in both configurations (Figure 4 and SI, Figure S6.1). These effects were 

accompanied with variable degrees of systemic parasympathetic effects, 

such as salivation, urination and defecation. At low doses (≤ 3 µM/kg), 

both isomers yielded a similar small effect, but remarkably differed at 

intermediate and high doses. At 10 µM/kg PAI and higher doses, the PR 

interval was significantly more prolonged in trans; at 30 µM and higher 

doses, heart rate was also lower in trans. The effects of PAI could not be 

photoswitched either with blue or with UV light, showing that the ability 

of light to penetrate murine cardiac tissue at those wavelengths is likely 

not sufficient to reach M2 mAChR location. Only the administration of 
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atropine (2 mg) completely reverted bradycardia, PR lengthening and 

systemic parasympathetic effects in both groups (SI, Figure S6.1). These 

results demonstrated an enhanced parasympathetic activity for the trans-

isomer, and confirmed in mammals the previous findings observed in cells. 

 

Figure 4. In vivo effect of trans- and cis-PAI on the cardiac activity of rats. The activity of 

dark-relaxed (trans, grey plots) and UV-illuminated PAI (cis, purple plots) administered 

intraperitoneally in anesthetized rats was tested by means of electrocardiography. The heart 

rate (left panel) and PR interval (right panel) are plotted as a function of increasing doses of 

both isomers, which induced progressive bradycardia and PR lengthening in a dose-

dependent manner. Significant differences between the dark-relaxed and UV-treated PAI 

were found in the heart rate and PR interval at the higher doses (*p < 0.05; ***p < 0.001 

trans vs cis), in agreement with the higher agonist activity of the trans form observed in vitro 

and in tadpoles. Three rats in the trans-group died because of extreme bradycardia after 

the 100 µM/kg dose. The effects of PAI were reversible only upon administration of the 

muscarinic antagonist Atropine. 

PAI enables reversible photocontrol of cardiac activity in Xenopus 

tropicalis tadpoles. As an alternative to demonstrate reversible control of 

cardiac function in vivo, we turned to an animal model in which light 

scattering is known to be low thus allowing better light penetration. We 

selected Xenopus tropicalis tadpoles for this purpose since they are 

translucent and are recognized as an excellent model for studying the 

human cardiovascular system (Figure 5).38,39 Moreover, we had already 

successfully used video light microscopy to acquire real-time images of the 

developing beating heart by digitizing the expanding and contracting 

blood pool in early translucent hearts (Figure 5a).38,40 
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Figure 5. Photoregulation of heart rate with PAI in frog tadpoles. a) Two video frames of a 

paralyzed tadpole heart indicating a region of interest (white circle) used to obtain the time 

course of heart beating movements (average of intensity versus time). b) Normal heartbeat 

recording obtained in control conditions (dim red light, indicated by a grey shade). Time 

scale: 2 s. c) Adding 10 μM trans-PAI under white light illumination reduces the heartbeat 

frequency, eventually causing cardiac arrest. d) Under UV illumination (purple shade), trans-

PAI is isomerized to cis-PAI and heartbeat is recovered. e) Red traces indicate the heart rate 

(in beats·s-1, calculated every 15 s interval) as a function of time in 4 independent 

experiments with different animals. White, purple, and grey backgrounds indicate 

illumination with white, UV and dim red light, respectively. Heart rate is not altered by 

illumination under control conditions (SI Appendix, Figure S6.2). Adding 10 μM trans-PAI 

under dim light reduces the heart rate in animals 2, 3 and 4. UV illumination isomerizes PAI 

to the cis form and the heart rate is partially recovered. Dim red light does not isomerize PAI 

(SI Appendix, Figure S6.1) and heart rate is relatively stable. White light converts PAI to the 

trans isomer, causing cardiac arrest in all 4 animals. UV light restores heartbeat in all 

animals, some displaying an unstable rate. Several white/UV light cycles were repeated in 

some animals, showing similar effects. f) Quantification of heart rate during the last minute 

of each period (beats·s-1, n=4 tadpoles) in control conditions, under white light (trans-PAI) 

and under UV light (cis-PAI). Two-way for repeated measures ANOVA was performed with 

uncorrected Fisher’s LSD test, significance values were established with a p-value = 0.05. 

Error bars represent standard error of the mean (SEM). The heart rate was significantly 

higher under UV illumination compared to visible light (p-value < 0.05). Both isomers 

produced a significant reduction of heart rate in comparison to controls (p-value < 0.001). 
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In the absence of PAI, the cardiac rate of tadpoles remained nearly 

constant at 2.3 ± 0.1 beats·s-1 during control illumination with UV light and 

at 2.10 ± 0.01 beats·s-1 in the dark. The variability score (V.S.) was 7.97 ± 

0.07. Upon administration of 10 µM trans-PAI, heart rate decreased 

dramatically (0.41 ± 0.02 beats·s-1 in the trace of Figure 5e) leading in some 

cases to cardiac arrest (Figure 5c). Heart beating recovered progressively 

upon UV illumination (cis-isomerisation, 1.28 ± 0.02 beats·s-1, Figure 5f), 

and was not altered in the dark since thermal relaxation is slow. Some 

animals displayed less stable cardiac rate during UV periods compared to 

controls (V.S. of 17.4 ± 0.2 and 8.30 ± 0.02, respectively; SI, Figure S7.3). 

Subsequent illumination of the animals with visible light (cis-to-trans 

isomerization) again reduced cardiac rate and eventually interrupted 

heart beating (V.S. of 374 ± 47.7, SI, Figure S7.3). Cardiac activity was 

restored by later exposition to UV light, and further UV/visible light cycles 

confirmed the reversibility of the pharmacological effects. (see example 

Supporting Movie S1). Overall, these experiments demonstrated that PAI 

allows remote and reversible control of heart rate with light in living 

animals. 

Activation of PAI with near infrared (NIR) light. In order to overcome the 

scattering and low penetration of violet and visible illumination, we tested 

whether PAI could be used to activate M2 mAChRs at longer wavelengths. 

In fact, a critical aspect that must be addressed to unleash the full potential 

of light-regulated drugs and favour their translation into clinic is their 

responsiveness to red or NIR radiation,44,41 which enables higher 

penetration through tissue, abolishes photodamage and, in the case of 2P 

excitation, allows three-dimensional subcellular resolution.42–46 PAI has an 

excellent thermal stability in both configurations (Figure S2.3) and is 

photochemically suited for cis-to-trans photoisomerization with NIR light 

under 2P-excitation, which encouraged us to test its effects in living cells 

in real-time calcium imaging assays using a confocal microscope equipped 

with a pulsed laser. (Figure 6). PAI was initially applied in its cis (off) state, 

which as expected did not produce cytosolic calcium oscillations. 

Subsequent illumination at 840 nm induced robust calcium responses, as 

previously observed in calcium imaging experiments for cis-to-trans 

photoisomerization under 1P-excitation (Figure 6a). These results are 

quantified in Figure 6c. The responses (ΔF/F0) obtained for cis-PAI (1P pre-
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irradiation at 365 nm) are comparable to controls, and 2P-induced 

isomerization to trans-PAI achieves calcium responses nearly as high as 

perfusion of iperoxo. It is worth noting that even under NIR excitation PAI 

maintains an outstanding potency (picomolar) to activate M2 mAChRs, 

which is rarely observed in photoswitches.11,44,47,48 Interestingly, 2P 

microscopy is extensively used for intravital imaging including 

cardiovascular imaging at subcellular resolution.49,50 Thus, PAI has a bright 

future to control cardiac function with light. 

 

Figure 6. Activation of PAI with NIR light under 2P excitation. Real-time calcium imaging 

traces from HEK cells co-expressing M2 mAChR and GqTOP loaded with 10 μM of the 

calcium indicator OGB1AM. a) Average trace of cell responses to 30 pM cis-PAI pre-

irradiated at 365 nm (purple bar), trans-enriched PAI obtained under 2P excitation at 840 

nm (red bar), and the muscarinic agonist IPX (green bar) after wash-out (wo, light blue bar) 

(n=29 cells). Neither 2P excitation alone (red panel) nor cis-PAI elicited calcium responses. 

Cells gave a sharp response upon application of pulsed NIR light (840 nm) in the presence 

of PAI as a consequence of its photoisomerization to the trans- active form. IPX was applied 

as a positive control. Gray shadow in the recordings represents ±SEM. b) Single cell calcium 

responses induced by PAI under 2P-excitation at 840 nm (red panel) (29 cells). Purple bar 

indicates application of pre-irradiated PAI (365 nm), red bar indicates illumination at 840 

nm. c) Quantification of photoresponses of 29 cells to the application of cis-PAI (purple bar) 

at 30 pM, after switching to trans-PAI using 2P-excitation at 840 nm (red bar), control under 

2P-excitation at 840 nm (grey bar) and IPX (green bar). Error bars are ± SEM. Data were 

analyzed by using one-way ANOVA with Sidak post hoc test for multiple comparisons for 

statistical significance (p-value (****) < 0.0001; GraphPad Prism 6). 
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CONCLUSIONS 

The rapid and reversible control of cardiac activity is of particular interest 

in medicine, including the spatiotemporal manipulation of close anatomic 

structures bearing different electrophysiological functions in the heart. 

Light-activated cardiac drugs could be selectively enhanced in certain 

regions of the heart (e.g., preventing undesired pro-arrhythmogenic 

ventricular effects when atria are targeted), or at certain times (on-

demand, i.e., active only during atrial fibrillation or bradycardia). For that 

purpose, cardiac patches with integrated electronics and electric stimula-

tion46 could be further equipped with optoelectronic devices for 

photostimulation. Drug-based cardiac photoregulation techniques offer 

potential advantages compared to electric stimulation of cardiac muscle, 

which produces inhomogeneous areas of de- and hyperpolarization, 

causes faradaic reactions that alter pH, and produce toxic gases (H2, O2, 

Cl2), all of which would be prevented by light-stimulation. 

To this end, we have developed the first photoswitchable compound that 

enables control of cardiac activity with light in wildtype animals without 

genetic manipulation. To the best of our knowledge, PAI is also the first 

photoswitchable M2 mAChR agonist to be reported. Despite the changes 

introduced in the ligand structure in order to photoregulate its activity, PAI 

retains the high potency of its parent compounds Iperoxo and P-8-Iper.31,36 

PAI activates M2 receptors in its trans configuration and can be reversibly 

photoswitched with different wavelengths including NIR light under 2P 

excitation. Future experiments will be addressed to demonstrate that PAI 

enables precise spatio-temporal control of cardiac function in 

mammalians in combination with 2P cardiovascular imaging. 
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1. Chemical synthesis 

1.1 Materials and methods 

All reagents and solvents were purchased from Sigma-Aldrich and Serviquimia and were 

used without any further purification. All reactions were performed under inert 

atmosphere of argon or nitrogen, unless differently stated. TLC analyses were performed 

on commercial silica gel 60 F254 aluminium foils (Merck); spots were further evidenced by 

spraying with a dilute alkaline potassium permanganate solution or a phosphomolybdic 

acid solution 5% in ethanol and, for tertiary amines and quaternary ammonium 

compounds, with the Dragendorff reagent. Flash chromatography was performed on 

PanReac AppliChem silica gel 60 (40-63 microns) as stationary phase; mobile phases are 

specified for each compound. UV/Vis spectra and experiments were recorded with a 

Shimadzu UV-1800 UV-VIS Spectrophotometer with standard quartz cuvettes (10 mm light 

path). 1H-NMR, 13C-NMR, COSY and HSQC spectra were registered with a Varian Mercury 

400 MHz instrument (400 MHz for 1H-NMR and 101 MHz for 13C-NMR) in DMSO-d6, CDCl3, 

CD3OD. Residual signals of the deuterated solvents were used as an internal standard 

(DMSO-d6: 1H 2.50 ppm, 13C 39.52 ppm; CDCl3: 1H 7.26 ppm, 13C 77.16 ppm; CD3OD: 1H 3.31 

ppm, 13C 49.00 ppm). Chemical shifts (δ) are expressed as parts-per-million (ppm) and 

coupling constants (J) as hertz (Hz). HPLC analyses and purification were performed with a 

Waters Alliance e2695 Separations Module, equipped with a Waters 2998 UV/Vis 

Photodiode Array Detector and a Waters ACQUITY QDa Mass Detector for detecting the 

analytes and a XSelect CSH C18 OBD Prep Column (130Å, 5 µm, 10 mm X 150 mm, 1/pkg, 

Waters). Water with 0.1% formic acid (v/v) and acetonitrile with 0.1% formic acid (v/v) 

were used as mobile phases (named A and B, respectively) with the following gradient: 

concentration phase B: 5→25% from 0 to 4 min; 25% from 4 to 7 min; 25→100% from 7 to 

9 min; 100→5% from 9 to 11 min; 5% from 11 to 12 min. The flow rate was of 3 mL min−1. 

The purity of PAI compound was found to be ≥95%. High resolution mass spectroscopy 

measurements (ionization: NanoESI, positive ionization) were performed at the mass 

spectrometry core facility of the IRB (Barcelona, Spain) with a LTQ-FT Ultra (Thermo 

Scientific) for direct infusion (Automated Nanoelectrospray) of the sample. The NanoMate 

(AdvionBioSciences, Ithaca, NY, USA) aspirated the samples from a 384-well plate (protein 

Lobind) with disposable, conductive pipette tips, and infused the samples through the 

nanoESI Chip (which consists of 400 nozzles in a 20 x20 array) towards the mass 

spectrometer. Spray voltage was 1.70 kV and delivery pressure was 0.50 psi. Data are 

reported as mass-to-charge ratio (m/z) of the corresponding positively charged molecular 

ions.  

 

1.2 Abbreviations  

Solvents: AcOEt: ethyl acetate; DCM: dichloromethane; MeCN: acetonitrile; MeOH: 

methanol; EtOH: ethanol; THF: tetrahydrofuran; Et2O: diethyl ether; iPr2O: diisopropyl 

ether; DMSO: dimethylsulfoxide. 
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Analytical characterizations: NMR: d: doublet; dd: double doublet; ddd: double double 

doublet; dt: double triplet; m: multiplet; q: quartet; quin: quintet; s: singlet; t: triplet; m.p.: 

melting point; Rf: retention factor; r.t.: room temperature; RT: retention time. 

 

1.3 Synthetic procedures 

4,4'-Bis(bromomethyl)azobenzene (4). A solution 4,4′-dimethylazobenzene 3 (1.10 g, 5.23 

mmol), prepared as reported by Velema et al.,4 and N-bromosuccinimide (2.33 g, 13.08 

mmol) in MeCN (200 mL) was stirred at room temperature under white light illumination 

(Dolan-Jenner Fiber-Lite Mi-150 Fiber Optic Illuminator, 150 W) for 24 hours. Then, the 

mixture was concentrated, and the obtained orange solid was filtered and washed several 

times with MeOH. The resulting solid was dried under vacuum to afford 4 as an orange 

solid (1.34 g, 96% yield). M.p.: 228-230 ˚C. 1H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 8.4 Hz, 

4H), 7.54 (d, J = 8.3 Hz, 4H), 4.56 (s, 4H). 13C NMR (101 MHz, CDCl3): δ 152.42, 140.93, 

130.06, 123.51, 32.83. 

N-(4-((4-(bromomethyl)phenyl)diazenyl)benzyl)-3-(1,3-dioxoisoindolin-2-yl)-N,N-

dimethylpropan-1-aminium bromide (7). Azobenzene 4 (713 mg, 1.94 mmol) was 

completely dissolved in toluene (200 mL) at 70 °C, and the resulting solution was left under 

stirring at 50 °C. Then a solution of phthalimide 5 (50 mg, 0.22 mmol) in MeCN (50 mL) was 

slowly added dropwise. The reaction was left under stirring for 24 hours at 50 °C. Reaction 

progress was controlled by silica gel TLC to monitor the disappearance of the starting 

material 5 (eluent: DCM/MeOH, 95:5). At the end, the mixture was concentrated under 

reduced pressure and the resulting solid was washed several times with toluene in order 

to completely remove the excess azobenzene 4 and finally dried under reduced pressure 

to afford 7 as an orange solid (79 mg, 61%). 1H NMR (400 MHz, CD3OD):  δ 7.98 – 7.89 (m, 

J = 8.8 Hz, 4H), 7.87 (dd, J = 5.5, 3.1 Hz, 2H), 7.80 (dd, J = 5.5, 3.1 Hz, 2H), 7.74 (d, J = 8.5 Hz, 

2H), 7.64 (d, J = 8.4 Hz, 2H), 4.68 (s, 2H), 4.67 (s, 2H), 3.83 (t, J = 6.3 Hz, 2H), 3.48 – 3.40 (m, 

2H), 3.14 (s, 6H), 2.37 – 2.25 (m, 2H). 13C NMR (101 MHz, CD3OD): δ 169.80, 154.98, 153.39, 

143.78, 135.57, 135.15, 133.32, 131.29, 124.42, 124.35, 124.32, 68.52, 63.12, 50.81, 35.66, 

33.00, 23.53. LC-MS (QMS, [M + H]+): calcd for C27H28BrN4O2
+, 519.14 and 521.14; found 

519.3 and 521.2. 

(E)-N-(4-((4-(bromomethyl)phenyl)diazenyl)benzyl)-3-(1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)-N,N,2,2-tetramethylpropan-1-aminium bromide (8). 

Azobenzene 4 (276 mg, 0.75 mmol) was completely dissolved in toluene (30 mL) at 70 °C, 

and the resulting solution was left under stirring at 50 °C. Then a solution of Naphthalimide 

6 (25 mg, 0.08 mmol) in MeCN (20 mL) was slowly added dropwise. The reaction was left 

under stirring for 24 hours at 50 °C. Reaction progress was controlled by silica gel TLC to 

monitor the disappearance of the starting material 6 (eluent: DCM/MeOH, 95:5). At the 

end, the mixture was concentrated under reduced pressure and the resulting solid was 

washed several times with toluene in order to completely remove the excess azobenzene 

4 and finally dried under reduced pressure to afford 8 as an orange solid (10 mg, 86%). 1H 

NMR (400 MHz, CD3OD):  δ 8.56 (dd, J = 7.3, 1.1 Hz, 2H), 8.35 (dd, J = 8.5, 1.0 Hz, 2H), 7.95 

(dd, J = 8.4, 3.2 Hz, 4H), 7.85 – 7.74 (m, 4H), 7.66 (d, J = 8.7 Hz, 2H), 4.73 (s, 2H), 4.68 (s, 

2H), 4.30 (s, 2H), 3.55 (s, 2H), 3.32 (s, 6H), 1.41 (s, 6H). 13C NMR (101 MHz, CD3OD): δ 
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165.21, 153.44, 151.99, 142.34, 134.31, 134.23, 131.73, 131.23, 130.17, 129.89, 127.85, 

126.81, 122.99, 122.84, 122.10, 72.62, 71.92, 51.06, 49.04, 39.16, 31.60, 25.31. 

Phthalimide-Azo-Iperoxo, PAI (1). Compound 7 (50.4 mg, 0.08 mmol) and the isoxazoline 

9 (30.6 mg, 0.17 mmol) were dissolved in MeCN (30 mL) and stirred at room temperature 

for 12 hours. Reaction progress was controlled by silica gel TLC to monitor the 

disappearance of the starting material 7 (eluent: DCM/MeOH, 9:1). PAI (1) was then 

isolated from the resulting solution by precipitation after adding a few drops of Et2O to the 

reaction mixture, filtered, further washed with Et2O (20 mL x 3), and dried under reduced 

pressure (53 mg, 81%). 1H NMR (400 MHz, CD3OD) δ 8.10 (d, J = 8.5 Hz, 2H), 8.02 (d, J = 8.5 

Hz, 2H), 7.90 (dd, J = 5.6, 3.0 Hz, 2H), 7.85 (d, J = 8.5 Hz, 2H), 7.82 (dd, J = 5.6, 3.0 Hz, 2H), 

7.75 (d, J = 8.5 Hz, 2H), 4.99 (t, J = 1.6 Hz, 2H), 4.74 (s, 2H), 4.64 (s, 2H), 4.41 (t, J = 9.6 Hz, 

2H), 4.35 (t, J = 1.7 Hz, 2H), 3.84 (t, J = 6.3 Hz, 2H), 3.47 – 3.38 (m, 2H), 3.22 (s, 6H), 3.11 (s, 

6H), 3.07 (t, J = 9.6 Hz, 2H), 2.37 – 2.24 (m, 2H). 13C NMR (101 MHz, CD3OD) δ 169.79, 

168.80, 163.40, 163.05, 162.71, 154.99, 154.83, 135.56, 135.28, 124.70, 124.54, 124.31, 

88.78, 76.82, 71.22, 68.47, 67.39, 63.24, 58.29, 54.94, 50.90, 50.76, 35.65, 33.66, 23.51. RT 

(HPLC-PDA) = 6.24 min (cis isomer), 6.67 min (trans isomer); purity≥ 95% (Figure S1.1). HR-

MS (ESI, [M + H]+): calcd for C36H42N6O4
2+, 311.16; found 311.1625 (Figure S1.2). 

Naphthalimide-Azo-Iperoxo, NAI (2). Compound 8 (10 mg, 0.015 mmol) and the 

isoxazoline 9 (4.03 mg, 0.022 mmol) were dissolved in MeCN (10 mL) and stirred at room 

temperature for 12 hours. Reaction progress was controlled by silica gel TLC to monitor the 

disappearance of the starting material 8 (eluent: DCM/MeOH, 9:1). NAI (2) was then 

isolated from the resulting solution by precipitation after adding a few drops of Et2O to the 

reaction mixture, filtered, further washed with Et2O (20 mL x 3), and dried under reduced 

pressure (6.10 mg, 48%). 1H NMR (400 MHz, CD3OD) δ 8.58 (dd, J = 7.3, 1.1 Hz, 2H), 8.37 

(dd, J = 8.4, 1.1 Hz, 2H), 8.11 (d, J = 8.4 Hz, 2H), 8.01 (d, J = 8.4 Hz, 2H), 7.89 (d, J = 8.4 Hz, 

2H), 7.86 – 7.77 (m, 4H), 4.99 (s, 2H), 4.79 (s, 2H), 4.76 (s, 2H), 4.48 – 4.38 (m, 4H), 4.31 (s, 

2H), 3.58 (s, 2H), 3.33 (s, 6H), 3.25 (s, 6H), 3.07 (t, J = 9.6 Hz, 2H), 1.42 (s, 6H). 13C NMR (101 

MHz, CD3OD) δ 168.82, 166.66, 155.00, 154.76, 135.79, 135.75, 135.41, 133.18, 132.66, 

132.20, 131.85, 129.31, 128.26, 124.68, 124.46, 123.57, 88.70, 76.94, 74.28, 73.17, 71.23, 

67.39, 58.35, 55.01, 52.53, 50.96, 50.48, 40.63, 33.69, 26.73. HR-MS (ESI, [M + H]+): calcd 

for C36H42N6O4
2+, 350.18; found 350.18630. 

 

Figure S1.1. HPLC chromatogram of PAI as obtained under benchtop conditions (PDA 

detector from 250 to 600 nm; compound purity ≥ 95%). 
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 Figure S1.2. Full high-resolution mass spectrum of PAI (positive ionization). 

 

2. Photochemical characterization 

An essential requirement for using PAI and NAI as light-regulated M2 mAChRs agonists is 

that they effectively respond to light, which means that they can be quickly 

photoisomerized (from trans to cis and vice versa) between two different conformations 

with a relatively high degree of photoconversion (trans/cis ratio). To this end, we 

characterized PAI and NAI by UV/Vis spectroscopy. PAI revealed a clear photochromic 

behavior with the typical absorption bands of azobenzenes. Maximum absorption peaks in 

aqueous solution were observed at around 315 nm and 430 nm and are due to the π–π* 

and n–π* transitions, respectively, which allows for distinct photoswitching between the 

trans and cis isomers (Figure S2.1, panel A). PAI can be effectively isomerized from trans 

to cis with ultraviolet light (365 nm), and back-isomerized from cis to trans with white or 

blue (460 nm) light. The process is reversible and can be repeated several times without 

any noticeable loss of photochromic behavior (Figure S2.1, panel B). Annoyingly, NAI 

resulted unusually refractory to photoisomerization than other azobenzene-containing 

compounds. We hypothesized that the absorption and emission properties of the 

naphthalimide moiety could interfere with the photoisomerization of the azobenzene unit 

(Figure S2.1, panels C and D). 
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Figure S2.1. Photochemical characterization of PAI and NAI. A) Absorption spectra of PAI in 

H2O (30 µM). B) Reversibility and stability of the photochromic behavior of PAI over several 

cycles of isomerization. C) Absorption spectra of NAI in H2O (30 µM). D) Quantification of 

NAI photostationary state by 1H-NMR analysis (800 µM in CD3OD), showing the ratio 

between the two isomers in the dark-adapted state and after illumination with 365 nm light 

(10 min). 

We next quantified by 1H-NMR and HPLC analysis the extent of photoisomerization for PAI 

(Figure S2.2). The amount of the thermodynamically less stable cis isomer shifted from an 

initial value of 13% (as obtained under benchtop conditions) to 73% upon irradiation with 

365 nm light for 10 minutes. Finally, we analyzed the thermal stability of the 

photostationary state (PSS) achieved after ultraviolet illumination. The PSS was relatively 

stable for at least 2 hours in aqueous solution at 37 °C in the dark. PAI could be rapidly 

reconverted to the trans state after illumination with white light. Such thermal stability 

allowed us to conveniently study the two different photostationary states of PAI in a 

relatively large timescale (Figure S2.3). 
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Figure S2.2. Quantification of PAI photostationary state by 1H-NMR (800 µM in CD3OD, panel 

A) and HPLC (panel B) analysis, showing the ratio between the two isomers as obtained 

under benchtop conditions and after 10 minutes of irradiation with 365 nm light and white 

light. 

 

Figure S2.3. Thermal stability of PAI. The photostationary state achieved after irradiation 

with 365 nm light in aqueous solution (30 µM) is stable for more than 2 hours at 37 °C in the 

dark. Irradiation with white light allows to rapidly regain a PSS in favor of the trans isomer. 
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3. NMR spectroscopy 

 

Figure S3.1. 1H-NMR of PAI as obtained under benchtop conditions. 

 

 

Figure S3.2. 13C-NMR of PAI as obtained under benchtop conditions. 
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Figure S3.3. HSQC of PAI as obtained under benchtop conditions. 

 

 

Figure S3.4. gCOSY of PAI as obtained under benchtop conditions. 
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Figure S3.5. 1H-NMR of NAI as obtained under benchtop conditions. 

 

 

Figure S3.6. 13C-NMR of NAI as obtained under benchtop conditions. 
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Figure S3.7. HSQC of NAI as obtained under benchtop conditions. 

 

Figure S3.8. gCOSY of NAI as obtained under benchtop conditions. 
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4. In vitro calcium imaging experiments 

4.1 Materials and methods 

Since M2 mAChRs activate the Gi protein subfamily, we co-transfected a chimeric Gq/i-

protein in order to couple M2 receptor activation to the phospholipase C pathway, thus 

inducing inositol 1,4,5-trisphosphate (IP3) production and subsequent intracellular calcium 

release from the endoplasmic reticulum. 

Cell culture and transfection. HEK tsA201 cells were maintained at 37 °C in a humidified 

atmosphere with 5%CO2 and grown in Dulbecco’s Modified Eagle’s Medium/Nutrient 

Mixture F-12 Ham (DMEM/F12 1:1, Life Technologies) medium, supplemented with 10% 

fetal bovine serum (FBS, Life Technologies) and antibiotics (1% penicillin/streptomycin, 

Sigma-Aldrich). Co-expression of human muscarinic acetylcholine receptor M2 (Addgene) 

and chimeric Gi/Gq protein (GqTOP) (ratio 1:1) was induced by plasmid transient 

transfection with X-tremeGENE 9 DNA Transfection Reagent (Roche Applied Science) 

following the manufacturer’s instructions.5 The day after transfection, cells were harvested 

with accutase (Sigma-Aldrich) and seeded onto 16-mm glass coverslips (Fisher Scientific) 

pretreated with collagen (Sigma-Aldrich) to allow cell adhesion. Preconfluent cultures were 

used for experiments between 48 h and 72 h after transfection. 

In vitro single-cell calcium imaging. The bath solution used for single cell intracellular 

calcium recordings contained: 140 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 10 mM HEPES, 10 

mM glucose and 2 mM CaCl2, and was adjusted to pH 7.4 with NaOH. Before each 

experiment, cells were mounted on the recording chamber (Open Diamond Bath Imaging 

Chamber for Round Coverslips from Warner Instruments) and loaded with the calcium 

indicator Oregon Green BAPTA-1, AM (OGB-1AM) (Life Technologies) for 30 min at 37 °C 

and 5% CO2, at a final concentration of 10 μM in Ca2+-free bath solution. Cells were rinsed 

with fresh solution, and the recording chamber was filled with 1 mL recording solution. 

Calcium imaging was performed on an IX71 inverted microscope (Olympus) with a 

XLUMPLFLN 20XW x20/1-NA water immersion objective (Olympus). OGB-1 AM was excited 

during 8 ms at 488 nm using a Polychrome V monochromic light source (Till Photonics) 

equipped with a Xenon Short Arc lamp (Ushio) and a 505 nm dichroic beam splitter 

(Chroma Technology). Emission at 526 nm was filtered by a D535/40nm emission filter 

(Chroma Technology) and finally collected by a C9100-13 EM-CCD camera (Hamamatsu). 

Images under 1P-illumination were acquired at room temperature with an imaging interval 

of 4 seconds with the SmartLux software (HEKA), and the imaging analysis was done with 

FIJI (ImageJ). Images under 2P-illumination were acquired at room temperature with an 

inverted laser-scanning confocal microscope (TCS SP5, Leica Microsystems) equipped with 

a HCX PL APO 40×/1.25-0.75-NA oil objective for imaging cultured cells, and a HC PL APO 

20×/.0.7-NA CS air objective (Leica Microsystems). The imaging interval was of 4 seconds. 

Acquired image sequences were stored in the Leica image format and stacks for offline 

analysis with FIJI (ImageJ). 

Drug application and photoswitching assays. Addition of agonists was carried out by 

carefully pipetting 50 μL of the initial 200 pM solution of the compound directly into the 
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accessory pool of the recording chamber for a final dilution of approximately 1:20. Iperoxo, 

a previously described muscarinic selective superagonist,2 was used as a positive control 

to stimulate mAChRs in HEK tsA201 cells (30 pM). Photostimulation under 1P-excitation 

during recordings was done by illumination of the entire focused field using the 

Polychrome V connected to a personal computer, and shutter and wavelength were 

controlled using Patchmaster software (HEKA). Light intervals lasted a total of 5 minutes 

for all the HEK cell experiments, with flashes of blue (460 nm, 3.5-seconds duration) and 

UV (365 nm, 3.5-seconds duration) light. The light power measured with a Newport 1916-

C light meter placed after the objective was 16.48 W·m−2 for 488 nm, 4.94 W·m−2 for 

365 nm, and 15.92 W·m−2 for 460 nm. 2P-excitation experiments were performed in the 

Advanced Digital Microscopy Core Facility of IRB Barcelona with a confocal multiphoton 

microscope equipped with a pulsed broadband Ti:Sapphire laser (Mai Tai, Spectra-Physics, 

Santa-Clara, CA-USA) which can be tuned from 710-990 nm (80 MHz repetition rate, 80 fs 

pulse, light power 2.8 mW μm−2 at 720–840 nm). 

 

Figure S4.1. Real time calcium imaging traces from HEK cells incubated with 10μM of OGB-

1AM for 30 min. The diagrams show A) the average trace of cells expressing M2-GqTOP in 

response to illumination at 365 nm (purple bar) and 460 nm (blue bar) (n = 34 ± SEM); B) 

the average trace of cells expressing M2-GqTOP in response to 2P-excitation at 840 nm (red 

bar) (n = 29 ± SEM); 

 

4.3 Receptor activation efficacy 

Direct cis-PAI isomer application at 10 pM induce a response 50% lower than direct 

application of trans-PAI isomer. Application of the cis isomer at 30 pM induced a response 

10-fold lower compared to the trans isomer response at the same concentration (Figure 

S4.2). Moreover, residual responses upon application of the cis isomer can be attributed 

to the incomplete photoisomerization of the trans-isomer (trans/cis = 23:77 after 10 min 

at 365 nm). 
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Figure S4.2. Real time calcium imaging traces from HEK cells expressing M2-GqTOP 

incubated with OGB-1AM (10 μM for 30 min). A) Average trace of cell response induced by 

the direct application of 3 pM PAI (yellow bar) in its trans isoform (black line; n = 167) or its 

cis isoform (purple line; n = 150). B) Average trace of cell response induced by the direct 

application of 10 pM PAI in its trans isoform (black line; n = 296) or its cis isoform (purple 

line; n = 150). C) Average trace of cell response to 30 pM PAI in its trans isoform (black line; 

n = 8) or its cis isoform (purple line; n = 230). Gray shadow in the recording represents ± 

SEM. 

4.3 Receptor subtype selectivity 

Receptor subtype-selectivity of PAI (M2 against M1 mAChRs) has been studied by 

comparing amplitude of calcium signal response of cells expressing M2-GqTOP or M1 

mAChR in presence of trans-PAI (10 pM). Human M1 mAChR (Addgene) was transfected as 

described in the Materials and methods section of the main text. M2 mAChR transfected 

cells gave a significantly higher response than M1 mAChR expressing cells (8% for M1 

against 33% for M2). Data were normalized over the maximum response obtained with the 

nonselective orthosteric superagonist IPX at 30 pM. (t-test of two samples assuming equal 

variances p = 0.00158). 

 

5. Molecular docking simulations 

5.1 Materials and methods 

Molecular docking simulations were performed using the crystal structure of the human 

M2 muscarinic acetylcholine receptor retrieved from the Protein Data Bank (PDB code: 

4MQT, chain A).6 To allow the docking of the dualsteric ligands into the active M2 AChR 

structure, the so called “tyrosine lid”7,8 was remodeled using rotamer libraries (UCSF 

Chimera)9 of the tyrosine residues involved (Tyr-104, Tyr-403, Tyr-426). The protein pdb 

file was then prepared for docking by removing co-crystallized ligands, non-complexed ions 

and water molecules, and finally applying the Dock Prep tool available in the free software 

package UCSF Chimera. This involved the addition of hydrogens and assigning partial 

charges (AMBER ff14SB method). The structures of trans- and cis-PAI were built with 

standard bond length and angles using ChemDraw and then energy minimized with 

Chem3D by the MM2 method. The minimized compounds were further prepared for 

docking studies with UCSF Chimera by adding hydrogens and assigning partial charges 

(AMBER ff14SB method). The necessary pdbqt files of ligands and receptor were prepared 

using AutoDock 4.2 software. The docking studies were carried out using the standard 

docking protocol applied for AutoDock Vina in PyRx 0.8 virtual screening software. 
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Autodock Vina has been reported to be an effective tool capable of quickly and accurately 

predicting bound conformations and binding energies of ligands with macromolecular 

targets.10,11 A grid box of size 10.08 × 27.44 × 28.96 Å, with x, y and z coordinates of –2.98, 

–11.92 and –12.00, respectively, was fixed to cover the entire allosteric and orthosteric 

binding sites and accommodate the ligands to move freely. Docking studies were 

performed using an exhaustiveness value of 8 while all other parameters were maintained 

as defaults. All rotatable bonds within the ligands were allowed to rotate freely, and the 

receptor was considered rigid. The docking simulations were repeated three times for each 

ligand. The obtained poses were then ranked based on the predicted affinity docking scores 

(kcal/mol) and the best pose for each experiment was selected. The results were then 

analyzed using UCSF Chimera. 

5.2 Results and discussion 

We used molecular docking simulations in an attempt to rationalize the photoswitchable 

efficacy of PAI. Both isomers of the ligand were docked into their putative allosteric and 

orthosteric binding sites of the human M2 muscarinic acetylcholine receptor in its active 

conformation (PDB code: 4MQT, chain A). As previously reported,7 molecular docking of 

dualsteric ligands into the M2 mAChR required remodeling of the tyrosine lid (formed by 

Tyr-104, Tyr-403 and Tyr-426) which separates the orthosteric binding site from the 

allosteric binding site in the active conformation of the protein. To open this lid and put 

the two binding sites in communication, we selected different allowed conformers of each 

side chains while keeping all the other residues in their original position. Therefore, the 

only differences between the crystal structure and the obtained active-like receptor model 

were the side chain conformations of Tyr-104, Tyr-403 and Tyr-426. Trans-PAI and cis-PAI 

were docked at this receptor model using a standard docking protocol with AutoDock Vina 

in the PyRx 0.8 software with a suitable grid box. We ran three simulations for each ligand 

and selected the best pose obtained in each experiment based on the predicted binding 

affinity scores (kcal/mol). Best poses were superimposed into the M2 receptor model in 

the presence of the reference agonist Iperoxo (in its receptor-bound conformation) and 

analyzed using UCSF Chimera. The results of our in silico studies are presented in Table S1 

and Figure S5.1. In Iperoxo, key binding elements for agonist activity are (a) the positively 

charged nitrogen, which interacts with Asp-103 and displays π-cation interactions with Tyr-

104, Tyr-403 and Tyr-426, (b) the triple bond, which exhibits hydrophobic contacts with 

Tyr-104, Trp-155 and Trp-400, and additionally (c) the oxygen of the 4,5-dihydroisoxazole 

moiety, which forms a hydrogen bond with Asn-404.8 Our simulations revealed a dualsteric 

binding topography of PAI in both configurations. The Iperoxo moiety of trans-PAI binds to 

the orthosteric binding site, with an orientation close to that observed for Iperoxo in the 

receptor-bound crystal structure and the key elements for agonist activity lying in 

proximity of those of the reference agonist, whereas the phthalimide moiety protrudes 

toward extracellular domains, likely engaging residues of the common allosteric binding 

site (Figure S5.1a). In agreement with our results, trans-PAI could therefore bind to the M2 

mAChR in a dualsteric pose capable of inducing receptor activation. In contrast, cis-PAI 

appeared to bind preferentially in a flipped orientation, with the phthalimide group 

pointing out towards the orthosteric binding pocket and the 4,5-dihydroisoxazole moiety 

positioned in the allosteric binding site. Such a binding mode is not likely to form an active 

ligand-receptor complex and may justify the difference observed in terms of agonist 

efficacy between the two photo-isomers (Figure S5.1b). 
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Table S1. Binding affinity scores of the best poses for each of the docking studies 

performed with trans- and cis-PAI. 

 

 

Figure S5.1 Hypothetical binding mode of trans-PAI and cis-PAI to a M2 mAChR model in its 

active state. Panels (a) and (b) show a full view (left side, ribbon-style representation) and a 

zoomed view (right side, hydrophobicity surface representation with sectioning) of the 

simulated ligand-receptor complexes. The reference orthosteric agonist Iperoxo, in yellow, 

appears in its receptor-bound conformation. Trans and cis-PAI are represented in orange. 

Nitrogen and oxygen atoms of the ligands are colored in blue and red, respectively. Our 

simulations revealed a dualsteric binding topography of PAI for both configurations, but, 

while the trans isomer seems to bind preferentially in an Iperoxo-like binding pose (Panel 

a), which is likely able to trigger receptor activation, the cis isomer shows preference for a 

flipped orientation (Panel b), which might be not compatible with the formation of active 

ligand-receptor complexes. 

 trans-PAI (best pose) cis-PAI (best pose) 

experiment number binding affinity (kcal/mol) 

1 -11.6 -12.0 

2 -11.6 -11.8 

3 -11.3 -11.6 
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6. In vivo experiments in rats 

6.1 Materials and methods 

In vivo effects of PAI in both configurations (trans and cis) were further tested in male 

Wistar rats (400-500 g) under inhaled anesthesia (isoflurane 1.5%) and maintained at 

37±0.3 °C with a homothermic pad (Kent Scientific, Torrington, CT, US). All animals had a 

continuous electrocardiogram (ECG) obtained (lead II) and recorded for later offline 

analyses (PowerLab and LabChart v.8.1.2, ADInstruments, Colorado Springs, CO, US). 

Analyses were performed in a blinded manner. Nine rats were randomly assigned to 

receive cumulative doses of either predominantly trans- (“trans” group, n = 5) or cis-isomer 

(“cis” group n = 4) PAI. A single stock solution was used for all experiments, and dilutions 

were prepared just prior to each experiment. In the “cis” group, a vial containing 1 mL of 

PAI solution was irradiated with UV-light lamp (365 nm) in a custom-made closed chamber 

for 5 minutes, and thereafter administered intraperitoneally in dark conditions. Two 

animals (one for each “cis” and “trans” groups) were initially used to delimitate the 

effective dose range, which was found to be in the range of 100 nM/kg – 100 µM/kg (results 

not shown). Subsequently, the following PAI doses were intraperitoneally administered at 

7-minute intervals in the remaining rats: 100 nM/kg; 300 nM/kg; 1 µM/kg; 3 µM/kg; 10 

µM/kg; 30 µM/kg; 100 µM/kg. The heart rate (beats·min-1) and the PR interval (ms) were 

measured offline to assess the parasympathetic effect of both PAI isomers (LabChart 

v.8.1.2, ADInstruments, Colorado Springs, CO, US). A one-minute recording (from minute 

5’30” to minute 6’30” after each dose administration) of stable ECG was analyzed. Heart 

rate and the PR interval were automatically determined, manually reviewed for accuracy, 

and modified if needed. Second degree Wenckebach atrio-ventricular block and 

subsequent complete block occurred in one rat receiving the 30 µM/kg dose and one rat 

receiving the 100 µM/kg dose, and were excluded from PR interval measurements. Results 

are shown as difference to the baseline value (Δ). In order to test that parasympathetic 

activity was driving heart rate and PR-interval changes, and to assess its reversibility, 

atropine (two 1 mg doses separated by 5-7 minutes) was administered to one rat per 

group. A representative profile of a full experiment is shown in Figure S6.1.  

Data analysis and statistics. In vivo data is shown in boxplots. Because some rats died after 

the administration of high doses of the active isomer trans-PAI, a maximum effect 

asymptotic value was not reached, and a formal dose-response curve could not be built. 

Therefore, analyses were carried out with a two-way ANOVA in which two main factors 

(Isomer, Dose) and their interaction (Isomer x Dose) were included. In the case of a 

significant interaction, pairwise comparisons (Isomer effect at each Dose) were performed 

with the LSD test. 
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Figure S6.1. Representative profile of the heart rate (upper panel) and the PR interval (lower 

panel) in two rats receiving increasing doses of PAI (trans or cis form), and atropine. Heart 

rate is averaged every second in shadowed areas in the upper panel; in between doses, 

heart rate is averaged every 30 seconds. 

 

7. In vivo experiments in Xenopus tropicalis tadpoles 

7.1 Materials and methods 

African clawed frogs constitute an excellent animal model for behavioral, genetic and 

electrophysiological studies,12,13 and a powerful tool for drug discovery and preclinical 

animal testing.14 In addition, they are especially suitable for heart monitoring since 

tadpoles are transparent until stage 48-5015 and, in contrast to fish, their three-chamber 

heart is an excellent model for studying the human cardiovascular system.16,17  

Animal housing. Xenopus tropicalis embryos (Nasco) were obtained by natural mating and 

maintained till 3-4 days post fertilization (dpf) in 0.1X Marc’s modified Ringer’s (MMR) 

solution in agarose coated Petri dishes (10-15 cm diameter) in a dark incubator (24 °C). 

Animals were transferred to tanks containing Xenopus water, which was prepared by 

adding 8 g of instant ocean salt (Instant Ocean) to 20 L of distilled water. Conductivity and 

pH were 700 µS and 7.4-7.5, respectively. Tadpoles were kept at a density of 30-50 animals 

L-1, at 24 °C and fed daily with spirulina. All procedures complied with the standards of the 

ethical commission of the University of Barcelona. Xenopus tropicalis tadpoles 
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(developmental stages 44-48 according to Nieuwkoop and Faber)15 were paralyzed in 0.23 

mM of Pancuronium dibromide solution (PCD) (Merck, Cat no. P1918) for 10 minutes and 

placed into a 48-well plate (NuncTMMicrowellTM) with 200μL of 0.1X solution of MMR-CaCl2 

(referred as BS from now on). PCD was preferred to tricaine because of its higher cardiac 

tolerability and non-UV dependent effects.17  

Cardiac activity measurements. Video recordings of tadpole hearts were performed using 

a Nikon Eclipse TS100 microscope equipped with an OptixCam Summit Series OCS-D3K2-5 

camera, which substantially improved the resolution of the previously reported setup.18 In 

order to prevent unintended cis-to-trans isomerisation of photoswitchable compounds, 

the microscope top-down light pathway was dimmed with a red plastic filter, which could 

be placed or removed during experimentation. Video recordings were acquired using the 

ToupView software, enhancing visual contrast to improve cardiac imaging and video 

streams were converted to the AVI format. Recordings were briefly interrupted during 

compound addition and changes of illumination conditions. Video information and data 

analysis were extracted and executed with custom scripts based on ImageJ19 for AVI files 

analysis and subsequently converted to the TXT format for R software analysis.20 The 

illumination protocol established for control and treatment video recordings applied the 

following procedure: one minute dimmed red light (650 nm, 34.0 W·m-2), three minutes 

under UV (365nm, 2.3 W·m-2) due to the required exposure time for a complete trans-to-

cis isomerisation, two minutes dimmed red light and one minute under visible light (455 

nm, 169.8 W·m-2) for cis-to-trans back isomerisation. Tadpoles (n = 4) were firstly paralyzed 

with PCD as previously described, placed in the BS and video recorded under the 

established protocol of illumination in the absence of PAI to monitor the effect of the light 

on cardiac activity and verify control conditions. Afterwards, animals were placed into a 10 

M PAI solution and underwent the same protocol of illumination to observe the light-

dependent effects of the drug. 

Data analysis and statistics. Heart beating movies were converted to a linear signal by 

selecting a region of interest displaying large periodic variations corresponding to heart 

movements, and calculating the corresponding grey scale level as a function of time (Figure 

5a-d). The cardiac rate (beats·s-1) was calculated from this linear signal from the number of 

maxima every 15 s (red plots in Figure 5e). To statistically compare between different 

illumination periods and drug conditions, the cardiac rate was calculated from the last 30 

s of every period. The stability of cardiac rhythm in each period was quantified with a unit-

less variability score as the number of video frames between heartbeats. High scores 

correspond to longer periods with asynchronic or arrested cardiac activity. Perfectly steady 

rate in the absence of PAI yields a variability score of 8 (Figure S7.2). Statistical analyses 

were carried out with a two-way repeated measures ANOVA with uncorrected Fisher’s 

Least Significant Differences (LSD) test in which two main factors (heart beats per second, 

10 μM of PAI) and their interaction (heart beats per second x 10 μM of PAI) were included 

(Figure 5f). 
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Figure S7.1. Validation of the photochromic behavior of PAI under the illumination 

conditions used for our in vivo experiments in X. tropicalis tadpoles. PAI could be effectively 

isomerized to cis under illumination with 365 nm light (external source) and back-isomerized 

to trans using unfiltered microscope white light (100% intensity), whereas the cis-enriched 

photostationary state could be satisfactorily maintained when the microscope light was 

filtered with a common red polycarbonate filter. 

 

Figure S7.2. Cardiac activity (beats per second) recorded under different conditions of 

illumination in absence of PAI (control experiment). Error bars represent SEM (n = 4).  

 

 

Figure S7.3. Example trace of cardiac rate from one animal (top) and corresponding 

variability score calculated as the number of video frames between heartbeats (averaged 

every 15 s). Although the first exposure to 10 μM trans-PAI did not immediately reduce the 

heart rate of this animal, subsequent cycles of UV/white light in the presence of PAI 

reversibly switched the heartbeat on and off. Reduced heart rate was associated with longer 

periods displaying unstable, asynchronic cardiac activity and thus a higher variability score. 
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ABSTRACT: The ability to control neural activity is essential for research in 

basic neuroscience, as it affects the mental state of an individual, but also 

in clinical neurology for brain therapies or stimulation. Available forms of 

spatiotemporally controlled neuromodulation include transcranial-

magnetic or current (AC/DC) stimulation as well as light-mediated control. 

Among the latter, optogenetics has revolutionized neuroscience, yet its 

clinical translation is hampered by the need of gene therapy. As a drug-

based alternative, the effect of a photoswitchable muscarinic agonist (PAI) 

on a brain network is evaluated in this work. First, the conditions to 

manipulate muscarinic receptors with light in the experimental setup are 

determined. Then, the emergent cortical activity consisting on 

synchronous slow oscillations –as in slow wave sleep– is transformed into 

a higher frequency pattern in the cerebral cortex both in vitro and in vivo. 

These results open the way to study cholinergic neuromodulation and to 

control spatiotemporal patterns of activity in different brain states, their 
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transitions, and their links to cognition and behavior. The approach can be 

applied to different organisms and does not require genetic manipulation, 

which makes it translational to humans. 

 

INTRODUCTION 

All perceptions, memories and behaviors are based in the communication 

between the billions of neurons that constitute the brain.1-4 Individual 

neurons transmit information using chemical and electrical signals, and 

are organized in groups or circuits involved in different functions.3,5,6 The 

electrochemical interactions of neuronal ensembles result into the 

electrical activity emerging from the brain, which can show synchrony 

across populations in the form of brain rhythms and waves that 

propagate7-9 or asynchronous discharges, depending on the brain states.10 

Brain rhythms, their frequency, synchronization, and underlying functional 

connectivity, are associated with internal brain states and result in specific 

behaviors.1 Neural and network activity undergo significant changes 

during brain state transitions, which have been linked to substantial 

changes in electro encephalography (EEG) pattern activity.11 For example, 

large and synchronous brain waves are mostly associated with deep sleep, 

whereas there is a shift towards more desynchronized and high 

frequencies during wakefulness.8,12,13 These changes in brain and 

behavioral states and the concomitant alterations in electrophysiological 

activity, can be driven by the action of neuromodulators like acetylcholine 

(ACh).11,14 However, it is not fully understood how the different cells 

expressing ACh receptors contribute to the alteration of the global cortical 

state. Cholinergic receptors include ionotropic nicotinic ion channels and 

muscarinic metabotropic G protein-coupled receptors. Together they 

modulate brain activity, and in particular, the activity of the cerebral 

cortex, and are involved in crucial neocortical functions such as 

attention,15-17 learning,18-20 memory,21 as well as sensory and motor 

functions.22-24 In the neocortex, ACh is released mostly at cholinergic 

terminals from neurons with somas in the basal forebrain nuclei. Electrical 

stimulation of the nucleus basalis can evoke the release of ACh in the 

neocortex but in an unselective manner, as ascending projections from 

basal forebrain nuclei not only comprise cholinergic axons, but also 
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GABAergic and glutamatergic axons.25 Such a lack of selectivity 

complicates the study of cholinergic signaling in the neocortex and its 

effects on controlling brain states.  

Selective stimulation of cholinergic projections in the neocortex from basal 

forebrain nuclei has been demonstrated with optogenetics and has 

enabled the disruption of neocortical synchronous activity during certain 

sleep states.12 Optogenetic stimulation of basal forebrain cholinergic 

neurons also revealed their influence in awake cortical dynamics: 

cholinergic neuromodulation was found to be relevant for visual 

discrimination tasks, modulating the encoding properties of V1 neurons 

and activating cortical transitions faster than previously presumed.12 

However, the cell type specificity of optogenetics is limited by the 

availability of suitable promoters. In addition, it is based on the 

overexpression of microbial proteins using genetic manipulation, which 

can distort synaptic physiology26-28 and raises safety and regulatory 

concerns regarding therapeutic applications. 

The control of neuronal signaling with photopharmacology is based on 

synthetic ligands that target endogenous proteins, and thus its 

physiological relevance spans from circuit to sub-cellular levels. Since 

neuronal receptors are highly conserved, photoswitchable ligands can 

generally be used in multiple species, and their safety and regulation can 

be established in the same manner as other drugs. The cholinergic system 

is key to the modulation of a variety of CNS functions29 and thus the use of 

selective and photoswitchable cholinergic drugs to spatiotemporally-

control cortical activity might have relevant scientific and clinical 

implications. We recently developed a photoswitchable agonist of M2 

muscarinic acetylcholine receptors (mAChRs), Phthalimide-Azo-Iper 

(PAI),30 but its action on neuronal circuits and networks has never been 

explored. Herein, we report that the cholinergic-dependent brain state 

transitions in the neocortex can be directly controlled with light using PAI. 

In particular, we have found that PAI enables the modulation of 

spontaneous emerging slow oscillations (SO) in neuronal circuits. PAI cis-

to-trans photoisomerization decreases the Down- and Up-state durations 

and increases oscillatory frequency (OF) in cortical slices. In addition, PAI 

allows the reversible manipulation of the cortical OF in anesthetized mice 
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using light. Two different species, ferret (in vitro) and mouse (in vivo) were 

used in this study, since ferret cortical slices are more suitable than 

rodents to spontaneously generate network activity under physiological 

conditions.31 Thus, we demonstrate that photopharmacology allows to 

selectively control SO in vitro and in vivo, opening the way to analyze their 

spatiotemporal dynamics and their effects on brain and behavioral state 

transitions. 

 

RESULTS 

Non-specific activation of mAChRs evokes neuronal hyperexcitability in 

cortical slices. Changes in cortical rhythms underlie behavioral state 

transitions, and endogenous ACh actions play a central role in such 

variations.32-39 However, a complete and unifying view regarding the 

cholinergic impact on neocortical network dynamics and underlying 

mechanisms does not yet exist.13 It is known that ACh contributes to the 

shift of the neocortical network state from synchronous to asynchronous 

activity -associated to awake state- in a dose-dependent manner, but the 

activity of ACh in the majority of neocortical neurons and synapses is still 

poorly characterized. For this reason, photoswitchable cholinergic drugs 

allowing spatiotemporal control of their activation would be a most 

suitable tool. Neocortical activation of mAChRs in vitro facilitates synaptic 

transmission,40 recurrent excitation,41 and reversibly increases the power 

of fast-frequency oscillations.42-45 On these basis, we first studied in vitro 

the effect of Iperoxo, a potent muscarinic agonist,46,47 on cortical SO 

spontaneously generated in cortical slices. The goal was to evaluate the 

potential of mAChRs to selectively modulate the dynamics of the 

neocortical network, while avoiding the simultaneous activation of 

nicotinic cholinergic receptors (nAChRs), and to validate that Iperoxo-

based photoswitches would be useful photopharmacological tools to 

control neuronal activity. Ferret cortical slices spontaneously generate 

cortical SO, a hallmark of activity during deep sleep or anesthesia.31 We 

recorded this spontaneous oscillatory activity (control) and then the 

activity under different concentrations (1, 10, 100 nM) of Iperoxo. SO 

consists on the alternation between periods of activity or high neuronal 

firing (Up states) and periods of near silence (Down states). The activation 
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of mAChRs by Iperoxo resulted in a global change in the network’s 

dynamics into a hyperexcitable state in a dose-dependent way (Figure 1). 

At 100 nM Iperoxo, the oscillatory frequency (OF) -or frequency of the 

Up/Down state cycle- increased (from 0.89 ± 0.12 Hz in the control to 1.34 

± 0.18 Hz with 100 nM Iperoxo), while the firing rate (FR; see Methods)48 

in the Up states decreased (from 1.13 ± 0.23 a.u. to 0.10 ± 0.02 a.u. with 

100 nM Iperoxo) (Figure 1B). At concentrations equal or higher than 100 

nM Iperoxo, the oscillatory activity evolved to periods of seizure-like 

discharges (Figure 1C)49-50 characterized by a radically different 

spectrogram showing larger low (<1 Hz), delta (1-4 Hz) and alpha (7-12Hz) 

frequency components, and including enhancement of beta (12-30 Hz) 

and gamma frequencies (30-100 Hz) (Figure 1D). However, our interest 

was to avoid epileptiform discharges and to activate muscarinic receptors 

within the range of physiological activity, therefore with the activation 

achieved below 100 nM Iperoxo. 

 

Figure 1. Non-specific activation of mAChRs evokes neuronal hyperexcitability in cortical 

slices. (A) On the left, the experimental setup: 16-channel multielectrode array (MEA); WM, 

white matter; L1-L6, layer 1-6. On the right, raw local field potential (LFP) traces illustrating 

network activity showing the increase in OF corresponding to the spectrogram of panel B. 

(B) Spectrogram from the same time recording of LFP traces on panel A: control, 100 nM 

Iperoxo (IPX) and periods of seizure-like discharges. (C) OF (Hz) and FR (a.u.) during the Up-

states. 
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Effect of PAI isomers on slow and fast oscillations in vitro. The 

hyperexcitable network state induced with Iperoxo reflects the impact of 

mAChRs activation on cortical networks and brain states.13 In order to 

remotely control these states, we aimed at the muscarinic 

neuromodulation using PAI, a novel photoswitchable Iperoxo-derivative 

that allows the reversible activation of M2 mAChRs with light.30 The light-

dependent behavior of PAI is achieved with a molecular switch in its 

structure that is based on azobenzene. PAI exists in two forms, trans and 

cis, that are in dynamic equilibrium with each other. A distribution of 87% 

in favor of the trans form (13% of the cis) is found in the dark or after 

illumination with visible light (white light (WL) for 2 minutes). After 

illumination with ultraviolet (UV) light (365 nm for 1 minute) the ratio 

between the two configurations rapidly changes to about 77% cis (13% 

trans). Both PAI isomeric mixtures (respectively termed “trans” and “cis” 

for simplicity) are thermally stable for hours and their biological effects 

have been characterized in vitro in cardiac cells. Despite the partial 

photoconversion (which is characteristic of azobenzene-based switches) 

the trans- and the cis-enriched forms of PAI display different 

pharmacological activity: the trans configuration is more potent to 

activate M2 receptors than the cis, allowing to reversibly manipulate 

muscarinic functions with light over many cycles.30 M2 receptors play a 

relevant role in several CNS disorders29 and controlled-spatiotemporal 

regulation of their activity and subsequent effects on cortical neuronal 

networks may provide new therapeutic opportunities for diseases 

involving the cholinergic system. We applied PAI to spontaneously active 

neocortical brain slices and recorded their oscillatory activity before and 

after photoactivating the drug. We first obtained dose-response curves of 

the two drug forms separately, trans- (dark-adapted state) and cis-PAI 

(after UV irradiation), in order to identify the most convenient 

concentration range to manipulate brain waves with light. The baseline 

activity (characterized by SO) was recorded as a control, prior to bath-

application of artificial cerebrospinal fluid (ACSF) with increasing PAI 

concentrations (10 nM, 100 nM, 300 nM, and 1 µM, n = 6 for each PAI 

form, trans and cis) (Figure 2A). Trans-PAI significantly modulated the Up- 

and Down-state sequence already at 100 nM (Figure 2). It increased the 

OF from 0.58 ± 0.06 Hz (control) to 1.87 ± 0.12 Hz with 1 µM trans-PAI 
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(Figure 2B) and it decreased the FR during the Up-states (from 0.98 ± 0.11 

a.u. in control to 0.37 ± 0.03 a.u. with 1 µM trans-PAI) (Figure 2C). In 

comparison, cis-PAI displayed weaker effects, in agreement with the 

reported PAI properties in cardiac cells.30 At 100 nM and 300 nM, cis-PAI 

did not significantly alter the spontaneous activity observed in control 

experiments (control OF: 0.48 ± 0.037 Hz; 100 nM cis-PAI OF: 0.52 ± 0.07 

Hz; 300 nM cis-PAI OF: 0.87 ± 0.20 Hz), in contrast to the strong modulation 

in oscillatory activity obtained with 100 nM and 300 nM trans-PAI (Figure 

2). Only at concentrations as high as 1 µM, cis-PAI altered the Up- and 

Down-state sequence in comparison to the control, increasing the OF (to 

1.32 ± 0.27 Hz) and decreasing the FR of the Up-states (from 0.86 ± 0.04 

a.u. in control to 0.74 ± 0.27 a.u. with 1 µM cis-PAI) (Figure 2). In summary, 

the most compelling differences between trans- and cis-PAI emerged 

between 100 nM and 300 nM and were observed in the OF and in the Up-

states’ FR (Figure 2). Thus, we focused in this concentration range in order 

to photomodulate cortical SO using PAI. 
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Figure 2. Effect of mAChRs activation by trans-PAI and cis-PAI on SO. (A) Raw Local Field 

Potential (LFP) example recordings showing the different ability of trans- and cis-PAI to 

increasing the OF. Note that trans-PAI is a stronger agonist of M2 mAChR than cis-PAI.30 (B) 

Raster plots showing the FR during the Up-states (color coded) under control conditions and 

different trans- and cis-PAI concentrations. (C) OF (Hz) and FR during the Up-states (a.u.) of 

the two different PAI isomers, trans- (blue, n = 6) and cis-PAI (pink, n = 6) at different 

concentrations. **p-value < 10-2. 

 

PAI effectively light-modulates cortical slow oscillations in vitro. Once the 

concentration range of drug to obtain different oscillatory activity evoked 

by cis- and trans-PAI was quantified in vitro (Figure 2), we moved on to 

control the rhythmic activity with light in the same cortical slices (Figure 
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3). We took advantage of the thermal stability of both PAI forms to apply 

initially the less potent one (cis-PAI) at 200 nM in cortical slices (n = 15), in 

the absence of WL to avoid photoconversion to trans-PAI during the 

recordings.30 As shown in Figure 3, 200 nM cis-PAI evoked only a minor 

increment of the OF (from 0.53 ± 0.04 Hz in the control to 1.04 ± 0.14 Hz 

with cis-PAI, p-value =  1.6 ∙ 10-3), and no significant effects in the FR of the 

Up-states (from 0.98 ± 0.09 a.u. in the control to 0.86 ± 0.10 a.u. with cis-

PAI, p-value = 2.9 ·10-1) in comparison to the control situation (Figure 3). 

Subsequent illumination of the slices with WL produced a robust increase 

in OF (from 0.53 ± 0.04 Hz in the control to 1.68 ± 0.13 upon illumination, 

p-value = 2.9 · 10-4; from 1.04 ± 0.14 Hz with cis-PAI to 1.68 ± 0.13 upon 

illumination, p-value = 3.5 · 10-4), a significant decrease in FR of the Up-

states (from control values of 0.98 ± 0.09 a.u. to 0.52 ± 0.06 a.u. upon 

illumination, p-value = 2.9 · 10-4; from 0.86 ± 0.10 a.u. with cis-PAI to 0.52 

± 0.06 a.u. upon illumination, p-value = 2.9 · 10-4), and a noticeable change 

in the activity regime of the network (Figure 3). The changes in the power 

spectrum in the population were incremental, as illustrated in the Figure 

3. These changes are similar to the effects of adding Iperoxo to the bath 

(Figure 1), and in agreement with PAI photoconversion to the active form 

(trans). The modulation of cortical activity was not reversible with 365 nm 

light (to isomerize PAI to the cis form in situ), due to the reduced 

penetration and the potential neuronal damages that characterize the use 

of UV light in brain tissue.  
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Figure 3. Modulation of brain waves in vitro using PAI, a light-regulated ligand. (A) 

Representative local field potential (LFP) traces (top) and raster plots of FR during the Up-

states under control conditions, 200 nM of cis-PAI and 200 nM trans-PAI after light 

activation (n = 15) (bottom). (B) Representative spectrogram under control condition, 200 

nM of cis-PAI and 200 nM trans-PAI after light activation. (C) OF (Hz) and FR during the Up-

states (a.u.) at 200 nM PAI after pre-irradiation with 365 nm (cis-PAI), and photoswitching 

with WL (trans-PAI). (D) Averaged power spectral density (PSD) of oscillatory activity under 

control conditions, 200 nM of cis-PAI and 200 nM trans-PAI after white light activation (color 

code). *p-value < 5 · 10-3; **p-value < 10-3. 

 

PAI can modulate brain wave activity with light in vivo. Having 

established the unique ability of PAI to alter cortical oscillatory activity 

with light in slices, we then aimed at obtaining a proof of concept of 

photocontrolling the cortical state in vivo. Cortical brain waves were 

recorded in C57BL6/JR mice (n = 3) with an electrode inserted through a 

craniotomy across which we carried out the drug application and brain 

illumination (see Methods). Initially, we induced deep anesthesia in the 

animals, a state that is known to reproduce the slow wave sleep 

state,33,34,51 and which is characterized by the generation of cortical SO 

similar to the slow frequency waves observed in our experiments in slices 

under control conditions (Figure 1-3).7 Such SO activity in anesthetized 
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mice was recorded for 500 s under WL illumination of the brain, and the 

characteristic parameters obtained (OF 0.64 ± 0.06 Hz, FR during the Up-

states 0.83 ± 0.23 a.u.) were taken as the control condition in vivo. Since 

the dose-response curves of cis- and trans-PAI could differ from in vitro 

conditions (Figure 2), we tested two different concentrations, 200 nM and 

1 µM (Figure 4A). A 100 µL drop of 200 nM cis-PAI solution was initially 

applied to the brain surface, and the activity was recorded for another 500 

s in the absence of WL, to avoid cis to trans photoisomerization of PAI. The 

OF and the frequency power (Figure 4 BD) of the cortical oscillatory 

activity were not significantly altered by cis-PAI (0.61 ± 0.06 Hz) and caused 

only a minor increase in the FR during the Up-states (1.02 ± 0.31 a.u.) 

(Figure 4). Subsequently, we illuminated the brain using WL in the 

proximity of the recording electrode in order to isomerize PAI to its more 

active form (trans) and recorded the activity for another 500 s. An 

increment in the OF to 0.76 ± 0.1 Hz and in the power of the alpha (7-12 

Hz) and gamma (30-100 Hz) frequency bands were observed under 

illumination (Figure 4AD), without concomitant changes in the FR during 

the Up-states (1.04 ± 0.27 a.u.). Similar effects were observed when a 

higher concentration of cis-PAI (1 µM) was applied at the same brain 

surface site: it reduced the OF to 0.61 ± 0.1 Hz, increased the power of the 

low frequency band (< 1 Hz) and decreased the power of alpha and gamma 

bands (Figure 4 BD), while the FR during the Up-states (0.99 ± 0.27 a.u.) 

(Figure 4 C) remained relatively elevated than the control. At this 

concentration, illumination significantly increased the OF (from 0.64 ± 0.06 

Hz in the control to 0.83 ± 0.06 Hz upon illumination, p = 4.2 · 10-2) (Figure 

4 B), and again induced an increment of the alfa and gamma frequencies 

band (Figure 4 D), while the FR during Up states was decreased to the 

control values (0.86 ± 0.19 a.u., Figure 4C). This evidence is in agreement 

with in vitro results in this range of drug concentration. By using two 

concentrations of the drug, we observed that the effect on the OF is nearly 

saturated at 200 µM, while the decrease of the FR during the Up-states 

occurs under 1 µM. This strategy allowed us to repeat twice the 

photocontrol of cortical activity by subsequent application of 1 µM cis-PAI 

and photoconversion to trans-PAI. The extent to which the drug diffuses 

and reaches adequate concentrations in deep layers of the cortex and to 
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which these regions can be effectively illuminated needs further studies, 

given that the “engine” of SO lies deep in layer 5 and layer 6.31,52-55 

 

Figure 4. In vivo photomodulation of brain waves. (A) Representative raw traces of local field 

potential (LFP) (top, in mV) and multiunit activity (bottom, in arbitrary units), showing the 

differences in OF and FR during the Up-states between the control, 200 nM, and 1 µM cis-

PAI (pre-irradiated with 365 nm), and after photoswitching with WL (trans-

PAI). (B) Individual (left) and mean (right) quantification of OF (Hz) at different 

concentrations (n = 3). (C) Mean quantification of FR during the Up-states (a.u.) at different 

concentrations (n = 3). (D) Averaged power spectral density (PSD) of oscillatory activity at 

different concentrations displays an enhancement at high-frequency bands after WL 

activation. *p-value = 5 · 10-2; ns = not significant. 

 

DISCUSSION 

Different brain states are associated with distinct behaviors. In order to 

investigate the causality between them, behavioral outcomes must be 

correlated with the spontaneous and evoked activity in the cortical 

network. Thus, understanding the mechanisms of brain and behavioral 

state transitions requires new techniques to manipulate neuronal activity1 

beyond the pharmacological approach, which affects brain waves in a 

systemic way.56 New methods must enable the activation and inhibition of 
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specific brain regions and neuronal circuits defined by several 

complementary criteria, namely electrical stimulation with implanted 

microelectrodes, and photostimulation with cell-specific optogenetics57-60 

and with neurotransmitter-specific photopharmacology.61 

Electromagnetic stimulation pioneered the noninvasive modulation of 

brain waves and is used therapeutically to treat CNS diseases.62 For 

example, transcranial alternating current stimulation has been applied to 

modulate alpha and beta waves in the motor cortex63 and transcranial 

magnetic stimulation has been used to modulate gamma oscillations in the 

prefrontal cortex.64 However, further improvements are required to 

enhance their spatiotemporal and spectral performance, both for 

fundamental research and therapeutic purposes.62 Optogenetics57-60 has 

emerged as an alternative to electromagnetic stimulation, allowing the 

activation or inhibition of specific cell populations. For example, 

photocontrolling the release of ACh, which modulates the transitions 

between different brain states,11,14 can be achieved by overexpressing 

photosensitive proteins in cholinergic neurons of mice neocortex.12,65 

However, genetic manipulation is required in this approach, limiting so far 

its usability in humans. The photopharmacological approach presented 

here is, to date, the only way to directly photomodulate brain state 

transitions in intact tissue. We first studied the effect of the superagonist 

Iperoxo46 on isolated cortical slices (Figure 1) in order to demonstrate that 

deep-sleep brain states can be controlled by selectively manipulating 

muscarinic receptors at their physiological location and context. The 

oscillatory frequency of the network was increased at 100 nM Iperoxo, 

leading to seizure-like discharges, in agreement with the outcome of 

muscarinic stimulation using knockout mice and pilocarpine.49,50 

Photocontrol of muscarinic signaling was subsequently achieved in vitro 

and in vivo with the photochromic Iperoxo derivative PAI,30 which is 

targeted allosterically at M2 subtype receptors (Figure 2-4). Aspects of PAI 

that can be optimized include its activation wavelength, photosensitivity, 

pharmacological selectivity and reversibility, safety profile, and 

permeability to the blood-brain barrier. Still, as a small molecule, PAI is 

less likely to trigger immune reactions and mutagenesis than the 

overexpression of microbial opsins. M2 mAChRs are involved in several 

CNS diseases like major depressive29,66 and bipolar disorders,29,67 
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Parkinson’s29,68 and Alzheimer´s29,68  diseases, but also in alcohol, smoking 

and drug dependence 29,69 These disorders are thus susceptible to drug-

based photomodulation in vivo without requiring genetic manipulation.  

In summary, the manipulation of brain state transitions, by means of 

photocontrolling the frequency of cortical oscillations, has been achieved 

with a photoswitchable dualsteric agonist of M2 mAChRs. This result 

opens the way to (a) dissecting the spatiotemporal distribution and 

pharmacology of brain states, namely mapping how they depend on 

agonists, antagonists, and modulators of the different muscarinic subtypes 

expressed in the CNS, and (b) investigating the neuronal dynamics and 

causality that regulate brain state transitions in the cerebral cortex and 

beyond. In particular, two-photon stimulation of PAI using pulsed infrared 

light30 should enable deep penetration and subcellular resolution in three 

dimensions,70 as recently demonstrated with endogenous mGlu5.71 

Compared to the local and often inhomogeneous expression patterns 

achieved with viral injections of optogenetic constructs, diffusible small 

molecules like PAI can in principle be applied to larger brain regions to 

control neuronal oscillations.72 Thus, remote control of brain waves based 

on the photopharmacological manipulation of endogenous muscarinic 

receptors may reveal the complex three dimensional molecular signaling 

underlying brain states and their transitions, in order to link them with 

cognition and behavior in a diversity of wild-type organisms. 

 

CONCLUSION 

A method for directly manipulating neural activity and brain rhythms with 

light is demonstrated. It is based on a photoswitchable muscarinic small 

molecule and does not require gene therapy. The photocontrol of 

endogenous receptors and their functions in the central nervous system, 

such as the transition between different brain states, is an achievement 

for neuromodulation technologies that is useful as tool in basic 

neuroscience research and in future brain therapies and stimulations. 

Thus, photopharmacological neuromodulation combined with 

implantable optoelectronic devices offers to exploit the untapped 
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potential of neuropharmacology, by controlling drug action in precise 

spatiotemporal patterns. 

 

EXPERIMENTAL SECTION 

Slice Preparation. For the in vitro experiments we used isolated cortical slices from ferret, 

because they robustly reproduce the cortical SO compared with other animal models.73 

Twenty-five ferrets (4- to 6-month-old) were anesthetized with sodium pentobarbital 

(40 mg/kg) and decapitated. The entire forebrain was rapidly removed and placed in 

oxygenated cold (4–10 °C) bathing medium.74 Ferrets were treated in accordance with 

protocols approved by the Animal Ethics Committee of the University of Barcelona, which 

comply with the European Union guidelines on the protection of vertebrates used for 

experimentation (Directive 2010/63/EU of the European Parliament and the Council of 22 

September 2010). Coronal slices (400 µm thick) from primary visual cortex (V1) were 

used.75 To increase tissue viability we used a modification of the sucrose-substitution 

technique,76 such that during slice preparation, the tissue was placed in a solution in which 

NaCl was replaced with sucrose while maintaining the same osmolarity. After preparation, 

the slices were placed in an interface-style recording chamber (Fine Sciences Tools, Foster 

City, CA, USA). During the first 30 min the cortical slices were superfused with an equal 

mixture in volume of the normal bathing medium, artificial cerebral spinal fluid (ACSF) and 

the sucrose-substituted solution. Following this, normal bathing medium was added up to 

the recording chamber and the slices were superfused for 1–2 h; the normal bathing 

medium contained (in mM): NaCl, 126; KCl, 2.5; MgSO4, 2; Na2HPO4, 1; CaCl2, 2; NaHCO3, 

26; dextrose,10; and was aerated with 95% O2, 5% CO2 to a final pH of 7.4. Then, a modified 

slice solution was used throughout the rest of the experiment; it had the same ionic 

composition except for different levels of the following (in mM): KCl, 4; MgSO4, 1; and 

CaCl2, 1.74 Bath temperature was maintained at 34–36 °C. 

Drug application and photostimulation in brain slices. Iperoxo and PAI, both prepared as 

previously reported from commercially available starting materials30 were bath-applied at 

the concentrations range of 1 nM to 100 nM for Iperoxo and 10 nM to 1 µM for PAI, as is 

mentioned in the Results section. We typically waited more than 1000 s after the 

application of the drug in order to let it act, to obtain a stable pattern of electrical activity, 

and to ensure a stable concentration in the bath, this being an interface chamber. PAI 

effectively photomodulates the activity of M2 receptors in vitro and in vivo: its dark-

adapted state (trans form) behaves as a strong M2 agonist, then upon illumination with UV 

light (365 nm), PAI switches to its less active state (cis form). PAI can be switched back to 

its “full on-state” with WL, or using two-photon excitation with pulsed near-infrared light. 

30 The high thermal stability of PAI cis form allows the administration of the less active drug 

(inactive in the cerebral  cortex at concentrations lower than 1 µM) and subsequent 

activation of M2 receptors in the target region with WL.30 We first investigated the efficacy 

of PAI in cortical neuronal circuits in vitro by obtaining the dose-response curves of trans- 

and cis-PAI solutions applied separately. The more active PAI isomer (trans) was tested by 
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applying its dark-adapted form (87% of trans-PAI), and cis-PAI was obtained by illuminating 

1 mM stock solutions with 365 nm light (77% of cis-PAI, which is the maximum that can be 

achieved at the photo stationary state). Because of the high concentration of the stock 

solution (1 mM) and for the sake of having the maximal possible photoconversion of PAI 

into the cis form, UV light irradiation was performed over 10 min, even if it was 

demonstrated that the maximal percentage of the cis can be reached by a shorter time 

exposure to UV light  (2 min).30 Increasing concentrations of both trans- and cis-PAI (10 nM, 

100 nM, 300 nM and 1 µM) were bath applied in order to build up the dose-response 

curves. 

LFP recording and data analysis from in vitro recordings. Our objective in this study was 

to identify the modulation of network dynamics exerted by photoswitchable muscarinic 

agonists. To this end, we obtained multiple LFP recordings and their correspondent 

multiunit activity (MUA) in the way described below. No single units were identified since 

we aimed at capturing the dynamics of the population and not of individual neurons. The 

recordings started after allowing at least 2 h of recovery of the slices. Extracellular 

recordings were obtained with flexible arrays of 16-electrodes arranged in columns as in 

Figure 1A. The multielectrode array (MEA) covered a large part of the area occupied by a 

cortical slice.77 It consisted of six groups of electrodes positioned to record 

electrophysiological activity from superficial and from deep cortical layers (692 μm apart) 

and from what should correspond to three different cortical columns (1500 μm apart). The 

unfiltered field potential (raw signal) was acquired at 10 kHz with a Multichannel System 

Amplifier (MCS, Reutlingen, Germany) and digitized with a 1401 CED acquisition board and 

Spike2 software (Cambridge Electronic Design, Cambridge, UK). The MUA was estimated 

from the power of the frequencies between 200 and 1500 Hz in 5 ms windows.7,48 The 

spectrum in this frequency band is a good estimate of the firing of the neuronal population, 

since it is proportional to the density of the Fourier components at high frequencies.78 The 

MUA signal values were logarithmically scaled to compensate for the high fluctuations in 

the firing of neurons that are very close to the electrode, thus obtaining the logMUA signal 

(which we refer to as firing rate; FR). A bimodal distribution of the MUA the two peaks of 

the distribution corresponded to the samples of the activity network belonging to the Up 

and Down state, respectively. Thus, a threshold value separating the two modes of the 

distribution was set between the two peaks, such that samples belonged to the Up or to 

the Down states depending on their position with respect to this threshold. After Up and 

Down state detection, mean Up and Down state durations were obtained (Ruiz-Mejias et 

al., 2011). The frequency of the SO was the inverse of the duration of the entire Up-Down 

cycle.The Up state detection necessary  was performed by setting a threshold in the 

log(MUA) time series as previously described to quantify frequency of the SO. 7,48  Firing 

rate (FR) of the Up states was quantified from the transformed log(MUA) signal as mean of 

absolute value of log(MUA). To study the variability of power spectral densities (PSD) of 

the local field potential, we used Welch's method with 50% overlapped Hamming window 

with a resolution of 1 Hz. All off-line estimates and analyses were implemented in MATLAB 

(The MathWorks Inc., Natick, MA, USA). All variables in the experimental conditions were 

compared with the control (no chemical added) condition.  
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The in vivo preparation. Cortical electrophysiology experiments were carried out in 2-3-

month-old C57BL6/JR mice (n = 3) in accordance with the European Union Directive 

2010/63/EU and approved by the local ethics committee. Mice were kept under standard 

conditions (room temperature, 12:12-h light-dark cycle, lights on at 08:00 a.m). Anesthesia 

was induced by intraperitoneal injection of ketamine (30 mg/kg) and medetomidine (100 

mg/kg). After this procedure, the mouse was placed in a stereotaxic frame, and air was 

enriched with oxygen. Body temperature was maintained at 37°C throughout the 

experiment.7 A craniotomy was performed in each mouse: AP −2.5 mm, L 1.5 mm (primary 

visual cortex, V1).79 Cortical recordings were obtained from infragranular layers with 1–2 

MΩ single tungsten electrode insulated with a plastic coating except for the tip (FHC, 

Bowdoin, ME, USA). Spontaneous local field potential (LFP) recordings from the V1 area 

provided information about the local neuronal population activity—within 250 μm.80 MUA 

estimation, Up-state detection and quantification of relative FR was performed as 

previously described. All these parameters were used to compare spontaneous activity 

during anesthesia (control), after application of the pre-illuminated, less active drug form 

(cis-PAI) and drug activation with WL (trans-PAI). Cis-PAI was locally delivered to the 

cerebral cortex surface and activity was recorded while applying a commercial red filter on 

the WL source to avoid the activation of the drug. The uncovered brain was illuminated 

with a WL source (Photonic Optics™ Optics Cold Light Source LED F1) in order to activate 

the drug in situ (trans-PAI). The electrophysiological signal was amplified with a 

multichannel system (Multi Channel Systems), digitized at 20 kHz with a CED acquisition 

board and acquired with Spike 2 software (Cambridge Electronic Design) unfiltered.81 

Statistical analysis for slice experiments. Both in vitro and in vivo oscillatory frequency (OF) 

are reported as mean ± SEM. Measurements under different conditions were compared 

using the Friedman test and the Wilcoxon post-hoc tests corrected for multiple 

comparisons for the in vitro experiments.82 In vivo statistical analysis were performed with 

the unpaired t test, significance values were established with a * p-value < 5 · 10-2. 
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1. Competition binding experiment 

1.1 Materials and Methods 

Iperoxo (IPX) and Phthalimide-Azo-Iperoxo (PAI) were preliminarily assayed for their 

affinity to muscarinic receptors (mAChRs) by competition binding experiments in whole 

cortex of 3-4 months old female Wistar rat brain membrane, which contained a high 

density of all the subtypes of mAChRs.1 [3H]Quinuclidinyl benzilate ([3H]QNB) is a 

muscarinic antagonist without subtype selectivity, which binds the muscarinic receptors 

with high selectivity.  [3H]QNB is recognized to be excellent for such binding experiments,2,3 

and we performed them in order to test if IPX and PAI have the potential to modulate 

cortical brain states. Specific binding of IPX and PAI was defined by testing concentrations 

ranging from 10-9 to 10-4 M, and derivatizing the raw disintegrations per minute (dpm) data 

from the scintillation counter to obtain the total radioactivity values.1 

Results. Competition binding experiments can show that both IPX and PAI have an 

interesting high binding affinity for mAChRs orthosteric site. IPX was found to have an IC50 

of 1.5 µM, trans-PAI of 47 nM and cis-PAI of 118 nM (Figure S1). Such preliminary results 

encouraged us to investigate further our muscarinic compounds activity on the dynamics 

of the isolated V1 cortical slices. 

 

Figure S1. Competitive binding experiments of IPX and PAI to Wistar rats’ whole cortex 

containing all the mAChRs. Competitive binding experiments of IPX and PAI to Wistar rats’ 

whole cortex containing all the mAChRs. Competition for specific binding of 200 pM [3H]QNB 

to 3-4 months-old female Wistar rats brain membranes (whole cortex) containing high 

density of all the five mAChRs by IPX and PAI (n = 4 for each isomer). Data points were fitted 

using the "log(inhibitor) vs. normalized response - Variable slope (four parameters" function 

in GraphPad Prism 6. 

  

2. Autocorrelograms  

2.1 Autocorrelograms at 200 nM of PAI (switching of PAI activity) 

PAI (200 nM) was first applied in its less active isomer (cis-PAI, pre-irradiation with 365 nm 

light). The activity of cis-PAI at 200 nM (pink line) in cortical slices does not evoke strong 

changes in terms of oscillatory activity in comparison to the basal control situation (black 

line) without PAI application, as it is shown in the autocorrelograms graph (Figure S2). After 

white light (WL) application, PAI switches to its more active trans form (blue line), and 
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strong changes of the oscillatory activity are visible (Figure S2). The autocorrelograms 

graphs are obtained by analyzing LFP from one channel. 

 

Figure S2. PAI can light-modulate the neuronal oscillatory activity in cortical ferret slices. 

Autocorrelograms of the rhythmicity of the neuronal oscillatory activity in basal condition 

(without PAI application, black line), under 200 nM cis-PAI application (pink line) and during 

white light irradiation (trans-PAI, blue line).  

  

2.2 Autocorrelograms at 100 nM and 1 µM of PAI  

The activity of PAI at 100 nM and 1 µM in cortical slices do not strongly differ between 

trans (Figure S3) and cis (Figure S4) in terms of oscillatory activity. 100 nM applications of 

trans and cis do not mostly produce changes in neuronal firing in comparison to the basal 

control situation (black line), as it is shown in the autocorrelograms graph (Figure S3 and 

S4). At 1 µM, both PAI isomers produce strong changes of the oscillatory activity (Figure S3 

and S4). The autocorrelograms graphs are obtained by analyzing LFP from one channel. 

 

Figure S3. Autocorrelograms of the rhythmicity of the neuronal oscillatory activity in basal 

condition (without PAI application, black line), at 100 nM and 1 µM of trans-PAI (blue lines) 

applications.  
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 Figure S4. Autocorrelograms of the rhythmicity of the neuronal oscillatory activity in basal 

condition (without PAI application, black line), at 100 nM and 1 µM of cis-PAI (pink lines) 

applications.  

 

3. Additional references 

(1) E. Claro, Biochem. Mol. Biol. Educ. 2006, 34, 428–431. 

(2) H. I. Yamamura, S. H. Snyder, Proc. Natl. Acad. Sci. U. S. A. 1974, 71, 1725–9. 

(3) J. Sallés, M. A. Wallace, J. N. Fain, J. Pharmacol. Exp. Ther. 1993, 264. 
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General Discussion 

Chapter III 

 

 

 

The blending of hybridization and non-canonical azologization strategies 

allowed the creation of a promising light-sensitive muscarinic ligand in this 

chapter III. PAI activates M2 receptors in its trans conformation and can 

be photoisomerized to the less active cis form with ultraviolet light (365 

nm). The back isomerization to the trans form can be successfully obtained 

using 420-460 nm wavelengths or with white light. 

Although compounds that are active in their thermodynamically stable 

configuration display many advantages for basic research studies (Pittolo 

et al., 2019), dark-inactive ligands are in principle preferred for medical 

applications. PAI is active in the dark but the excellent thermal stability of 

its isomers can overcome this limitation. In particular, it allows 

administering the inactive cis-PAI in a living organism, and subsequently 

activating it to trans with spatiotemporal control. Moreover, we 

demonstrated the photoactivation of PAI with near-infrared (NIR) light 

under two-photon excitation (2PE) which is intrinsically constrained in 

three dimensions. Pulsed lasers are required for this purpose. The laser 

beam must possess a very short pulses width (femtoseconds) and be 

focused into a small volume (femtoliters). With these properties, it is 

possible to obtain a high photon density in this small volume, and to 

enhance the probability that a chromophore, in our case the azobenzene, 

absorbs two low-energy (IR) photons that allow performing the 

isomerization in a way equivalent to single high-energy photons using 

continuous UV light sources (Figure 36). 
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Figure 36. One-photon and two-photon excitations. With one-photon excitation, the 

fluorescence signals are equally generated above and below the focal plane. Differently, the 

two-photon excitation permits to confine the 80% of the total fluorescence signal to a region 

1 µM thick about the focal plane. Figure adapted from Weiß et al., 2009. 

The wavelength to switch the photoresponsive drug can be chosen 

combining the energy of two photons, in order to span the energetic gap 

with the classical one-photon excitation. We used a pulsed laser together 

with a confocal microscope in order that PAI could activate M2 receptors 

under 840 nm illumination in vitro in calcium imaging assay. This result is 

promising and gets photopharmacology closer to clinical applications. 

Indeed, NIR wavelengths reside in the most suitable phototherapeutic 

window (650–850 nm) (Figure 37) where we can get the highest 

penetration into biological tissues with the lowest absorption and 

potential photodamage (Bort et al., 2013; Cabré et al., 2019a; Pawlicki et 

al., 2009; Svoboda and Yasuda, 2006; Zipfel et al., 2003). 

 

Figure 37. Phototherapeutic window. The spectral range of visible and near-infrared (NIR) 

light (650–850 nm) can penetrate deeper into human tissues than ultraviolet lights, causing 

less photodamages (Dąbrowski et al., 2016). 
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Furthermore, the photochemical properties of PAI can also be improved 

by the insertions of fluorine/s into the azobenzene, as these modifications 

can improve the two-photon absorption of the molecule (Cabré et al., 

2019a). Other ways to improve PAI regarding certain applications include 

the substitution of the azobenzene with a diazocine scaffold, which should 

afford dark-inactive derivatives. 

In conclusion, PAI demonstrated the first photopharmacological 

manipulation of endogenous muscarinic receptors in living animals. With 

this drug, we photocontrolled important M2 functions in the 

cardiovascular system, where we opened the doors to innovative potential 

antiarrhythmic therapies, and in the brain, where we defined a new 

approach for studying cholinergic modulation in cognition and behavior. 

Besides, PAI can be used to photocontrol also other biological functions 

where M2 receptors are involved. The focalized stimulation of this drug 

with 2PE offers unique advantages in vivo both for research and clinical 

purposes. These improvements in the photochemical and pharmacological 

properties of PAI, together with progress in the miniaturization and 

performance of pulsed lasers may lead to advanced therapeutic 

applications of photopharmacology. 
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CHAPTER IV 

Light-sensitive M1 Muscarinic Antagonists Designed 

with a Novel “Crypto-azologization” Method 
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General Introduction  

Chapter IV 

 

 

 

The list of approved muscarinic drugs in medicine is very short, mainly due 

to their adverse effects. In parallel to the development of novel 

photoswitchable agonists for such receptors, we also investigated the 

possibility of creating antagonists. We focused our studies on the M1 

subtype, whose antagonists are used against the peptic ulcer disease and 

are also promising for the treatment of debilitating pathologies like 

Parkinson’s disease (PD) (Xiang et al., 2012), some forms of cancer in 

animal models (Kruse et al., 2014; Magnon et al., 2013), or lethal events in 

the ischemic heart disease (Pedretti et al., 2003). 

To design our light-sensitive derivatives, we considered the M1 antagonist 

pirenzepine as model because of its fascinating chemical structure. 

Pirenzepine belongs to the “privileged structures” family, as contains a 

fused three-ringed system. In general, the tricyclic core is present in many 

pharmaceutical agents. Such “privileged” drugs were intensely used in 

medicine for many different treatments, but their low selective properties 

cause undeniable side effects and toxicity that have progressively reduced 

their appeal in human therapies. 

We designed a new strategy of azologization, named “crypto-

azologization”, and we applied it to design our pirenzepine derivatives. We 

replaced the three-ringed core with different azobenzene scaffolds. This 

novel design expands the azolog space and has the potential to produce 

drugs that are inactive in the thermodynamically stable trans 

configuration, which is a frequent concern in photopharmacology. Then, 

upon illumination with the correct wavelength, the obtained cis 

conformation can mimic the tricyclic geometry and accomplish the 

antagonist activity of the parent compound. This new azologization 

strategy can also be used for other members of the “privileged structures” 

family, such as the popular tricyclic antidepressant drugs (TCAs), in order 
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to improve their selectivity with the spatio-temporal photoactivation and 

reduce their unwanted side effects and toxicity.  

First, to check our design strategy, we performed molecular docking 

simulations of a representative pirenzepine derivative structure at the 

inactive model of the human M1 receptor. The obtained results supported 

our hypothesis. Thus, we performed the synthesis and the 

photopharmacological characterization of four pirenzepine derivatives, 

named “cryptozepines”. We firstly studied their general affinity profile to 

mAChRs by competition binding experiments in rat brain membranes. 

Then, their photoswitchable antagonism was tested in real-time calcium 

imaging assays, using human M1 receptors expressed in cultured cells, and 

in cardiac atria ex vivo.  

 

This project has been developed at IBEC with collaborations at UAB for 

binding and ex vivo experiments. I personally carried out the design, the 

molecular docking simulations, the chemical syntheses, and the 

photochemical characterizations of all the compounds that are present in 

this work. I also performed the competition binding experiments on 

mAChRs, the development of the light-sensitive experimental set-up for the 

pharmacological studies, the design and the co-performance of all the in 

vitro and ex vivo experiments. I wrote the full draft of the manuscript. The 

results of this chapter have been recently submitted for publication and are 

currently under review. They are reproduced here in a journal article 

format with the corresponding supporting information. The reference of 

this work is: 

“Rational design of photochromic analogs of tricyclic drugs”  

Fabio Riefolo, Rosalba Sortino, Carlo Matera, Enrique Claro, Beatrice 

Preda, Simone Vitiello, Sara Traserra, Marcel Jiménez, and Pau Gorostiza  

Submitted on the 27th of May 2020 
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ABSTRACT: Tricyclic chemical structures are the core of many important 

drugs targeting all neurotransmitter pathways. These medicines enable 

effective therapies to treat from peptic ulcer disease to psychiatric 

disorders. However, when administered systemically they cause serious 

adverse effects that limit their use. In order to obtain localized and on-

demand pharmacological action using light, we have designed 

photoisomerizable ligands based on azobenzene that mimic the tricyclic 

chemical structure and display reversibly controlled activity. Several 

pseudo analogs of the tricyclic antagonist pirenzepine demonstrate that 

this is an effective strategy in muscarinic acetylcholine receptors, showing 

stronger inhibition upon illumination both in vitro and in cardiac atria ex 

vivo. These photoswitchable “crypto-azologs” of tricyclic drugs might open 

a general way to spatiotemporally target their therapeutic action while 

reducing their systemic toxicity and adverse effects.  
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INTRODUCTION 

Photopharmacology is a modern branch of pharmacology that aims to 

improve the efficacy and safety of drugs by directing their action to target 

organs and controlling their doses using light. It deals with molecular 

strategies to photo-regulate drug activity.1,2 Most photoswitchable small 

molecule ligands developed in recent years have exploited the reduced 

size and robust photochromism of azobenzene, which allows two design 

approaches: (1) tailoring compounds through extension of the drug core 

(“azo-extension” approach), and (2) introducing an isosteric azobenzene 

photoswitch in the core (“azologization” approach).3,4 The latter is the 

most straightforward design strategy and is generally preferred because it 

requires minimal modifications of the original structure, thus maintaining 

the drug-likeness of the parent compound and largely preserving its 

pharmacokinetic and pharmacodynamic properties.5,6 If azologization 

motifs are not present, in some cases the drug structure can be extended 

with a photoswitchable moiety while retaining the drug activity.3,7 

However, these versatile and complementary strategies are not applicable 

to all drugs. This is often the case when azobenzene-like motifs are absent 

from a parent molecule that can only tolerate minor variations in size (i.e. 

non-azologizable and non- azo-extendable drugs), thus hampering the 

reach of photopharmacology. An important class of drugs that has not 

been endowed with photo-regulation is characterized by the general 

formula of Figure 1A, i.e. those fused tricyclic compounds which are 

known as “privileged structures” in medicinal chemistry.8 This term was 

coined by Ben Evans in 1988 to recognize the potential of certain structural 

motifs as templates for derivatization and discovery of novel biological 

ligands.9 A great diversity of tricyclic derivatives has been developed and 

are marketed for different clinical conditions. They include central nervous 

system agents such as tricyclic antidepressants used to treat psychiatric 

disorders10 but also for other therapeutic indications such as loratadine 

(an antihistamine drug used to treat the symptoms of allergies), 

nevirapine (a non-competitive HIV-1 reverse transcriptase inhibitor), 

lonafarnib (a farnesyl transferase inhibitor used as anticancer), and 

pirenzepine (an antimuscarinic drug to treat peptic ulcers).11   
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An arylazo moiety (e.g., an azobenzene) in its cis configuration can quite 

resemble (at least in some of its conformations) the geometry of the 

tricyclic scaffold, whereas the corresponding trans isomer cannot. This is 

illustrated by the three-dimensional alignment of conformers in Figure 1B. 

Thus, we devised a way to mimic the tricyclic system of these drugs with a 

photochromic arylazo unit by means of two modifications: (1) the isosteric 

substitution of the two-atom bridge connecting the aryl rings with a 

−N=N− group to confer photochromic behavior, and (2) the cleavage (ring 

opening) of one of the two single bonds forming the one-atom bridge, to 

increase the flexibility and to enable greater changes in geometry upon 

photoisomerization. In this way, the photochromic pseudo-analog of the 

tricyclic drug should be able to maintain the pharmacological properties 

of the parent compound upon photoisomerization to the cis configuration. 

Conversely, the most thermodynamically stable trans isomer should 

display a reduced capacity to modulate its biological target. This situation 

would be particularly favorable to apply the inactive drug in the absence 

of illumination and to photoactivate it at the desired locations and times. 

We named this novel procedure to design photoswitchable small 

molecules “crypto-azologization” (where the prefix “crypto-” comes from 

the Ancient Greek word κρυπτός [kruptós], meaning “hidden”) because it 

expands the azologization strategy to compounds in which the potential 

photochromic scaffold is buried and must be sculpted out of the parent 

structure by a ring opening in addition to the canonical azosteric 

replacement. 

As a test bed for our design strategy, we chose the muscarinic 

acetylcholine receptor (mAChR) antagonist pirenzepine (Figure 1C) both 

because of its tricyclic structure and therapeutic importance. Muscarinic 

receptors belong to the class A family of G‐protein‐coupled receptors 

(GPCRs) and are classified in five distinct subtypes.12,13 The wide 

distribution of mAChRs in the body and the limited subtype selectivity of 

muscarinic drugs are the cause of their adverse effects, which have made 

these receptors an attractive target in photopharmacology.14-16 

Pirenzepine (Gastrozepine) is an M1-selective muscarinic antagonist 

marketed to treat peptic ulcers. In particular, it inhibits the 

parasympathetic nervous system “rest-and-digest” response, reducing 

gastric acid secretion and muscle spasm.17-20 Other potential applications 



206 
 

have been considered, like slowing down myopia progression21 and 

reducing the risk of lethal events in the ischemic heart disease.22 The wide 

expression of M1 mAChRs in the hippocampus and medial prefrontal 

cortex suggests that M1-mediated signaling is important for cognitive and 

learning functions and plays a key role in several neurological 

disorders.12,13 The development of photoswitchable M1 ligands is thus of 

great interest both for therapeutic and research purposes. Here, we report 

the synthesis of photoswitchable M1 mAChR antagonists designed by 

crypto-azologization of pirenzepine, and the characterization of their 

photopharmacological effects in vitro and ex vivo. 

 

Figure 1. Design strategy and structure of crypto-azologs. (A) General scaffold of fused 

tricyclic drugs. (B) Best three-dimensional alignment of an azobenzene scaffold (trans on the 

left and cis on the right, both in orange) over a generic fused tricyclic system (in gray). For 

the sake of comparison, the carbon atom of the 1-atom bridge of the tricyclic system and 

the corresponding carbon atom of the azobenzene are indicated in green. Nitrogen atoms 

are in blue. (C) Chemical structure of the muscarinic M1 antagonist pirenzepine and the 

cryptozepines, the photochromic derivatives discussed in this work. 

 

RESULTS AND DISCUSSION 

Rational Design and Chemical Synthesis. As an initial control for our 

design strategy, we performed docking simulations of a representative 
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structure at the M1 mAChR.23 The results supported our hypothesis (see 

SI for details) and encouraged us to pursue the synthesis of a small set of 

pirenzepine crypto-azologs that were named “cryptozepines” (Figure 1C). 

Previous studies on pirenzepine congeners have shown how the nature 

and placement of accessory groups on the central core of the molecule 

determine the differences in receptor recognition and the binding process 

at mAChRs.19 In particular, the positioning of the protonated nitrogen 

atom at the end of the piperazine, that is affected by the geometry of the 

whole structure, is crucial for the receptor recognition and the binding 

processes in M1 mAChRs.19,23,24 On the other hand, certain structural 

modifications at the tricyclic core are tolerated. The endocyclic amide 

group is thought to participate in polar interactions at the binding site, 

therefore its replacement with a lipophilic function such as an ethylene 

bridge would likely produce a loss of affinity, whereas an azo group could 

be better accepted. The exocyclic amide group and the nitrogen atom in 

one of the two aromatic rings seem to have only a minor effect in terms of 

affinity and selectivity.19 As such, we decided to conserve the essential 2-

(4-methylpiperazin-1-yl)acetamide side chain in all the novel derivatives, 

while the endocyclic amide group was replaced with an azo group and the 

central 7-membered ring was “opened” to generate a fully unconstrained 

photochromic unit. In addition, structural variations at this unit were 

rationally designed in order to obtain analogs endowed with different 

photochemical properties. Cryptozepine-1 and cryptozepine-2 are 

straightforward crypto-azologs of pirenzepine and differ from one another 

in the presence of the nitrogen atom in one of the two aromatic rings. This 

feature should significantly reduce the half-life of thermal relaxation of the 

cis isomers, as well as an increase in the aqueous solubility of these 

derivatives. We expected though that these two derivatives would need 

ultraviolet (UV) light to undergo trans-to-cis isomerization, which is 

generally not convenient in biology.25 Cryptozepine-3 was designed to 

overcome this limitation by introducing an electron-donating group 

(−NMe2) at the para position of the benzene ring which is not directly 

connected to the side chain, in order to produce a red-shifting “push−pull” 

effect (Figure 1C).26 As mentioned above, we hypothesized that the M1 

mAChR should be able to properly accommodate the new ligands in their 
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cis configuration, while the trans geometry should hinder the rest of the 

molecule from entering the binding pocket. 

Cryptozepines 1, 2 and 3 were synthesized as illustrated in Scheme 1 (see 

SI for detailed procedures). N-Chloroacetyl-2-nitroaniline was reduced to 

the corresponding amine (4) by treatment with iron in ammonium chloride 

and acetic acid. Oxidation with Oxone® gave the nitroso derivative (5), 

which was then coupled to the chosen arylamine under Mills conditions to 

yield the arylazo intermediates (6a, 6b, 6c). Nucleophilic substitution of 

the chlorine with 1-methylpiperazine and subsequent treatment with 

hydrochloric acid afforded the three final compounds as dihydrochloride 

salts (1, 2, 3). A fourth compound characterized by a different “push-pull” 

system was prepared, but because of its very low aqueous solubility at 

neutral pH we could not test its pharmacological properties. However, its 

physicochemical characterization is reported in the SI (compound 9). 

 

Scheme 1. The chemical synthesis of cryptozepines. 

 

Photochemical Characterization. We then tested the ability of our 

photoswitchable compounds to effectively respond to light. First, we 

characterized the three cryptozepines by UV-Vis spectroscopy. 

Cryptozepines 1 and 2 displayed a clear photochromic behavior and the 

typical absorption bands of azobenzenes, with maxima at 318 nm and 433 

nm due to the π–π* and n–π* transitions, respectively (Figure 2 and SI). 

As expected, the presence of an electron-donating group in cryptozepine-

3 resulted in a strong red-shift of the π–π* transition band, with an 
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absorption maximum at 465 nm in aqueous solution. In this case, it was 

not possible to observe any change in the absorption spectrum with 

steady-state spectroscopy in aqueous solution since the thermal 

isomerization of this kind of azobenzenes in protic solvents occurs 

extremely fast and generally completes within milliseconds.27 However, 

we proved the capacity of compound 3 to photoisomerize in a dry organic 

solvent (Figure 2 and SI). We then determined the photostationary 

distribution of cryptozepines 1 and 2 by 1H-NMR analysis.  

 

Figure 2. Photochemical characterization. Left column: absorption spectra (30 µM in H2O) 

and quantification of cryptozepine-1 photostationary state (PSS) by 1H-NMR analysis (1 mM 

in D2O), showing the ratio between the two isomers in the dark-adapted state (trans = 91%) 

and after illumination with 365 nm light for 5 min (trans = 13%). Middle column: absorption 

spectra (30 µM in H2O) and quantification of cryptozepine-2 PSS by 1H-NMR analysis (1 mM 

in D2O), showing the ratio between the two isomers in the dark-adapted state (trans = 90%) 

and after illumination with 365 nm light for 5 min (trans = 10%). Right column: absorption 

spectra in water (30 µM, spectra above) and absorption spectra in anhydrous DMSO (30 µM, 

spectra below) of cryptozepine-3. The switching of the red-shifted compound cryptozepine-

3 can be observed by UV-vis spectrophotometer analysis only in anhydrous solvent. 

The distribution changed from about 90% in favor of the trans form in the 

dark to about 10% (90% in favor of the cis form) after illumination with UV 

light (365 nm) for both compounds. Compounds 1 and 2 also showed a 
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good thermal stability, with a half-life of thermal relaxation of 71 min and 

182 min, respectively (Figure 2 and SI).  

 

Competition Binding and Calcium Imaging Experiments at Muscarinic 

Receptors. We determined the affinity of the cryptozepines for M1 

mAChRs by radioligand competition binding assays. For this purpose, we 

used Wistar rat brain membranes (whole cortex), that contain a high 

density of M1 mAChRs,28 and the non-selective muscarinic orthosteric 

antagonist [3H]quinuclidinyl benzilate ([3H]QNB) as competitive 

radioligand (see SI).28-31 All cryptozepines showed good binding affinity in 

the low micromolar range, with cryptozepine-2 emerging as the best 

ligand with an IC50 of about 9 M (see SI, Figure S6.1). No significant 

differences in affinity were observed between the trans- and the cis-

enriched forms (named “trans” and “cis” from now on for the sake of 

simplicity) for the three compounds in these experimental conditions. 

These encouraging results suggested to retain cryptozepine-2 (best 

binding affinity) and cryptozepine-3 (best photochromic behavior) for 

further studies. We performed real-time calcium imaging experiments in 

transiently transfected HEK cells expressing M1 mAChR to study the 

antagonist behavior of our compounds (Figure 3). The calcium indicator 

OGB-1 AM (excitation at 494 nm and emission at 523 nm) was suitable for 

cryptozepine-2, while R-GECO1 (excitation at 561 nm and emission at 589 

nm) was used for cryptozepine-3 to avoid artifacts due to unwanted 

emission of fluorescence from OGB-1 AM upon illumination at 460 nm. 

The natural orthosteric agonist acetylcholine (ACh, 0.5 µM) was applied or 

co-applied to induce receptor activation. ACh alone induced reproducible 

cytosolic calcium oscillations, indicative of M1 agonism. Both 

cryptozepines-2 and 3 (100 µM) showed an antagonistic behavior. 

Importantly, a complete recovery of ACh-induced activity was observed 

after the complete wash-out of the two antagonists. Cryptozepine-2 

reduced the total cell response by 42% in trans and by 58% in cis. 

Cryptozepine-3 did not antagonize the ACh-induced response at 100 µM 

in trans, and it reduced the cell response by 14% under continuous 

illumination (cis-enriched form) with blue light (460 nm) (Figure 3). The 

antagonist activity and the significant differences observed between the 
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trans and cis states for both compounds are in agreement with the design. 

The stronger inhibition displayed by cryptozepine-2 compared to 

cryptozepine-3 at 100 µM is probably due to the three-fold tighter binding 

of the former (see SI, Figure S6.1). The activity of trans-cryptozepine-2 can 

also be attributed to its proximity to saturation at this concentration.  

 

Figure 3. Cryptozepines-2 and 3 can antagonize ACh-induced activation of M1 mAChRs. (A) 

Real-time calcium imaging traces from HEK cells expressing M1 mAChRs, which were loaded 

with the calcium indicator OGB-1 AM (10 μM) (average of n = 289 cells, grey band indicates 

the standard error of the mean (SEM). The cell responses to ACh (0.5 µM) were significantly 

reduced in the presence of cryptozepine-2 (100 μM). The quantification is presented in the 

right graph and shows a higher potency of the cis isomer. (B) Real-time calcium imaging 

traces from HEK cells co-expressing M1 mAChRs and R-GECO1 (average of n = 48 cells, grey 

band indicates the standard error of the mean (SEM). The cell responses to ACh (0.5 µM) 

were significantly reduced in the presence of cryptozepine-3 (100 μM). The quantification 

is presented in the right graph and shows stronger inhibition of the cis isomer. Data were 

analyzed by one-way ANOVA with Tukey’s multiple comparisons post-hoc test for statistical 

significance (p-value (*) < 0.05 p-value (****) < 0.0001; GraphPad Prism 6. Error bars are ± 

SEM. 

Correspondingly, cryptozepine-3 is inactive in the dark and a (weak) 

inhibitor under illumination with blue light at the same concentration. We 

hypothesized that the electronic and/or steric properties of the additional 

group (−NMe2) on the terminal aromatic ring in cryptozepine-3 might 

account for its loss of efficacy in comparison with cryptozepine-2. 
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However, the efficiency of cryptozepine-3 may be also limited by the 

relatively smaller population of cis isomer that is achieved upon irradiation 

as a consequence of its faster relaxation. 

 

Anticholinergic Effects in Mouse Isolated Atrium. To validate crypto-

azologs in a physiologically relevant scenario (i.e. in tissue expressing a 

diversity of endogenous receptors) we tested the effect of cryptozepine-2 

on the mouse isolated atrium. Here, the excitation of muscarinic receptors 

induces arrest of the heartbeat.32-34 This negative chronotropic effect in 

the atria is primarily mediated by mAChRs activation, including M1, and 

the anticholinergic activity of pirenzepine resumes the heart rate and 

rhythm.32-35 We isolated the right atria from male mice and measured their 

spontaneous frequency of contraction (control), which was about 360 

beats/min (see SI). Application of the muscarinic agonist carbachol (CCh, 1 

µM) strongly reduces the frequency to around 200 beats/min (Figure 4) 

and addition of pirenzepine (PNZ, 1 µM) to the bath restores the frequency 

almost to control values (Figure 4). We used this robust assay to test the 

antagonist behavior of cryptozepine-2 isomers. At the concentration of 

100 µM, the trans isomer was unable to antagonize CCh-induced 

bradycardia and was seemingly inert, whereas cis-cryptozepine-2 readily 

induced the partial recovery of atrium contraction frequency (Figure 4 and 

SI). This effect is in accord with the anticholinergic activity of pirenzepine 

in the atria32-35 and further confirms our design and previous calcium 

imaging results. 

Regarding future applications, the photopharmacological properties of 

cryptozepines could be enhanced by inserting fluorine in the ortho 

position(s) of the azobenzene. These modifications provide favorable 

photochromic properties like slow thermal back-isomerization and high 

two-photon cross section36 and should preserve or even improve the 

antagonist potency by adding lipophilic contacts in the binding pocket.16 

Overall, the photopharmacological properties of cryptozepines set the 

stage for interesting assays in vivo. If they can be enterically administered 

in the inactive form (trans), these drugs could be remotely photoactivated 

at the desired location and time using the built-in LED of an endoscopy 

capsule,37 potentially allowing to treat gastrointestinal tract diseases 



213 
 

without producing (adverse) effects in other regions or organs. More 

invasive applications include the manipulation of cardiac function in vivo 

using optoelectronic devices coupled to cardiac patches.14,38 

 

Figure 4. Pirenzepine and cryptozepine-2 can antagonize CCh-induced bradycardia in mouse 

atria through M1 receptors. Representative traces (Panel A) and quantification (Panel B) of 

mouse right atrium heart rate treated with Carbachol (CCh), pirenzepine (PNZ) and trans/cis 

cryptozepine-2. Spontaneous mechanical contractions of the mouse atria were recorded as 

control (ctrl) and defined as heartbeat frequency in beats/min (BPM). CCh 1 µM decreased 

both the amplitude and BPM. The presence of PNZ (n = 6) and cis-cyptozepine-2 (cis) (n = 2) 

reversed the CCh-induced bradycardia. In contrast, trans-cryptozepine-2 (trans) (n=2) did 

not reverse effect of CCh in terms of heartbeat frequency (n = 2).  

 

CONCLUSION 

In summary, we have expanded the rational design of photochromic 

ligands to the important class of tricyclic drugs. The proposed strategy 

involves two concomitant structural modifications to afford azobenzene 

derivatives that can mimic the tricyclic motif: (1) an isosteric replacement 

with a -N=N- group, and (2) a ring cleavage. We have demonstrated a proof 

of concept with a set of photoswitchable derivatives of the muscarinic 

antagonist pirenzepine that we named cryptozepines. Remarkably, these 

novel compounds retain micromolar binding and antagonist character 

despite the structural dissimilarity with the parent compound. The most 

potent photoswitchable compound (crytozepine-2) displays negligible 

activity in mouse atrium in trans and M1 antagonism in cis, suggesting 
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therapeutic applications with high safety and localized efficacy. The high 

success rate obtained with this strategy opens the way to optimize the 

photochromic and pharmacological properties of these compounds, and 

to use it in other targets. This work provides a new toolbox to design 

photochromic drugs that significantly expands the scope of 

photopharmacology and its applications. 
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1. Molecular docking simulations 

Materials and methods. Molecular docking simulations were performed using the crystal 

structure of the human M1 muscarinic acetylcholine receptor retrieved from the Protein 

Data Bank bound to the antagonist tiotropium (PDB code: 5CXV).1 The protein pdb file was 

prepared for docking by removing co-crystallized ligands, non-complexed ions and water 

molecules, and finally applying the Dock Prep tool available in the free software package 

UCSF Chimera. This involved the addition of hydrogens and assigning partial charges 

(AMBER ff14SB method). The cryptozepine-2, trans and cis, structures were built with 

standard bond length and angles using ChemDraw and then energy minimized with 

Chem3D by the MM2 method. The minimized compounds were further prepared for 

docking studies with UCSF Chimera by adding hydrogens and assigning partial charges 

(AMBER ff14SB method). The necessary pdbqt files of ligands and receptor were prepared 

using AutoDock 4.2 software. The docking studies were carried out using the standard 

docking protocol applied for AutoDock Vina in PyRx 0.8 virtual screening software. 

Autodock Vina has been reported to be an effective tool capable of quickly and accurately 

predicting bound conformations and binding energies of ligands with macromolecular 

targets.2,3 A grid box of size 18.68 × 17.35 × 13.64 Å, with x, y and z coordinates of –11.52, 

–12.61 and 37.05, respectively, was fixed to cover the entire orthosteric binding sites and 

accommodate the ligands to move freely. Docking studies were performed using an 

exhaustiveness value of 8 while all other parameters were maintained as defaults. All 

rotatable bonds within the ligands were allowed to rotate freely, and the receptor was 

considered rigid. The docking simulations were repeated three times for each ligand. The 

obtained poses were then ranked based on the predicted affinity docking scores (kcal/mol) 

and the best pose for each experiment was selected. The results were then analyzed using 

UCSF Chimera. Both isomers of the cryptozepine-2 and pirenzepine were docked into the 

orthosteric binding sites of the human M1 muscarinic acetylcholine receptor in its inactive 

conformation, bound to the antagonist tiotropium (PDB code: 5CXV). All the ligands were 

docked at this receptor model using a standard docking protocol with AutoDock Vina in the 

PyRx 0.8 software with a suitable grid box. We ran three/five simulations for each ligand 

isomer and selected the best pose obtained in each experiment based on the predicted 

binding affinity scores (kcal/mol).  

Molecular docking simulations of cryptozepine isomers. In order to examine if the “crypto-

azologization” concept was a reasonable strategy for developing light-sensitive crypto-

azologs of pirenzepine, we firstly used molecular docking calculations. We docked 

cryptozepine-2, the crypto-azolog of pirenzepine with the simplest unsubstituted 

azobenzene as molecular switch, into the orthosteric binding site of the human M1 

muscarinic acetylcholine receptor (inactive conformation bound to the antagonist 

tiotropium, PDB code: 5CXV).1 We first validated the docking protocol with the parent 

compound pirenzepine. The obtained best poses and their average binding affinity (-8.3 

kcal/mol) were in agreement with the results previously published for the same ligand 

(Figure S1 panel D).1 The key elements for antagonist binding at the M1 receptor reside in 

the methylpiperazine amines.1,4-6 This group must face and interact with the orthosteric 

site residues D105 and Y404 (transmembrane helices (TM) 3 and 7, respectively; residues 
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are numbered according to the human M1 receptor sequence PDB number 5CXV) (Figure 

S1). Additional confirmation that pirenzepine adopts the correct orientation in our 

calculations is provided by the tricyclic core oriented as the aromatic portions of 

tiotropium, which is free to create hydrophobic contacts with Y106 (TM3), W157 (TM4) 

and Y381 (TM6) (Figure S1).1 We next studied cryptozepine-2 (Figure S1). Our calculations 

showed that the best poses of the cis isomer fit in the M1 orthosteric site in a similar way 

to pirenzepine (Figure S1), with favorable binding affinity values (-9.1 kcal/mol) (Figure S1, 

panel E). In contrast, a flipped orientation was favored for the majority of the trans isomer 

poses (Figure S1, panel F), which are likely incompatible with antagonism activity.1,4-6 The 

planar trans geometry of cryptozepine-2 covers a larger space with the aromatic portions 

(8.7 Å) than its bent cis isomer (6.9 Å) and pirenzepine (7.1 Å) (Figure S1). This may hinder 

the correct placing into the binding pocket of the rest of the ligand and result in loss of 

antagonist behavior. Thus, computational results were in agreement with the “crypto-

azologization” concept and encouraged to pursue the synthesis of a small library of 

cryptozepines.  
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Figure S1. Hypothetical binding mode of cryptozepine-2 (trans and cis isomers) in M1 

mAChR. A and B) Full view (panel A) and extracellular side view (panel B) of the M1 

muscarinic structure (PDB code: 5CXV) colored in green, with our antagonists bound into 

the orthosteric site. C) Superimposition of binding poses of tiotropium from the M1 

structure (PDB code: 5CXV), pirenzepine, and the cis-cryptozepine-2 from our simulations 

using the same receptor. D, E and F) Pirenzepine (panel D), cis- (panel E) and trans-

cryptozepine-2 (panel F) poses in the M1 receptor with the fundamental residues that 

contribute to the orthosteric binding site (several residues are omitted for clarity). The 

ligands are shown as sticks and colored according to element: carbon, beige for pirenzepine, 

brown for tiotropium, purple for cis-cryptozepine-2, dark grey for trans-cryptozepine-2; 

oxygen, red; nitrogen, dark blue; sulfur, yellow. Residues are numbered according to the 

human M1 receptor sequence (PDB code: 5CXV). Superscript numbers indicate the 

transmembrane (TM) helices of the M1 receptor. The yellow line and values indicate the 

length of the tricyclic core of pirenzepine, and the aromatic portions of trans- and cis-

cryptozepine-2. Pirenzepine and cryptozepine-2 can antagonize CCh-induced bradycardia in 

mouse atria through M1 receptors. 

 

2. Chemical synthesis 

Materials and methods. All reagents and solvents were purchased from Sigma-Aldrich, 

Cyimit Química and Serviquimia and were used without any further purification. TLC 

analyses were performed on commercial silica gel 60 F254 aluminium foils (Merck); spots 

were further evidenced by spraying with a dilute alkaline potassium permanganate 

solution or a phosphomolybdic acid solution 5% in ethanol and, for tertiary amines and 

quaternary ammonium compounds, with the Dragendorff reagent. Flash chromatography 

was performed on PanReac AppliChem silica gel 60 (40-63 microns), Biotage® SNAP KP-

C18-HS 12g or Biotage® SNAP KP-SIL 25g as stationary phases; mobile phases are specified 
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for each compound. UV-Vis spectra and experiments were recorded with a Shimadzu UV-

1800 UV-VIS Spectrophotometer with standard quartz cuvettes (10 mm light path). 1H-

NMR and 13C-NMR spectra were registered with a Varian Mercury 400 MHz (400 MHz for 
1H-NMR and 101 MHz for 13C-NMR) and a Varian VNMRS500 MHz instrument (500 MHz for 
1H-NMR and 126 MHz for 13C-NMR) in DMSO-d6, CDCl3, D2O. Residual signals of the 

deuterated solvents were used as an internal standard (DMSO-d6: 1H 2.50 ppm, 13C 39.52 

ppm; CDCl3: 1H 7.26 ppm, 13C 77.16 ppm; D2O: 1H 4.79 ppm). Chemical shifts (δ) are 

expressed as parts-per-million (ppm) and coupling constants (J) as hertz (Hz). HPLC analyses 

were performed with a Waters Alliance 2795 separation module (RP column: XSelect CSH 

C18, 50x4.6 mm, S-3.5 µm, 1.6 ml/min; eluent: from 5% B to 100% B in 3.5 min using a 

linear gradient, A: H2O 0.1% formic acid, B: acetonitrile 0.1% formic acid) coupled to a 

Waters 2996 photodiode detector and a Waters 3100 mass spectrometer. High resolution 

mass spectroscopy measurements (ionization: NanoESI, positive ionization) were 

performed at the mass spectrometry core facility of the IRB (Barcelona, Spain) with a LTQ-

FT Ultra (Thermo Scientific) for direct infusion (Automated Nanoelectrospray) of the 

sample. The NanoMate (AdvionBioSciences, Ithaca, NY, USA) aspirated the samples from a 

384-well plate (protein Lobind) with disposable, conductive pipette tips, and infused the 

samples through the nanoESI Chip (which consists of 400 nozzles in a 20x20 array) towards 

the mass spectrometer. Spray voltage was 1.70 kV and delivery pressure was 0.50 psi. Data 

are reported as mass-to-charge ratio (m/z) of the corresponding positively charged 

molecular ions.  

Abbreviations. Solvents: EtOAc: ethyl acetate; CH2Cl2: dichloromethane; MeCN: 

acetonitrile; MeOH: methanol; EtOH: ethanol; THF: tetrahydrofuran; Et2O: diethyl ether; 

DMSO: dimethylsulfoxide. 

Analytical characterizations: NMR: d: doublet; dd: double doublet; ddd: double double 

doublet; dddd: doublet of doublet of doublet of doublets; dt: double triplet; m: multiplet; 

q: quartet; quin: quintet; s: singlet; t: triplet; m.p.: melting point; Rf: retention factor; r.t.: 

room temperature; RT: retention time. 

 

2.1 Synthetic procedures 

Cryptozepines (1, 2, 3) were synthesized as reported in Scheme 1. N-Chloroacetyl-2-

nitroaniline was reduced to the corresponding amine (4) by treatment with iron in 

ammonium chloride and acetic acid.7 Oxidation with Oxone® gave the nitroso derivative 

(5), which was then coupled to the chosen arylamine under Mills conditions to yield the 

arylazo intermediates (6a, 6b, 6c). Nucleophilic substitution of the chlorine with 1-

methylpiperazine and subsequent treatment with hydrochloric acid afforded the three 

final compounds as dihydrochloride salts (1, 2, 3). 

N-(2-aminophenyl)-2-chloroacetamide (4). Fe (1.30 g, 23.30 mmol), NH4Cl (124.63 mg, 

2.33 mmol) and glacial acetic acid (0.270 mL, 4.66 mmol) were added into 10 mL H2O and 

stirred at 50 °C for 15 min. A solution of 2-chloro-N-(2-nitrophenyl)acetamide (0.5 g, 2.33 

mmol) in DMF (5 mL) was added into the above solution quickly, and stirring was continued 

at 50 °C for 15 min. Then the reaction solution was alkalized to pH 9 with aqueous Na2CO3. 

Subsequently the mixture was filtered, and the cake was washed with H2O and EtOAc. The 
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combined filtrate was extracted with EtOAc. Then the combined organic layers were 

washed with brine, dried over anhydrous MgSO4, filtered, concentrated under reduced 

pressure. Purification of the crude product by chromatography on silica gel 

(cyclohexane/EtOAc, 4:6) afforded N-(2-aminophenyl)-2-chloroacetamide (4) as a white 

solid (260 mg, 60%). 1H NMR (400 MHz, DMSO-d6) δ 8.19 (s, 1H), 7.31 (dd, J = 7.8, 1.5 Hz, 

1H), 7.10 (td, J = 7.7, 1.5 Hz, 1H), 6.87 – 6.80 (m, 2H), 4.24 (s, 2H), 3.77 (s, 2H). 

2-Chloro-N-(2-nitrosophenyl)acetamide (5). N-(2-aminophenyl)-2-chloroacetamide (4) 

(250 mg, 1.35 mmol) was suspended in 5 mL of CH2Cl2. Oxone (630 mg, 2.05 mmol) in 20 

mL of water was added and the resulting mixture was stirred vigorously for 1 h at room 

temperature. The organic phase was separated, and the aqueous phase was extracted with 

10 mL of CH2Cl2. The combined organic phases were washed with 1 M HCl (50 mL), 

saturated aqueous NaHCO3 (50 mL), and water (50 mL). Finally, it was dried over MgSO4, 

and evaporated under reduced pressure to afford the nitroso derivative (5) which was used 

in the next step without further purification. 

2-Chloro-N-(2-(pyridin-3-yldiazenyl)phenyl)acetamide (6a). Compound 5 (155 mg, 0.78 

mmol) and 3-aminopyridine (147 mg, 1.56 mmol) were dissolved in glacial acetic acid (30 

mL) and stirred for 24 h at 60 °C. The solution was diluted with water and extracted with 

EtOAc. The organic phase was washed four times with water and once with brine and dried 

over MgSO4. The crude product was purified by chromatography (eluent: 

cyclohexane/EtOAc, 9:1) to yield 6a (100 mg, 47%) as an orange solid. 1H NMR (400 MHz, 

CDCl3) δ 10.96 (s, 1H), 9.23 (dd, J = 2.4, 0.8 Hz, 1H), 8.73 (dd, J = 4.7, 1.6 Hz, 1H), 8.68 (dd, 

J = 8.4, 1.3 Hz, 1H), 8.15 (ddd, J = 8.2, 2.4, 1.6 Hz, 1H), 7.92 (dd, J = 8.1, 1.6 Hz, 1H), 7.55 

(ddd, J = 8.7, 7.2, 1.6 Hz, 1H), 7.48 (ddd, J = 8.2, 4.8, 0.8 Hz, 1H), 7.29 – 7.22 (m, 1H), 4.29 

(s, 2H). 13C NMR (101 MHz, CDCl3) δ 164.33, 152.27, 147.88, 147.31, 139.79, 135.65, 133.91, 

127.05, 124.63, 124.31, 120.30, 120.05, 43.58. 

2-Chloro-N-(2-(phenyldiazenyl)phenyl)acetamide (6b). Compound 5 (170 mg, 0.86 mmol) 

and aniline (159 mg, 1.71 mmol) were dissolved in glacial acetic acid (30 mL) and stirred for 

4 days at room temperature. The solution was diluted with water and extracted with 

EtOAc. The organic phase was washed four times with water and once with brine and dried 

over MgSO4. The crude product was purified by chromatography (eluent: 

cyclohexane/EtOAc, 9:1) to yield 6b (130 mg, 56%) as an orange solid. 1H NMR (400 MHz, 

CDCl3) δ 11.03 (s, 1H), 8.66 (dd, J = 8.3, 1.3 Hz, 1H), 7.97 – 7.91 (m, 2H), 7.89 (ddd, J = 8.2, 

1.6, 0.5 Hz, 1H), 7.56 – 7.46 (m, 4H), 7.22 (ddd, J = 8.2, 7.3, 1.3 Hz, 1H), 4.27 (s, 2H). 13C 

NMR (101 MHz, CDCl3) δ 164.28, 152.51, 139.63, 135.29, 132.90, 131.66, 129.39, 124.46, 

123.01, 120.08, 119.98, 43.52. 

2-Chloro-N-(2-((4-(dimethylamino)phenyl)diazenyl)phenyl)acetamide (6c). Compound 5 

(500 mg, 2.52 mmol) and 4-amino-N,N-dimethylaniline (514 mg, 3.78 mmol) were 

dissolved in glacial acetic acid (20 mL) and stirred for 30 minutes at room temperature. The 

solution was concentrated under reduced pressure and the crude product was purified by 

chromatography (eluent: cyclohexane/AcOEt, 8:2) to afford 6c as a red solid in quantitative 

yield. 1H NMR (400 MHz, CDCl3) δ 11.00 (s, 1H), 8.59 (dd, J = 8.3, 1.4 Hz, 1H), 7.94 – 7.87 

(m, 2H), 7.83 (ddd, J = 8.1, 1.6, 0.5 Hz, 1H), 7.39 (dddd, J = 8.3, 7.3, 1.6, 0.5 Hz, 1H), 7.19 

(dddd, J = 8.0, 7.3, 1.3, 0.5 Hz, 1H), 6.81 – 6.72 (m, 2H), 4.27 (s, 2H), 3.11 (s, 6H). 13C NMR 
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(101 MHz, CDCl3) δ 164.04, 152.87, 143.71, 140.36, 134.62, 130.79, 125.35, 124.46, 119.78, 

118.42, 111.73, 43.61, 40.43.  

(E)-2-(4-Methylpiperazin-1-yl)-N-(2-(pyridin-3-yldiazenyl)phenyl)acetamide 

(Cryptozepine-1). Compound 6a (100 mg, 0.364 mmol) was dissolved in 20 mL of MeCN. 1-

Methylpiperazine (55 mg, 0.547 mmol) and triethylamine (55.3 mg, 0.546 mmol) were then 

slowly added to the solution. The mixture was stirred under reflux for 3 h. Upon 

completion, MeCN was removed under reduced pressure and the obtained oil was 

dissolved in EtOAc. The resulting organic solution was washed 4 times using 30 mL of 

saturated aqueous NaHCO3. The organic layer was dried over MgSO4 and evaporated under 

reduced pressure to afford the final product (1) as a yellow solid (quantitative yield). 1H 

NMR (400 MHz, CDCl3) δ 10.97 (s, 1H), 9.25 (dd, J = 2.4, 0.8 Hz, 1H), 8.78 (dd, J = 8.4, 1.3 

Hz, 1H), 8.74 (dd, J = 4.8, 1.6 Hz, 1H), 8.26 (ddd, J = 8.2, 2.4, 1.6 Hz, 1H), 7.81 (dd, J = 8.2, 

1.5 Hz, 1H), 7.58 – 7.44 (m, 2H), 7.15 (ddd, J = 8.4, 7.3, 1.3 Hz, 1H), 3.25 (s, 2H), 2.73 – 2.39 

(m, 8H), 2.23 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 168.84, 151.95, 146.57, 139.99, 137.85, 

134.10, 129.63, 128.23, 124.11, 123.65, 120.35, 116.24, 63.03, 55.04, 53.71, 45.95. 

(E)-1-Methyl-4-(2-oxo-2-((2-(pyridin-3-yldiazenyl)phenyl)amino)ethyl)piperazine-1,4-

diium chloride (Cryptozepine-1 dihydrochloride). 5 mL of 4 M HCl in dioxane were added 

slowly to compound 1 (10 mg, 0.03 mmol) at 0 °C. The mixture was stirred for 30 min at 

room temperature, then the solvent and excess of HCl were evaporated under reduced 

pressure and the resulting solid was washed 3 times with Et2O (30 mL). The so obtained 

orange solid was dried under vacuum to afford cryptozepine-1 dihydrochloride 

(quantitative yield). 1H NMR (500 MHz, D2O) δ 9.23 (s, 1H), 8.88 (s, 1H), 8.70 (d, J = 8.4, 1.7 

Hz, 1H), 8.09 (dd, J = 8.3, 5.4 Hz, 1H), 8.03 (d, J = 8.2 Hz, 1H), 7.82 (d, J = 8.2, 1.5 Hz, 1H), 

7.72 (t, 1H), 7.44 (t, 1H), 3.61 (s, 2H), 3.58 – 3.00 (m, 8H), 2.88 (s, 3H). 13C NMR (126 MHz, 

D2O) δ 170.19, 149.25, 145.58, 143.06, 140.05, 135.59, 134.71, 134.43, 127.04, 126.49, 

124.01, 116.79, 59.48, 52.94, 49.49, 42.71. HR-MS (ESI, [M + H]+): calcd for C18H23N6O+, 

339.19; found 339.1930. 

(E)-2-(4-Methylpiperazin-1-yl)-N-(2-(phenyldiazenyl)phenyl)acetamide (Cryptozepine-2). 

Compound 6b (100 mg, 0.364 mmol) was dissolved in 20 mL of MeCN. 1-Methylpiperazine 

(55 mg, 0.547 mmol) and triethylamine (55.3 mg, 0.546 mmol) were then slowly added to 

the solution. The mixture was stirred under reflux for 3 h. Upon completion, MeCN was 

removed under reduced pressure and the obtained oil was dissolved in EtOAc. The 

resulting organic solution was washed 4 times using 30 mL of saturated aqueous NaHCO3. 

The organic layer was dried over MgSO4 and evaporated under reduced pressure to afford 

the final product (2) as a yellow solid (quantitative yield). 1H NMR (400 MHz, CDCl3) δ 10.94 

(s, 1H), 8.77 (dd, J = 8.4, 1.3 Hz, 1H), 8.07 – 7.97 (m, 2H), 7.78 (dd, J = 8.2, 1.6 Hz, 1H), 7.58 

– 7.44 (m, 4H), 7.12 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H), 3.23 (s, 2H), 2.82 – 2.30 (m, 8H), 2.22 (s, 

3H). 13C NMR (101 MHz, CDCl3) δ 168.74, 152.75, 139.91, 137.41, 133.04, 131.31, 129.29, 

123.49, 123.29, 120.09, 116.01, 63.02, 54.92, 53.73, 45.95.  

(E)-1-Methyl-4-(2-oxo-2-((2-(phenyldiazenyl)phenyl)amino)ethyl)piperazine-1,4-diium 

chloride (Cryptozepine-2 dihydrochloride). 6 mL of 4 M HCl in dioxane were added slowly 

to compound 2 (50 mg, 0.15 mmol) at 0 °C. The mixture was stirred for 30 min at room 

temperature, then the solvent and excess of HCl were evaporated under reduced pressure 

and the resulting solid was washed 3 times with Et2O (30 mL). The so obtained orange solid 

was dried under vacuum to afford cryptozepine-2 dihydrochloride (quantitative yield). 1H 
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NMR (400 MHz, DMSO-d6) δ 10.74 (s, 1H), 8.41 (d, J = 8.3 Hz, 1H), 8.06 – 7.91 (m, 2H), 7.84 

– 7.55 (m, 5H), 7.32 – 7.25 (m, 1H), 3.52 – 2.87 (m, 10H), 2.69 (s, 3H). 13C NMR (126 MHz, 

DMSO-d6) δ 153.28, 152.26, 136.30, 132.77, 131.81, 129.58, 128.87, 124.48, 122.98, 

120.02, 116.13, 58.52, 50.68, 48.77, 41.88. HR-MS (ESI, [M + H]+): calcd for C19H24N5O+, 

338.20; found 338.1968. 

(E)-N-(2-((4-(Dimethylamino)phenyl)diazenyl)phenyl)-2-(4-methylpiperazin-1-

yl)acetamide (Cryptozepine-3). Compound 6c (20 mg, 0.063 mmol) was dissolved in 20 mL 

of MeCN. 1-Methylpiperazine (9.5 mg, 0.095 mmol) and triethylamine (9.58 mg, 0.095 

mmol) were then slowly added to the solution. The mixture was stirred under reflux for 3 

h. Upon completion, MeCN was removed under reduced pressure and the obtained oil was 

dissolved in EtOAc. The resulting organic solution was washed 4 times using 30 mL of 

saturated aqueous NaHCO3. The organic layer was dried over MgSO4 and evaporated under 

reduced pressure to afford the final product (3) as a yellow solid (quantitative yield). 1H 

NMR (400 MHz, CDCl3) δ 10.90 (s, 1H), 8.72 (dd, J = 8.4, 1.3 Hz, 1H), 8.03 – 7.98 (m, 2H), 

7.75 (dd, J = 8.1, 1.6 Hz, 1H), 7.38 (ddd, J = 8.6, 7.3, 1.6 Hz, 1H), 7.11 (ddd, J = 8.3, 7.3, 1.4 

Hz, 1H), 6.82 – 6.74 (m, 2H), 3.24 (s, 2H), 3.11 (s, 6H), 2.83 – 2.43 (m, 8H), 2.29 (s, 3H). 13C 

NMR (101 MHz, CDCl3) δ 168.61, 152.65, 143.93, 140.49, 136.28, 131.02, 125.61, 123.56, 

119.80, 115.65, 111.67, 63.13, 54.97, 53.78, 45.98, 40.43. 

(E)-1-(2-((2-((4-(Dimethylamino)phenyl)diazenyl)phenyl)amino)-2-oxoethyl)-4-

methylpiperazine-1,4-diium (Cryptozepine-3 dihydrochloride). 6 mL of 4 M HCl in dioxane 

were added slowly to compound 3 (10 mg, 0.026 mmol) at 0 °C. The mixture was stirred 

for 30 min at room temperature, then the solvent and excess of HCl were evaporated under 

reduced pressure and the resulting solid was washed 3 times with Et2O (30 mL). The so 

obtained orange solid was dried under vacuum to afford cryptozepine-3 dihydrochloride 

(quantitative yield). 1H NMR (400 MHz, D2O) δ 8.01 (d, J = 8.2 Hz, 1H), 7.91 – 7.77 (m, 2H), 

7.65 – 7.53 (m, 2H), 7.36 (d, 3H), 3.82 – 2.61 (m, 19H). 13C NMR (101 MHz, D2O) δ 13C NMR 

(101 MHz, D2O) δ 168.82, 149.08, 147.06, 141.60, 133.70, 131.88, 125.79, 125.00, 122.23, 

116.67, 116.55, 59.48, 52.67, 49.44, 42.72, 42.67. HR-MS (ESI, [M + H]+): calcd for 

C21H29N6O+, 381.24; found 381.2387.  

 

Compound 9 was synthesized as reported in Scheme S2. 2-fluoro-4-nitroaniline was 

oxidized with Oxone® to give the nitroso derivative (7), which was then coupled to the 

corresponding amine (4) under Mills conditions to yield the arylazo intermediate (8). 

Nucleophilic substitution of the chlorine with 1-methylpiperazine and subsequent 

treatment with hydrochloric acid afforded the compounds 9. 



227 
 

  

Scheme S2. Chemical synthesis of compound 9. 

2-Fluoro-4-nitro-1-nitrosobenzene (7). 2-Fluoro-4-nitroaniline (500 mg, 3.20 mmol) was 

suspended in 10 mL of CH2Cl2. Oxone (2.46 g, 8.00 mmol) in 20 mL of water was then 

added and the resulting mixture was stirred vigorously for 24 h at room temperature. The 

organic phase was separated, and the aqueous phase was further extracted with 10 mL of 

CH2Cl2 for 3 times. The combined organic phases were washed with 1 M HCl (50 mL), 

saturated aqueous NaHCO3 (50 mL), and water (50 mL). Finally, it was dried over MgSO4, 

concentrated under reduced pressure, and purified by chromatography (eluent: 

cyclohexane/EtOAc, 9:1) to yield 7 as a green solid (300 mg, 55%) which was immediately 

used in the following step without further purification. 

2-Chloro-N-(2-((2-fluoro-4-nitrophenyl)diazenyl)phenyl)acetamide (8). Compounds 4 

(500 mg, 2.71 mmol) and 7 (250 mg, 1.47 mmol) were dissolved in glacial acetic acid (20 

mL) and the resulting solution was stirred for 24 h at room temperature. The solution was 

then concentrated under reduced pressure and the crude material was purified by 

chromatography (eluent: cyclohexane/EtOAc, 9:1). The so obtained solid was further 

purified by crystallization from methanol to yield 8 as an orange solid (200 mg, 40%). 1H 

NMR (400 MHz, CDCl3) δ 10.83 (s, 1H), 8.70 (dd, J = 8.5, 1.3 Hz, 1H), 8.33 – 8.08 (m, 2H), 

7.95 (dd, J = 8.2, 1.6 Hz, 1H), 7.90 – 7.84 (m, 1H), 7.61 (ddd, J = 8.7, 7.4, 1.6 Hz, 1H), 7.30 – 

7.24 (m, 1H), 4.29 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 164.35, 144.45, 140.28, 136.53, 

135.36, 126.98, 124.83, 124.75, 120.49, 120.07, 119.85, 119.81, 119.23, 43.56. 

(E)-N-(2-((2-Fluoro-4-nitrophenyl)diazenyl)phenyl)-2-(4-methylpiperazin-1-yl)acetamide 

(9). Compound 8 (200 mg, 0.594 mmol) was dissolved in 20 mL of MeCN. 1-

Methylpiperazine (89.24 mg, 0.891 mmol) and triethylamine (90.16 mg, 0.891 mmol) were 

then slowly added to the solution. The mixture was stirred under reflux for 3 h. Upon 

completion, MeCN was removed under reduced pressure and the obtained oil was 

dissolved in EtOAc. The resulting organic solution was washed 4 times using 30 mL of 

saturated aqueous NaHCO3. The organic layer was dried over MgSO4 and evaporated under 

reduced pressure to afford the desired final compound (9) as an orange solid (quantitative 

yield). 1H NMR (400 MHz, CDCl3) δ 10.94 (s, 1H), 8.80 (dd, J = 8.5, 1.3 Hz, 1H), 8.27 – 8.11 

(m, 2H), 8.04 – 7.93 (m, 1H), 7.85 (dd, J = 8.3, 1.6 Hz, 1H), 7.58 (ddd, J = 8.6, 7.2, 1.6 Hz, 

1H), 7.16 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 3.26 (s, 2H), 2.80 – 2.30 (m, 8H), 2.21 (s, 3H). 13C 

NMR (101 MHz, CDCl3) δ 168.86, 160.09, 157.48, 140.43, 138.63, 135.52, 123.79, 120.55, 
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119.88, 119.43, 116.84, 113.78, 113.53, 62.93, 55.17, 53.63, 46.07. HR-MS (ESI, [M + H]+): 

calcd for C19H22FN6O3
+, 401.17; found 401.1732.  

 

3. HPLC analyses and Mass Spectra 

HPLC analyses were performed with a Waters Alliance 2795 separation module (RP 

column: XSelect CSH C18, 50x4.6 mm, S-3.5 µm, 1.6 ml/min; eluent: from 5% B to 100% B 

in 3.5 min using a linear gradient, A: H2O 0.1% formic acid, B: acetonitrile 0.1% formic acid) 

coupled to a Waters 2996 photodiode detector and a Waters 3100 mass spectrometer 

(positive ionization analyses). PDA detector from 210 to 800 nm. Each HPLC analysis has 

been superimposed to the corresponding blank analysis. All the compound purities are ≥ 

95%. 

3.1 Cryptozepine-1 
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3.2 Cryptozepine-2 
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3.3 Cryptozepine-3 
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3.4 (E)-N-(2-((2-Fluoro-4-nitrophenyl)diazenyl)phenyl)-2-(4-

methylpiperazin-1-yl)acetamide (9) 
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4. Photochemical characterization 

An essential requirement for using our compounds as light-regulated M1 mAChRs 

antagonists is that they can effectively respond to light, which means that they can be 

quickly photoisomerized (from trans to cis and vice versa) between two different 

configurations with a relatively high degree of photoconversion (trans/cis ratio). We used 

UV-Vis spectroscopy and 1H-NMR to characterize their photochromic behavior. 

4.1 Cryptozepine-1 

Cryptozepine-1 revealed a clear photochromic behavior with the typical absorption bands 

of azobenzenes. Maximum absorption peaks in aqueous solution were observed at around 

315 nm and 430 (π–π* and n–π* transitions, respectively) (Figure S4.1, panel B). 

Cryptozepine-1 can be effectively isomerized from trans to cis with ultraviolet light (365 

nm), and back-isomerized from cis to trans with white (WL) or blue (460 nm) light. The 

process is reversible and can be repeated several times without any noticeable loss of 

photochromic behavior (Figure S4.1, panel D). We estimated a half-life of thermal 

relaxation of about 71 min at 37 °C in the dark for the cis isomer (30 µM in water) obtained 

after illumination with 365 nm light (Figure S4.1, panel C). 

 

Figure S4.1. Photochemical characterization of cryptozepine-1. (A) Chemical structure of 

cryptozepine-1. (B) Absorption spectra in H2O (30 µM). (C) Thermal stability: the 

photostationary state achieved after irradiation with 365 nm light in aqueous solution (30 

µM) at 37 °C in the dark reverts to its dark-adapted state in less than 200 min. (D) 

Reversibility and stability of the photochromic behavior over several cycles of isomerization. 

 

We next quantified by 1H-NMR the extent of photoisomerization for cryptozepine-1 (1 mM 

in D2O) (Figure S4.1.1). The amount of the thermodynamically less stable cis isomer shifted 

from an initial value of 19% (as obtained under benchtop conditions) to 87% upon 

irradiation with 365 nm light for 5 minutes. After irradiation at 460 nm (10 min), the trans 

form reverted to a 58%. In the dark-adapted state the amount of trans isomer was 91%. 
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Figure S4.1.1 Quantification of the photostationary state of cryptozepine-1. (A) benchtop 

conditions, (B) dark-adapted state, (C) after 5 min of illumination with 365 nm light, and (D) 

after 10 min of illumination with 460 nm light. 

 

4.2 Cryptozepine-2 

Cryptozepine-2 revealed a clear photochromic behavior with the typical absorption bands 

of azobenzenes. Maximum absorption peaks in aqueous solution were observed at around 

315 nm and 430 nm (π–π* and n–π* transitions, respectively) (Figure S4.2, panel B). 

Cryptozepine-2 can be effectively isomerized from trans to cis with ultraviolet light (365 

nm), and completely back-isomerized from cis to trans with white (WL), blue (400-460 nm) 

or green (500 nm) light. The process is reversible and can be repeated several times without 

any noticeable loss of photochromic behavior (Figure S4.2, panel D). We estimated a half-

life of thermal relaxation of about 180 min at 37 °C in the dark for the cis isomer (30 µM in 

water) obtained after illumination with 365 nm light (Figure S4.2, panel C). 
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Figure S4.2. Photochemical characterization of cryptozepine-2. (A) Chemical structure of 

cryptozepine-2. (B) Absorption spectra in H2O (30 µM). (C) Thermal stability: the 

photostationary state achieved after irradiation with 365 nm light in aqueous solution (30 

µM) at 37 °C in the dark has a half-life of 182 min. (D) Reversibility and stability of the 

photochromic behavior over several cycles of isomerization. 

 

We next quantified by 1H-NMR the extent of photoisomerization for cryptozepine-2 (1 mM 

in D2O) (Figure S4.2.1). The amount of the thermodynamically less stable cis isomer shifted 

from an initial value of 7% (as obtained under benchtop conditions) to 90% upon irradiation 

with 365 nm light for 5 minutes. 

 

Figure S4.2.1 Quantification of the photostationary state of cryptozepine-2. (A) benchtop conditions, 

and (B) after 5 min of irradiation with 365 nm light. 
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4.3 Cryptozepine-3  

Cryptozepine-3 revealed a clear photochromic behavior with the typical absorption bands 

of push–pull azobenzenes. The absorbance of the trans isomer is red shifted by ~100 nm 

and greatly decreases the thermal stability of the cis isomer, so its photoisomerization 

cannot be observed by steady-state UV-vis spectroscopy in aqueous solution. Maximum 

absorption peak in anhydrous DMSO (30 µM) was observed at around 465 nm (Figure S4.3, 

panel B). Cryptozepine-3 can be effectively isomerized from trans to cis with blue (420-460 

nm) and green (500 nm) light. The photostationary state achieved after irradiation with red 

lights reverts in 20 min at 37 °C in anhydrous DMSO in the dark (Figure S4.3, panel B). 

 

Figure S4.3. Photochemical characterization of cryptozepine-3. (A) Chemical structure of 

cryptozepine-3. (B) Absorption spectra in anhydrous DMSO (30 µM). 

 

4.4 Compound 9 

Compound 9 revealed a clear photochromic behavior with the typical absorption bands of 

azobenzenes. Maximum absorption peaks in acidic water solution (pH 2) were observed at 

around 335 nm and 450 nm (π–π* and n–π* transitions, respectively) (Figure S4.4, panel 

B). Compound 9 can be effectively isomerized from trans to cis with ultraviolet light (365-

380 nm), and back-isomerized from cis to trans with blue light (420-460 nm). The process 

is reversible and can be repeated several times without any noticeable loss of 

photochromic behavior (Figure S4.4, panel D). We estimated a half-life of thermal 

relaxation of about 68 min at 37 °C in the dark for the cis isomer (30 µM, pH 2) obtained 

after illumination with 380 nm light (Figure S4.4, panel C). 
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Figure S4.4. Photochemical characterization of compound 9. (A) Chemical structure of 

compound 9. (B) Absorption spectra in aqueous solution (30 µM, pH 2). (C) Thermal stability: 

the photostationary state achieved after irradiation with 380 nm light in aqueous solution 

(30 µM, pH 2) at 37 °C in the dark has a half-life of 68 min. (D) Reversibility and stability of 

the photochromic behavior over several cycles of isomerization. 

 

We next quantified by 1H-NMR the extent of photoisomerization for compound 9 (1.5 mM 

in D2O + HCl, pH 2) (Figure S4.4.1). The amount of the cis isomer shifted from an initial 

value of 18% (benchtop conditions) to 61% upon irradiation with 380 nm light (10 min). 

After irradiation with 460 nm (10 min), the trans form reverted to a 67%. In the dark-

adapted state the amount of the trans isomer was about 93%. 

 

Figure S4.4.1 Quantification of the photostationary state of compound 9. (A) benchtop 

conditions, (B) dark-adapted state, (C) after 10 min of irradiation with 380 nm light, and (D) 

after 10 min of irradiation with 460 nm light. 
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5. NMR spectroscopy 

5.1 NMR spectra of cryptozepine-1 

 

Figure S5.1. 1H-NMR of cryptozepine-1 as obtained under benchtop conditions. 

 

 

 

Figure S5.1.1 13C-NMR of cryptozepine-1 as obtained under benchtop conditions. 
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5.2 NMR spectra of cryptozepine-2 

 

Figure S5.2 1H-NMR of cryptozepine-2 as obtained under benchtop conditions. 

 

 

Figure S5.2.1 13C-NMR of cryptozepine-2 as obtained under benchtop conditions. 
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5.3 NMR spectra of cryptozepine-3 

 

Figure S5.3 1H-NMR of cryptozepine-3 as obtained under benchtop conditions. 

 

 

Figure S5.3.1 13C-NMR of cryptozepine-3 as obtained under benchtop conditions. 
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5.4 NMR spectra of compound 9 

 

Figure S5.4 1H-NMR of compound 9 as obtained under benchtop conditions. 

 

Figure S5.4.1 13C-NMR of compound 9 as obtained under benchtop conditions. 

 

6. In vitro radioligand competition binding experiments 

The affinity of our compounds for mAChRs was studied by radioligand competition binding 

experiments. Wistar rat brain membranes (whole cortex), that contain a high density of M1 

mAChRs, were used for this assay.8 The muscarinic antagonist [3H]quinuclidinyl benzilate 

([3H]QNB) was used as competitive radioligand.9,10 Specific binding was defined with the 

new ligands at total nominal concentrations ranging from 10 nM to 300 µM, and 

derivatizing the raw disintegrations per minute (dpm) data from the scintillation counter 

to show the total radioactivity.8  
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Figure S6.1. Competitive displacement of specific radioligand binding from mAChRs. 

Competition for specific binding of 200 pM [3H]QNB to 3-4 months-old female Wistar rats 

brain membranes (whole cortex) containing high density of all five mAChRs by 

cryptozepines-1, 2 and 3 (n = 4 for each isomer). Data points were fitted using the 

“log(inhibitor) vs. normalized response-variable slope (four parameters)” function in 

GraphPad Prism 6. Error bars are ± SEM. 

 

7. In vitro calcium imaging experiments 

Cell culture and transfection for calcium imaging. TsA201 cells were purchased from the 

European Collection of Authenticated Cell Culture. Cells were maintained at 37 °C in a 

humidified atmosphere with 5% CO2 and grown in Dulbecco’s Modified Eagle’s 

Medium/Nutrient Mixture F-12 Ham (DMEM/F12 1:1, Life Technologies) medium, 

supplemented with 10% fetal bovine serum (FBS, Life Technologies) and antibiotics (1% 

penicillin/streptomycin, Sigma-Aldrich). Cells were transiently transfected with M1 

receptor or co-transfected with M1 and R-GECO1 with X-tremeGENE 9 DNA Transfection 

Reagent (Roche Applied Science) following the manufacturer’s instructions. After 24 hours, 

cells were harvested with accutase (Sigma-Aldrich) and plated onto 16-mm glass coverslips 

(Fisher Scientific) pretreated with poly-L-Lysine (Sigma-Aldrich) to allow cell adhesion. 

Preconfluent cultures were used for experiments between 48 h and 72 h after transfection. 

In vitro single-cell calcium imaging. The bath solution used for single cell intracellular 

calcium recordings contained: 140 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 10 mM HEPES, 10 

mM glucose and 2 mM CaCl2 (pH 7.4). The calcium indicator used to test cryptozepine-2 

was OGB-1 AM (Life Technologies). Before each experiment, cells were mounted on the 

recording chamber (Open Diamond Bath Imaging Chamber for Round Coverslips from 

Warner Instruments) and loaded with OGB-1AM for 30 min at 37 °C with 5% CO2, at a final 

concentration of 10 μM in Ca2+-free bath solution. Cells were rinsed with fresh solution, 

and the recording chamber was filled with 1 mL recording solution and placed on an IX71 

inverted microscope (Olympus) with a XLUMPLFLN 20XW x20/1 water immersion objective 

(Olympus). OGB-1 AM was excited during 50 ms at 488 nm by using a Polychrome V light 

source (Till Photonics) equipped with a Xenon Short Arc lamp (Ushio) and a 505-nm dichroic 

beam splitter (Chroma Technology). Emission at 510 nm was filtered by a D535/40 nm 

emission filter (Chroma Technology) and finally collected by a C9100-13 EM-CCD camera 

(HAMAMATSU).  R-GECO1 was used as a Ca2+ fluorescent indicator because it absorbs less 

than OGB1-AM at 460 nm, wavelength used to photoisomerize the compound 

cryptozepine-3. R-GECO1 was excited during 50 ms at 562 nm by using a Polychrome V light 

source (Till Photonics) equipped with a Xenon Short Arc lamp (Ushio) and a 585-nm dichroic 
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beam splitter (Chroma Technology). Emission at 600 nm was filtered by ET630/75nm 

emission filter (Chroma Technology) and finally collected by a C9100-13 EM-CCD camera 

(HAMAMATSU).  Images were acquired at room temperature with an imaging interval of 2 

sec with the SmartLux software (HEKA), and the imaging analysis was done with FIJI 

(ImageJ). The agonist used to stimulate M1 in HEK tsA201 cells was acetylcholine (ACh, 

Sigma). Application of the compounds was carried out by manually pipetting a small 

volume during imaging acquisition into the accessory pool of the recording chamber for 

the final dilution of approximately 1:1000. Every application of 0.5 ACh μM was followed 

by the next application after a 20-min recovery time. The effect of M1 photoswitchable 

antagonists on the ACh-induced calcium signal was observed by applying for 2 minutes 

each compound (100 μM) in its trans or cis form prior to the ACh application. In the case 

of pirenzepine, it was applied at decreasing concentrations ranging from 10 nM to 100 M, 

2 minutes before ACh. Photoisomerization of cryptozepine-2 was achieved by pre-

illuminating the compounds with Vilber Lourmat UV Lamp (365 nm, 6 W) for 2 min before 

application. Photoisomerization of cryptozepine-3 was achieved by continuously 

illuminating the specimen with 460 nm light. Numerical data were imported to GraphPad 

Prism version 6.00 for Windows (GraphPad Software, La Jolla, CA, USA). Statistical analysis 

was performed using the one-way ANOVA followed by the Tukey’s multiple comparison 

post-hoc test. A value of p  0.05 was considered as statistically significant. 

Control experiments. In order to assess the significance of cryptozepine-2 and -3 

(photo)responses in M1 mAChR expressing cells, further control experiments were 

performed in tsA201 cells without the transfection with M1 receptor. No responses were 

observed after application of acetylcholine (ACh), cryptozepine-2 and 3, and under 

illumination at 460 nm, which excludes any response artifacts. 

 

Figure S7.1. Control experiments for cryptozepine-2 with in vitro calcium imaging 

experiments in tsA201 cells without the presence of M1 receptor. No calcium oscillations 

were observed after application of ACh, cryptozepine-2 in the dark-adapted state (trans) 

and after 365 nm illumination (cis) (n = 50 cells). Error bars are ± SEM. 
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Figure S7.2. Control experiments for cryptozepine-3 with in vitro calcium imaging 

experiments in tsA201 cells without the presence of M1 receptor. No calcium oscillations 

were observed after application of ACh, cryptozepine-3 in the dark-adapted state (trans) 

and under 460 nm illumination (cis) (n = 50 cells). Error bars are ± SEM. 

 

To validate our results, we performed calcium imaging recordings using the M1 antagonist 

pirenzepine (PNZ) (Sigma-Aldrich). We used pirenzepine at decreasing concentrations 

ranging from 10 nM to 100 M, 2 minutes prior to ACh application. As expected, at 

concentrations of 100 M, 1M and 100nM, we observed a significant inhibition of 89%, 

85% and 52% of ACh-mediated calcium response respectively. However, the lowest 

concentration of PNZ (10 nM) had no significant effect.  

 

Figure S7.3. Pirenzepine (PNZ) antagonizes ACh-induced activation of M1 mAChRs. Real-

time calcium imaging traces from HEK cells expressing M1 mAChRs, which were loaded with 

the calcium indicator OGB-1 AM (10 μM). Pirenzepine (PNZ) was used at concentrations 

ranging from 10 nM to 100 M. The cell responses to ACh (0.5 µM) were significantly 

reduced in the presence of PNZ (100 μM, 1 μM and 100 nM). However, cell responses were 

recovered at lowest concentration (10 nM). Standard Error of the mean (SEM) is in gray. 

Quantification results are presented in the right graph (n = 94 cells). one-way ANOVA with 

Tukey’s multiple comparisons post-hoc test for statistical significance (p-value (*) < 0.05 p-

value (****) < 0.0001; GraphPad Prism 6. Error bars are ± SEM.  
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8. Ex vivo mice atria tissue experiments 

Animals and tissue samples. Ten CD1 male mice of 10-12 weeks old were used. Housing 

was under controlled conditions: constant temperature (22 ± 2ºC) and humidity (55 ± 10%), 

12-hour light/dark cycle and ad libitum access to water and food. Before euthanasia, 

heparin (100 units/kg IP) was administered. Animals were sacrificed by cervical dislocation 

under sedation with ketamine (80 mg/kg IP) and xylazine (10 mg/kg IP). For functional 

studies, heart was quickly removed and placed in carbogenated (95% 02 and 5% C02) Krebs 

solution (composition in mmol/L: glucose 10.10, NaCl 115.48, NaHCO3 21.90, KCl 4.61, 

NaH2PO4 1.14, CaCl2 2.50 and MgSO4 1.16) (pH 7.4). Functional experiments were approved 

by the Ethics Committee of the Universitat Autònoma de Barcelona (code EUT-MJ001). 

Functional studies. Right atrium was isolated and mounted in a 10-mL chamber using a 

compact organ bath (Panlab sl). Tissue was bathed in a carbogenated Krebs solution 

maintained at 37 ± 1 ºC using an external thermostat. Mechanical activity was measured 

with an isometric force transducer connected to a computer through an amplifier 

associated with PowerLab/800. LabChart software was used for data digitalization (1000 

samples/s) and measurements. A tension of 0.2 g was applied, and tissue was allowed to 

equilibrate for 5 to 10 min, until spontaneous mechanical contractions were recorded. 

Carbachol 10-6 M was added for 3 minutes and then pirenzepine (PNZ) 10-6 M and 10-5 M, 

trans-cryptozepine-2 (trans) 10-5 M, 3*10-5 M and 10-4 M or cis-cryptozepine-2 (cis) 10-5 M, 

3*10-5 M and 10-4 M were applied. Amplitude and beats per minute (beats/min, bpm) were 

calculated before and after the addition of the drug.  

Results ex vivo. Atrial contractions were recorded at a frequency of about 360 beats/min 

and a mean amplitude of 0.1 g. Carbachol (CCh) concentration dependently decreased both 

the amplitude and beats/min (n = 6) with an EC50 of about 10-6 M. This concentration of 

CCh was used to activate muscarinic receptors in the bioassay and induces bradycardia. 

The presence of both pirenzepine (PNZ) (n = 6) and cis-cryptozepine-2 (cis) (n = 2) 

concentration-dependently reversed the effect of CCh 10-6 M in terms of heartbeat 

frequency. In contrast, trans-cryptozepine-2 (trans) (n = 2) did not reserve CCh-induced 

bradycardia (n = 2) (Figures 4, S8.1 and S8.2).  
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Figure S8.1. Representative profile of the measured heart rate of a mouse right atrium 

treated with pirenzepine. Spontaneous mechanical contractions were recorded as Control 

(ctrl). Carbachol (CCh) 10-6 M decreased both the amplitude and beats/min (bpm). The 

presence of pirenzepine (PNZ) (n = 6) concentration-dependently reversed the bradycardic 

effect of CCh 10-6M.  
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Figure S8.2. Representative profile of the measured heart rate of a mouse right atrium 

treated with cryptozepine-2. Spontaneous mechanical contractions were recorded as 

Control (ctrl). Carbachol (CCh) 10-6M decreased both the amplitude and beats/min (bpm). 

The presence of cis-cyptozepine-2 (cis) (n = 2) concentration-dependently reversed the 

bradycardia induced by CCh 10-6M (Panel A), in line with the pirenzepine effect. In contrast, 

trans-cryptozepine-2 (trans) (n =2) did not reserve CCh effect in terms of heartbeat 

frequency (n = 2) (Panel B).  
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General Discussion  

Chapter IV 

 

 

 

The method of “crypto-azologization” has the potential to substantially 

expand the repertoire of photoswitchable bioactive compounds in 

medicinal chemistry. Privileged structures typically display a “drug-like” 

profile and are able to target most neurotransmitter pathways, often with 

low selectivity. Such a dearth of specificity carries many undesirable side-

effects. Sometimes, there are no true explanations about their 

mechanisms of action or why they are active against a particular group of 

targets. The recurrent strategy to diversify the pharmacological properties 

of the privileged structures exploits the insertion of chemically different 

side chains in different sites of the heterotricyclic core. This approach 

permits to create a huge number of different bioactive compounds able to 

preferentially act through more specific targets. However, even if the 

specificity of the binding properties can be remarkably improved by such 

chemical modifications, sometimes it is not enough to avoid off-target 

activity and toxicity (Borcherding et al., 2017; Crismon, 1994; Marsh, 

2007). 

Considering the cholinergic system, the tricyclic core is present in many 

anticholinergic agents, such as pirenzepine, otenzepad, telenzepine, 

propantheline, AFDX-116, or metantelina. They are characterized by 

different side chains that provide a moderate subtype selectivity among 

the muscarinic receptors. Some of these compounds are, or have been, 

marketed for different medical purposes, however their therapeutic use is 

fading due to their poor safety profile (Eglen, 2005; Kruse et al., 2014; 

Scarr, 2012). 

We applied the new “crypto-azologization” concept to the M1 antagonist 

pirenzepine in order to produce a collection of photoswitchable 

muscarinic antagonists, and also to validate a new photoswitchable drug 

design strategy to that expands the breadth of photopharmacology. The 
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crypto-azologs obtained modulate muscarinic receptors reversibly, 

displaying stronger inhibitory activity upon illumination both in vitro and 

in cardiac atria ex vivo.  

In comparison to the use of diazocines, which are also able to mimic the 

tricyclic structures, the “crypto-azologization” strategy has several 

advantages in medicinal chemistry. Diazocines exist as cis isomer in 

thermodynamically stable conditions in the dark, which appears to be 

most similar to the tricyclic structure (Figure 38, left). Thus, diazocine 

azologs of tricyclic drugs are predicted to behave as “dark-active” ligands 

(Siewertsen et al., 2009, 2011). Although this is generally not the desired 

situation for therapeutic purposes (Matera et al., 2018), this unexplored 

azologization strategy could be very useful for other applications like two-

photon photopharmacology (Pittolo et al., 2019). 

 

Figure 38. Three-dimensional alignment of a diazocine scaffold over a generic fused tricyclic 

system. Best three-dimensional alignment of a diazocine scaffold (dark-stable cis on the left 

and light-activated trans on the right, both in orange) over a generic fused tricyclic system 

(in gray). For the sake of comparison, the carbon atom of the 1-atom bridge of the tricyclic 

system and the corresponding carbon atom of the azobenzene are indicated in green. 

Nitrogen atoms are shown in blue.   

Building on the experience with PAI, the application of cryptozepines to 

control brain waves is very interesting especially in vivo, as the dark-

inactive ligands could be systemically administered and activated locally. 

These physiological experiments are under course in the laboratory of our 

collaborators at IDIBAPS (María Victoria Sánchez-Vives). In this regard, the 

two-photon excitation properties of these ligands would also be relevant, 

as they would permit the use of near-infrared (NIR) light to control their 

anticholinergic activity in the presence of endogenous neurotransmitter. 

Such wavelengths can penetrate deeper into the biological tissues and are 
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safer than violet lights, a great advantage for the potential clinical 

application of the drug. Furthermore, minimal chemical modifications of 

the structure of cryptozepine-2 would suffice to improve both the potency 

(Agnetta et al., 2019) and the two-photon cross section (Cabré et al., 

2019a) of the drug, like the insertion of fluorine/s in the ortho positions of 

the azobenzene. 

Last but not least, we envisage that combining the new 

photopharmacological crypto-azologization strategy with the systematic 

coupling of tricyclic scaffolds with different side chains to diversify their 

pharmacology would allow to optimize the action of a large number of 

“privileged” bioactive compounds that remain underexploited for both 

research and therapeutic applications. 
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CHAPTER V 
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Conclusions  

 

 

 

The main conclusions drawn from this work are summarized here.  

 

Chapter II describes the development of light-regulated derivatives of the 

muscarinic agonist Iperoxo. The results indicate that: 

❖ Azobenzenes are favorable molecular switches due to their small size 

and robust photochromism. Iperoxo, a potent muscarinic agonist, 

tolerates the azo-extension into its structure maintaining its original 

activity. 

 

❖ Our iperoxo derivatives behave as more potent muscarinic agonists 

when coupled to the fluorinated azobenzenes than to the 

unsubstituted. This may be related to additional lipophilic contacts 

between the fluorines and the M1 residues near the orthosteric site, 

as suggested by our docking studies.  

 

❖ Bivalent photoswitchable muscarinic agonists, IAI and F4-IAI, showed 

higher binding affinity and potency than the monovalent PI and F4-PI. 

Moreover, the bivalent nature confers a pronounced 

photoswitchable activity to these ligands, probably due to additional 

interactions at the allosteric site of the muscarinic receptors.  

 

❖ The optimization of allosteric contacts might improve the 

photopharmacology of our muscarinic agonists. 
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Chapter III shows the development of light-regulated hybrid agonists for 

the M2 receptor. The results show that: 

❖ The merger of hybridization and non-canonical azologization 

strategies forged the light-sensitive dualsteric agonist PAI. In this 

design, we included an azobenzene in the structure of the known M2 

dualsteric ligand P-8-Iper, conserving the iperoxo-like orthosteric 

moiety and the M2-selective allosteric fragment. 

 

❖ PAI is a potent M2 agonist in its trans form and can be 

photoisomerized into the less active cis isomer with ultraviolet light 

(365 nm). Cis to trans isomerization is achieved with 420-460 nm or 

white light. Both isomers of PAI have excellent thermal stability. 

 

❖ In the heart, M2 receptor activation decreases heart rate and 

prolongs the atrio-ventricular conduction time. PAI demonstrated in 

vitro and in vivo the control of cardiac function with light and may 

pave the way to new therapies for various cardiopathies like atrial 

fibrillation. 

 

❖ In the brain, M2 receptors modulate cognition, learning, memory, 

sensory, and motor functions. PAI can photocontrol the cortical 

network rhythmic activity ex vivo and in wildtype mice for the first 

time. This tool is innovative for basic neuroscience research and 

inspires new therapies against various brain disorders. 

 

❖ Under two-photon excitation, PAI is sensitive to near-infrared light 

(840 nm), which can deeply penetrate biological tissue. This opens 

the way to advanced in vivo applications of our drug and other ligands 

containing related azobenzene cores. 
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Chapter IV is focused on the development of light-regulated M1 

antagonists using the new “crypto-azologization” concept. The results 

demonstrate that: 

❖ Many muscarinic antagonists have an heterotricyclic core, which is 

versatile but has not been controlled with light. Using photochromic 

arylazo scaffolds we mimicked the tricyclic system of the M1 

antagonist pirenzepine. We named this strategy “crypto-

azologization”. 

 

❖ We developed four "crypto-azologs" of pirenzepine which inhibit M1 

receptors upon illumination both in vitro and in cardiac atria ex vivo, 

demonstrating the efficacy of our strategy.  

 

❖ The crypto-azologization mimics the heterotricyclic with the cis 

configuration, whereas the corresponding trans cannot. This allows 

the administration of inactive drugs and their localized 

photoactivation in tissue, enabling safer therapies with reduced side 

effects in other regions and organs. 

 

❖ The “crypto-azologization” approach might control the action of 

many other tricyclic drugs clinically used as effective therapies for 

different conditions, like the tricyclic antidepressants, and provide an 

opportunity to reduce their side effects. This will expand the scope of 

photopharmacology and its applications. 
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CAPÍTULO I 

INTRODUCCIÓN 

La mayoría de los tratamientos médicos modernos se basan en la 

capacidad que los medicamentos farmacológicos tienen de interactuar 

con una diana molecular (por ejemplo, con los receptores) en el cuerpo 

humano para causar una respuesta fisiológica. Estas dianas se expresan en 

todo el cuerpo humano, en tejidos sanos y enfermos. Esto perjudica una 

interacción selectiva entre el fármaco y su diana en el estado de 

enfermedad, dando lugar a efectos no deseados en tejidos sanos y 

limitando la dosis efectiva en el sitio deseado. Los medicamentos 

regulados con la luz son moléculas pequeñas que se pueden ensayar, 

validar y aprobar mediante procedimientos estándar de desarrollo de 

medicamentos, y se pueden aplicar directamente a organismos silvestres, 

incluidos los humanos. Esta nueva disciplina se conoce como 

"fotofarmacología" y ofrece muchos beneficios para los tratamientos 

farmacológicos futuros. Un fármaco fotoconmutable reversible se podría 

controlar con la luz en todo el cuerpo, mejorando drásticamente su 

selectividad para una diana expresada en un sitio específico del organismo 

y reduciendo así los efectos secundarios en otras regiones. 

Aún no se entienden completamente las complejas funciones de los 

receptores muscarínicos (mAChR) y la farmacología clínica del sistema 

muscarínico presenta importantes limitaciones. Estos receptores 

pertenecen a la clase A de receptores acoplados a proteína G (GPCR) y se 

clasifican farmacológicamente en cinco subtipos (M1-M5). Los 

compuestos bioactivos selectivos para el subtipo muscarínico pueden ser 

potencialmente muy efectivos para terapias contra la enfermedad de 

Alzheimer y Parkinson, asma, dolor, trastornos de la motilidad intestinal, 

enfermedades cardíacas y trastornos de la función urinaria. A pesar de 

varias décadas de estudios para identificar y desarrollar nuevos agonistas 

y antagonistas muscarínicos, aún no hemos logrado obtener todo el 

potencial terapéutico de esta clase de fármacos. La causa principal es la 

baja selectividad de subtipo de estos medicamentos. La elevada 

homología de la secuencia de aminoácidos en los sitios ortostéricos de 

todos los receptores M1-M5 limita el desarrollo de agentes adecuados. 

Son necesarios enfoques alternativos para conseguir una buena 
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especificidad de subtipo. El éxito de este desafío podría revolucionar la 

farmacología contra una gran variedad de enfermedades y trastornos, y 

lograr grandes avances en el conocimiento sobre el rol metabotrópico de 

la acetilcolina (ACh). 

 

OBJETIVOS 

El gran objetivo de esta tesis es el desarrollo de ligandos fotoconmutables 

que permitan la modulación óptica de los receptores muscarínicos 

endógenos y de sus acciones fisiológicas, a través de estos objetivos 

específicos: 

1) Desarrollo de agonistas muscarínicos fotoconmutables, aprovechando 

la extraordinaria actividad agonista de Iperoxo (Capítulo II); 

2) Desarrollo de agonistas muscarínicos fotoconmutables mediante la 

hibridación molecular. Esta estrategia de diseño permite la creación de 

fármacos con mayor afinidad, eficacia, selectividad y seguridad que el 

ligando original (Capítulo III); 

3) Obtención de antagonistas muscarínicos fotoconmutables mediante la 

nueva estrategia de "cripto-azologización", que imita la geometría del 

sistema heterotricíclico de un antagonista del receptor M1, la pirenzepina 

(Capítulo IV); 

4) Caracterización fotoquímica de todos los nuevos compuestos 

sintetizados (Capítulos II, III y IV); 

5) Caracterización de la actividad farmacológica de los nuevos compuestos 

en receptores muscarínicos y de sus propiedades fotoconmutables en el 

entorno biológico (Capítulos II, III, IV); 

6) Evitar el uso de la luz ultravioleta para estimular los nuevos ligandos 

muscarínicos fotoconmutables, para permitir una mayor penetración de la 

luz en los tejidos y reducir posibles daños celulares (Capítulo II, III, IV). 
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CAPÍTULO II 

DESARROLLO DE AGONISTAS ORTOSTÉRICOS FOTOCONMUTABLES 

PARA CONTROLAR RECEPTORES MUSCARÍNICOS. 

Iperoxo (IPX) es un ligando muscarínico muy atractivo. A pesar de su 

estructura química con un anillo isoxazolínico, que es atípica en 

comparación con la acetilcolina (ACh), este medicamento es uno de los 

agonistas muscarínicos más potentes que se conocen, aunque carece de 

selectividad de subtipo. En este capítulo hemos diseñado, sintetizado y 

caracterizado el perfil farmacológico de derivados fotoconmutables 

monovalentes (PI, F4-PI. Figura 1) y bivalentes (IAI, F4-IAI. Figura 1) de 

Iperoxo.   

Para diseñar los nuevos compuestos, hemos extendido el nitrógeno de 

amonio cuaternario de Iperoxo con azobencenos no sustituidos (PI e IAI) y 

tetra-orto-fluorados (F4-PI y F4-IAI). Elegimos los azobencenos como 

interruptores moleculares debido a sus propiedades favorables, como la 

flexibilidad de diseño, los grandes cambios de geometría al isomerizar, la 

alta eficiencia de fotoisomerización, la gran estabilidad química y el buen 

perfil de seguridad que han demostrado en humanos.  

Utilizamos los azobencenos tetraorto-fluorados por sus propiedades de 

fotoconversión trans / cis, que es muy completa y de lenta relajación 

térmica cis -> trans, gracias a la presencia de estos sustituyentes y sus 

propriedades electrónicas y estéricas.  

Tras la síntesis química, hemos caracterizado las propiedaes fotoquímicas 

de los nuevos compuestos, que deben comportarse como foto-

interruptores reversibles. Inicialmente probamos la actividad 

farmacológica de estos ligandos mediante ensayos de unión específica a 

los receptores muscarínicos en membranas cerebrales de ratas. 

Posteriormente, evaluamos la actividad de estos derivados de iperoxo in 

vitro con la técnica de complementación de luciferasa en células en cultivo 

que expresan el mAChR M1 humano.  

Por último, dimos una explicación de nuestros resultados farmacológicos 

mediante simulaciones computacionales de la unión entre ligandos y 

proteína, utilizando el modelo activo del receptor M1. 
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Resultados y discusión del Capítulo II 

En este primer estudio presentamos el fotocontrol de la actividad de los 

receptores muscarínicos utilizando la estrategia fotofarmacológica. 

Primero hemos demostrado que la extensión de iperoxo con azobenceno 

no compromete su actividad agonista. Este resultado no podía darse por 

supuesto y fue de fundamental importancia para el objetivo del proyecto. 

En el nuevo grupo de ligandos muscarínicos, solo el compuesto 

monovalente PI ha mostrado eficacia y potencia significativamente 

menores que el iperoxo. El perfil farmacológico de todos los demás 

derivados de iperoxo es comparable al del fármaco modelo. 

Nuestros resultados in vitro muestran que los ligandos bivalentes (IAI y F4-

IAI) son tan potentes como el iperoxo y pueden fotoconmutar 

farmacológicamente, a diferencia de los monovalentes (PI y F4-PI) que no 

muestran diferencias de actividad entre los fotoisómeros. En particular, 

los isómeros trans de IAI y F4-IAI han mostrado mayor potencia que sus 

formas cis. Estos resultados confirmaron la validez de la estrategia de 

extender la estructura de iperoxo con un grupo azobenceno para obtener 

ligandos que puedan fotocontrolar la actividad de los receptores 

muscarínicos.  

Nuestros estudios computacionales revelaron que la actividad 

fotoconmutable de los derivados de iperoxo bivalentes parece estar 

causada por interacciones adicionales con el sitio alostérico del receptor 

muscarínico. Por lo tanto, el diseño de los próximos derivados de iperoxo 

debería hacer mayor hincapié en los contactos de los ligandos con la 

porción alostérica del receptor, para optimizar así el fotocontrol de los 

receptores muscarínicos. 

Este estudio se ha publicado en el artículo: 

“Fluorination of Photoswitchable Muscarinic Agonists Tunes Receptor 

Pharmacology and Photochromic Properties.” Agnetta L., Bermúdez M., 

Riefolo F., et al. Journal of Medicinal Chemistry 2019 62 (6), 3009-3020. 

DOI: 10.1021/acs.jmedchem.8b01822.  
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CAPÍTULO III 

AGONISTAS MUSCARÍNICOS FOTOCONMUTABLES OBTENIDOS 

MEDIANTE HIBRIDACIÓN MOLECULAR DE LIGANDOS 

ORTOSTÉRICOS Y ALOSTÉRICOS.  

En este capítulo investigamos si se puede mejorar el fotocontrol de la 

actividad muscarínica favoreciendo las interacciones entre los derivados 

de iperoxo y el sitio alostérico del receptor. Para el diseño de los nuevos 

ligandos hemos explorado la "hibridación molecular", una estrategia 

emergente para descubrir nuevos fármacos y que consiste en combinar 

los farmacóforos de diferentes moléculas bioactivas en una única 

estructura química. El nuevo compuesto híbrido que se obtiene puede 

mostrar un perfil farmacológico que también es "híbrido", con una mayor 

afinidad, eficacia, selectividad o seguridad de los fármacos originales. Los 

agentes híbridos muscarínicos convencionales se denominan 

"dualstericos" y unen en la misma estructura molecular los elementos 

fundamentales de un potente agonista ortostérico y un ligando alostérico 

selectivo a subtipo.  

Entre los cinco subtipos muscarínicos, el receptor M2 constituye un 

prototipo esencial para estudiar el fenómeno del alosterismo de los 

GPCRs. Los agentes alostéricos W84 y Naphmethonium se han utilizado 

frecuentemente en combinación con Iperoxo para crear agonistas 

dualstéricos de M2. En este estudio, nos hemos centrado en los 

compuestos híbridos de M2 que han demostrado mayor eficacia 

farmacológica: Phthalimide-8-Iperoxo (P-8-Iper) y Naphthalimide-8-

Iperoxo (N-8-Iper). A partir de estas estructuras químicas hemos 

desarrollado los correspondientes derivados fotoconmutables, 

reemplazando las cadenas de octano que separan las porciones 

ortostéricas y alostéricas de los ligandos originales con azobencenos. Así 

hemos sintetizado y caracterizados fotoquímicamente Phthalimide-

Azobenceno-Iperoxo (PAI) y Naphthalimide-Azobenceno-Iperoxo (NAI) 

(Figura 2). PAI es el único que actúa como foto-interruptor farmacológico 

reversible, y hemos estudiado su actividad in vitro midiendo los cambios 

de calcio intracelular. Estos registros dan una indicación de la activación 

del receptor en células que sobrexpresan los receptores M2 humanos. Una 
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vez demostrado el fotocontrol de M2 in vitro, hemos explorado las 

aplicaciones de PAI in vivo como instrumento de investigación biológica y 

por su potencial en terapias fotorreguladas. 

  



287 
 

Resultados y discusión del Capítulo III 

La combinación de la estrategia de hibridación con la inserción de un 

azobenceno en la estructura química ha permitido crear un ligando 

muscarínico sensible a la luz y muy prometedor farmacológicamente. PAI 

activa los receptores M2 en su conformación trans y se puede 

fotoisomerizar con luz ultravioleta (365 nm) a la forma cis, que es menos 

activa. La isomerización inversa de cis a trans se obtiene utilizando 

longitudes de onda de 420-460 nm o luz blanca. 

Los receptores M2 están expresados en el corazón y su activación 

disminuye la frecuencia cardíaca. Por este motivo, los M2 se consideran 

una diana farmacológica para modular la función cardíaca. La 

fotorregulación espaciotemporal y reversible de funciones biológicas es 

una técnica que suscita mucho interés en el campo cardiovascular, en 

particular para enfermedades como la arritmia, en que las terapias clásicas 

como la estimulación eléctrica de los músculos cardíacos presentan varias 

e importantes limitaciones. Por lo tanto, la primera aplicación de PAI se 

centró en fotocontrolar la función cardíaca en dos modelos animales 

silvestres (renacuajo y rata). 

Este estudio se ha publicado en el artículo: 

“Optical Control of Cardiac Function with a Photoswitchable Muscarinic 

Agonist.” Riefolo, F. et al. Journal of the American Chemical Society 2019 

141 (18), 7628-7636. DOI: 10.1021/jacs.9b03505.  

En segunda instancia, nos hemos centrado en las funciones cerebrales 

fundamentales que están dirigidas por el sistema colinérgico. Los 

receptores muscarínicos están abundantemente distribuidos en los tejidos 

cerebrales. La neuromodulación colinérgica es compleja y puede asociarse 

directamente con patrones característicos de actividad neuronal en la 

corteza cerebral, generalmente llamados "ondas cerebrales" o "estados 

cerebrales". Estas actividades oscilatorias neurales son incesantes y se 

consideran como importantes marcadores de los comportamientos y 

estados mentales humanos. El sistema colinérgico y otros 

neurotransmisores endógenos cooperan para controlar las transiciones 

entre diferentes patrones de oscilación neural, y por tanto entre 

diferentes comportamientos.  
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La manipulación de tales ondas cerebrales no solo es interesante para la 

investigación en neurociencia, sino que también ofrece gran potencial en 

medicina como una estrategia terapéutica moderna contra diferentes 

trastornos neurológicos y neurodegenerativos. Con esta segunda 

aplicación de PAI hemos demostrado por primera vez la posibilidad de 

fotocontrolar las transiciones entre estados cerebrales, en rodajas 

corticales aisladas y en ratones no manipulados genéticamente. 

Los resultados de este trabajo se han enviado recientemente a una revista 

científica, y se reproducen en esta tesis en formato de manuscrito 

“preprint” que está depositado online con referencia: 

Control of brain state transitions with light. Barbero, A.*; Riefolo, F.* et al. 

bioRxiv 793927; doi: https://doi.org/10.1101/793927. *co-first authors.  

Hemos demostrado que PAI puede emplearse para fotocontrolar la acción 

de los receptores muscarínicos del corazón y del cerebro de animales 

vivos. Estos resultados abren la puerta a nuevas terapias contra la arrítmia 

y al estudio de los efectos colinérgicos en la cognición y el 

comportamiento. Además, la activación de PAI con luz infrarroja (dos 

fotones) permite salvar un importante obstáculo, la penetración profunda 

en tejidos biológicos sin causar daños, y hace posible aplicaciones no 

invasivas in vivo. En este sentido, se podría mejorar la capacidad de PAI de 

absorber dos fotones insertando un azobenceno fluorado puede ser 

considerado para ampliar sus aplicaciones fotofarmacológicas. Por otra 

parte, sería necesario simplificar los dispositivos ópticos de estimulación 

de dos fotones para miniaturizarlos y hacerlos más robustos, favoreciendo 

así las aplicaciones avanzadas de la fotofarmacología. 
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CAPÍTULO IV 

DESARROLLO DE ANTAGONISTAS MUSCARÍNICOS DE M1 

FOTOCONMUTABLES MEDIANTE “CRIPTO-AZOLOGUIZACIÓN” 

Paralelamente al desarrollo de los agonistas muscarínicos, también hemos 

investigado la creación de antagonistas foto-regulados. En este proyecto 

nos hemos centrado en los antagonistas del receptor M1, que se utilizan 

contra la úlcera péptica, y son terapias prometedoras para la enfermedad 

de Parkinson (EP), algunas formas de cáncer, o para reducir la mortalidad 

de cardiopatías isquémicas. Hemos elegido la pirenzepina como 

antagonista M1 modelo para diseñar nuestros derivados fotosensibles, 

debido a la su fascinante estructura química, perteneciente a la familia de 

las "estructuras privilegiadas". En general, estos medicamentos 

"privilegiados" contienen un sistema heterotricíclico en su estructura 

química y se han usado en medicina para muchos tratamientos diferentes. 

De toda manera, la baja selectividad de estos compuestos causa muchos 

efectos secundarios y toxicidad que han reducido su uso clínico.  

Diversos ligandos anticolinérgicos (pirenzepina, otenzepad, telenzepina, 

propantelina, AFDX-116 y metantelina) presentan un núcleo 

heterotricíclico acoplado a diferentes cadenas laterales que producen una 

moderada selectividad de subtipo entre los cinco receptores muscarínicos. 

Algunos de estos medicamentos se han comercializado para diferentes 

usos médicos, pero su perfil de seguridad ha limitado las aplicaciones 

terapéuticas. 

En este capítulo desarrollamos una nueva estrategia de diseño 

fotofarmacológico, la "criptoazologuización", que reemplaza el núcleo 

tricíclico de los fármacos privilegiados con diferentes azobencenos como 

foto-interruptores moleculares. Este método ofrece la ventaja de producir 

fármacos que son inactivos en la configuración trans, la más estable 

termodinámicamente. Solo al iluminar con la longitud de onda correcta se 

puede obtener el isómero cis que imita la geometría tricíclica del fármaco 

original y su efecto. 

Para demonstrar el potencial de esta nueva estrategia fotofarmacológica 

hemos desarrollado cuatro derivados de pirenzepina, llamándolos 
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"criptozepinas". Hemos estudiado la afinidad de estos nuevos compuestos 

por los receptores muscarínicos mediante ensayos de unión específica a 

los receptores muscarínicos en membranas cerebrales de ratas. Luego 

demostramos la actividad como antagonista fotoconmutable in vitro, 

registrando los cambios de calcio intracelular en células que 

sobreexpresan los receptores M1, y ex vivo en aurículas cardíacas. 
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Resultados y discusión del Capítulo IV 

En este estudio hemos validado la innovadora estrategia de "cripto-

azologuización" mediante el desarrollo de derivados foto-conmutables de 

la pirenzepina, un conocido antagonista de M1. Nuestros "criptoazólogos" 

han demostrado que modulan reversiblemente la actividad de los 

receptores muscarínicos, mostrando una fuerte inhibición después de 

iluminarlos (forma cis) in vitro y en aurículas cardíacas ex vivo. La 

"criptoazologuización" podría permitir la administración de fármacos 

inactivos (forma trans) y su activación con luz solo en la ubicación corporal 

deseada y en el momento necesario, limitando así los efectos adversos en 

otras regiones y órganos. Otra ventaja de esta estrategia es que el uso de 

azobencenos clásicos como foto-interruptores permite hasta diez 

diferentes funcionalizaciones químicas, pero manteniendo una cierta 

simplicidad sintética.  

Siguiendo el camino trazado por PAI, estamos aplicando las criptozepinas 

al control de las ondas cerebrales. En esta dirección, también serían 

relevantes las propiedades de estimulación infrarroja con láseres 

pulsados, que permitirían controlar su actividad anticolinérgica en 

presencia del neurotransmisor endógeno in vivo y de forma no invasiva. 

Se podría considerar la inserción de uno o más átomos de flúor en las 

posiciones orto del azobenceno para mejorar tanto su potencia 

farmacológica como la sección transversal de dos fotones del fármaco. 

Esta nueva estrategia de cripto-azologuización fotofarmacológica 

permitría optimizar la acción de muchos compuestos "privilegiados", por 

ejemplo mejorando la selectividad de los fármacos antidepresivos 

tricíclicos (ATC) mediante la foto-activación espacio-temporal. De este 

modo se podría reducir sus efectos secundarios y su toxicidad. 

Los resultados de este trabajo se han enviado recientemente a una revista 

científica, y se reproducen en esta tesis en formato de manuscrito: 

“Rational design of photochromic analogs of tricyclic drugs” Riefolo, F.; et 

al.  
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CAPÍTULO IV 

CONCLUSIONES 

El Capítulo II describe el desarrollo de derivados foto-regulados del 

agonista muscarínico Iperoxo, y muestra que: 

o El potente agonista muscarínico Iperoxo puede tolerar la extensión 

de su estructura con azobencenos sin cambiar su actividad original. 

o La funcionalización de los azobencenos con flúor mejora la potencia 

de los derivados de iperoxo. Esto parece deberse a contactos 

lipofílicos adicionales entre los átomos de flúor y los residuos de M1, 

como indican nuestros estudios computacionales. 

o Los agonistas fotoconmutables bivalentes (IAI y F4-IAI) han mostrado 

una mayor afinidad y potencia en los receptores muscarínicos que los 

monovalentes (PI y F4-PI), y también una actividad fotoconmutable 

más pronunciada. Este efecto probablemente se debe a interacciones 

en el sitio alostérico muscarínico que los bivalentes pueden hacer. Por 

lo tanto, una fuerte afinidad por los sitios alostéricos podría optimizar 

la fotofarmacología de esta clase de agonistas muscarínicos. 

El capítulo III presenta el desarrollo de agonistas híbridos foto-

conmutables del receptor M2. Los resultados muestran que: 

o La fusión de las estrategias de hibridación y azologuización da lugar a 

PAI, un fuerte agonista M2 en su forma trans que se puede 

fotoisomerizar a la forma menos activa cis con luz ultravioleta (365 

nm). La isomerización de cis a trans se obtiene con luz de 420-460 nm 

o blanca. Ambos isómeros de PAI tienen una excelente estabilidad 

térmica. 

o La activación de los receptores M2 del corazón disminuye la 

frecuencia cardíaca y prolonga el tiempo de conducción 

auriculoventricular. En este contexto, PAI permite fotocontrolar la 

función cardíaca in vivo, y ofrece nuevas oportunidades terapéuticas 

contra diversas cardiopatías. 

o Los receptores M2 del cerebro modulan varios procesos cognitivos, 

de aprendizaje, de la memoria, de las funciones sensoriales y 
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motoras. PAI permite controlar la actividad rítmica de la red cortical 

ex vivo y en ratones anestesiados. Estas propiedades son novedosas 

para la investigación básica en neurociencia e inspiran el desarrollo 

de nuevas terapias contra diversos trastornos cerebrales. 

o La excitación con dos fotones de PAI permite activarlo con luz 

infrarroja, que penetra profundamente en los tejidos biológicos y 

causa daños mínimos. Estos resultados abren la puerta a aplicaciones 

fotofarmacologicas in vivo de forma no invasiva. 

En el Capítulo IV, el desarrollo de antagonistas de M1 foto-regulados 

mediante método de la "criptoazologuización" demuestra que: 

o El azobenceno permite imitar el sistema tricíclico del antagonista M1 

pirenzepina. Esta estrategia de "criptoazologización" se podría utilizar 

para controlar la actividad de muchos otros fármacos tricíclicos con 

luz. 

o Los "criptoazólogos" de la pirenzepina que hemos desarrollado 

inhiben los receptores M1 con mayor potencia en el caso del 

fotoisómero cis, y lo hacen tanto in vitro como en las aurículas 

cardíacas ex vivo, demostrando la eficacia de esta estrategia. 
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