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1 | INTRODUCTION

Drug development efforts frequently fail because cell culture or small-
animal models do not adequately replicate human physiology (Cook

Abbreviations: DARPA, Defense Advanced Research Projects Agency; EHT, engineered heart
tissue; FDA, US Food and Drug Administration; HTS, high-throughput screening; iPSC,
induced pluripotent stem cell; iPSC-CM, iPSC-derived cardiomyocyte; iPSC-NC, iPSC-derived
neuronal cell; MEA, multi-electrode array; NCATS, US National Center for Advancing
Translational Science; OSKM, Oct3/4, Sox2, KIf4, and c-Myc; PDCD4, programmed cell
death protein 4; scRNA-seq, single-cell RNA sequencing.

Recent advances in human induced pluripotent stem cell (iPSC) technology may pro-
vide unprecedented opportunities to study patient-specific responses to anaesthetics
and opioids. In this review, we will (1) examine the advantages and limitations of iPSC
technology, (2) summarize studies using iPSCs that have contributed to our current
understanding of anaesthetics and opioid action on the cardiovascular system and
central nervous system (CNS), and (3) describe how iPSC technology can be used to
further develop personalized analgesic and sedative pharmacotherapies with reduced

or minimal detrimental cardiovascular effects.

anaesthetics, brain, cardiomyocyte, iPSC, ketamine, opioids, propofol

et al., 2014). The discovery by Nobel laureate Dr. Shinya Yamanaka
that activation of only four different transcription factors (Oct3/4,
Sox2, KIf4, and c-Myc; also known as “OSKM”) can transform termi-
nally differentiated somatic cells into induced pluripotent stem cells
(iPSCs) (Takahashi & Yamanaka, 2006) has enabled the unlimited gen-
eration of human iPSC-derived cardiomyocytes (iPSC-CMs) and neu-
ronal cells (iPSC-NCs), among other cells of interest. Historically,
these two cell types are difficult to obtain from humans and have lim-

ited accessibility for genetic, functional, and drug testing. To date,
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iPSC technologies have already led to new drug discoveries, but how
would it accelerate the progress towards precision medicine in anaes-
thesia, perioperative and pain medicine? To address this question, we
will first briefly describe the main receptor systems relevant to anaes-
thesia. In the next section, we will elucidate the current methods
available for anaesthetic drug development and testing using iPSC-
CMs and iPSC-NCs. In the concluding section, we will use the previ-
ously described receptor systems as examples of how iPSC-CMs and
iPSC-NCs can be utilized to evaluate anaesthetic drugs and to dis-
cover individualized drug reactions. We will focus on cardiomyocytes
and neuronal cells, as they are among the most relevant cells in deter-
mining immediate and long-term outcomes of patients after surgery.

2 | BACKGROUND

For the past several decades, development of new anaesthetics has
stagnated for at least two reasons: (1) Finding new small molecules or
compounds with the potential to induce anaesthesia has been chal-
lenging, and the development of new drugs is both time consuming
and costly. (2) Anaesthesia has been considered safe and served its
designated purpose well (i.e., inducing unconsciousness during medi-
cal procedures). However, the analysis of improved electronic medical
records (EMRs) revealed that anaesthetic and pain medications might
have unforeseen side effects as the following examples illustrate:

e Anaesthetics have been shown to negatively affect postoperative
brain function in elderly patients (Hardcastle et al., 2019) and
increase postoperative delirium (Shaw et al., 1987; Shi et al., 2019;
Sprung et al, 2017) (for review, see Mahanna-Gabrielli
et al., 2019). In addition, these drugs are suspected to be associated
with congenital heart disease and brain defects as well as autism
spectrum disorders (Brambrink et al., 2010; Davidson et al., 2016).

e Individual responses to anaesthetics and pain medications may
depend on genetic differences. For instance, while the number and
type of Na® channels expressed within the dorsal ganglion may
explain the diverse response to analgesics in chronic pain patients
(Chang et al., 2018; Meents et al., 2019), other patients suffer from
a condition labelled as “triple low” (i.e., patients presenting with low
BP and low cerebral electrical activity despite being exposed to a
low concentration of anaesthetics) that increases perioperative
morbidity and mortality (Sessler et al., 2012, 2019). These associa-
tions suggest a strong link between pharmacogenetics and periop-

erative cardiovascular and cerebral outcome.

Patients frequently take more than 10 different medications at
the time when anaesthetics are administered (Reynolds, Pierce,
Weitendorf, & Linder, 2017), which raises concerns about drug-drug
and/or gene-drug interactions. It appears that perioperative outcome
worsens in patients receiving a multitude of home medications
(Mclsaac, Wong, Bryson, & van Walraven, 2018). Therefore, personal-
izing medicine may reduce adverse side effects by avoiding unwanted

drug-drug interactions.

By collecting somatic cells, for instance from peripheral blood or
skin biopsy, directly from a patient and reprogramming those cells into
iPSCs, any desired somatic cells with the patient's genetic information
can then be differentiated. While genetic testing will provide some
information about the genetic variant leading to a patient-specific
phenotype, these results are often confounded by a variant of
unknown significance for certain pathogenicity. For example, investi-
gators have used iPSC and genome editing technologies to help clas-
sify variants of unknown significance as either pathogenic in long QT
syndrome (Garg et al., 2018) or benign in hypertrophic cardiomyopa-
thy (Ma et al., 2018). These examples illustrate how iPSC can be used
to identify patient-specific variance resulting in clinical phenotypes. In
addition, patient-specific iPSC derivatives can be exposed to a range
of drugs to detect drug-drug and/or drug-gene interactions (Lau,
Paik, & Wu, 2019), test new anaesthetic compounds (Chang
et al., 2020), complement gene-editing strategies (Christidi, Huang, &
Brunham, 2018), and discover new potential drug targets (Paik,
Chandy, & Wu, 2020) (Figure 1). Multiple commercially produced
human iPSC-CM and iPSC-NC lines are currently available (Table 1).
Nevertheless, individualized drugs and treatment plans should be
based on studies of iPSCs from a specific patient rather than a uni-
form iPSC stock, to achieve personalized patient care.

Using iPSCs to understand how anaesthetic drugs affect cardiac
and neuronal cells is extremely valuable because anaesthetic
receptor-ligand interactions are overly complex. Typical allosteric
modulators can either enhance or diminish receptor signalling in
response to an anaesthetic, but new drugs may act on both allosteric
and orthosteric binding sites (Wisler, Rockman, & Lefkowitz, 2018).
Receptor homodimers may also react differently to drugs than
heterodimeric  receptors (Cechova, Lan, Barthes, Jung, &
Ulbrich, 2020). Finally, many of these receptors exhibit tissue-specific
expression and multiple splice variants (Barker et al., 1993; Knierim
et al., 2019; Michel et al., 2014) (Figure 2).

A comprehensive review of all receptors and ion channels within
the cardiomyocytes and neuronal cells is beyond the scope of this
review. Instead, we will use three major receptor systems - Gamma-
aminobutyric acid (GABA) receptors, N-Methyl-d-aspartate (NMDA)
receptors, and G-protein coupled receptors (GPCRs) - (Figure 3) to
illustrate how iPSC-CMs and iPSC-NCs have been used to evaluate

the toxicity and function of anaesthetic drugs.

2.1 | GABA, receptors

Most of the commonly used hypnotics such as propofol, or volatile
anaesthetics, such as isoflurane, mediate their effect via GABAA
receptors, a pentameric ligand-gated ion channel assembled from dif-
19 different (Olsen &
Sieghart, 2009). The response to ligands depends on subunit composi-

ferent subunits encoded in genes
tion (i.e., a2By2 subunits: anxiolytic effect of diazepam; a5py2 sub-
units: learning and memory, Olsen & Sieghart, 2009) and cell or tissue
type. After binding of the anaesthetic, a central pore within the recep-

tor opens, which increases chloride conductance and hyperpolarizes
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TABLE 1 Commercially available ESC and iPSC lines for in vitro cell-based anaesthesia studies
Cell type Drug
NSC/NPC Dynorphin, U50,488
ESC-derived NC (H1 cell line, WiCell Res. Isoflurane
Institute) Propofol
Propofol
Ketamine
iPSC-derived dopaminergic neurons, ReNcell®  Ketamine
iPSC-NC (iCell®) Diazepam
iPSC-CM (ReproCardio2®) Propofol

iPSC-CM (iCell®)
lidocaine

Milrinone, citalopram, nifedipine,

Function OPRK1 (Sheng et al., 2007)

Neurogenesis GABAA (Zhao et al., 2013)

Cytotoxicity GABA, (Twaroski et al., 2014)

Cytotoxicity GABAA (Twaroski et al., 2015)

Cytotoxicity NMDA (Bosnjak et al., 2012)

Cytotoxicity NMDA (Ito et al., 2015)

Receptor GABAA (Yuan et al., 2016)
expression

Toxicity GABAA (Kido et al., 2018)

EHT function Multiple (Mannhardt et al., 2017)

Abbreviations: EHT, engineered heart tissue; NPC, neuronal progenitor cell; NSC, neuronal stem cell; OPRK1, k-opioid receptor.

the post-synaptic membrane (Garcia, Kolesky, & Jenkins, 2010;
Nourmahnad et al., 2016). Functional GABA, receptors are consid-
ered a hallmark of mature iPSC-NCs (Badja et al., 2014).

2.2 | NMDA receptors

Blockade of NMDA receptors by certain anaesthetics (e.g., ketamine,
nitrous oxide, and methadone) plays a crucial role in preventing post-
operative chronic pain. The NMDA receptor is a Ca?*-conducting glu-
tamate receptor mainly located within the central nervous sytem
(CNS), although some forms of it are abundant within the cardiovascu-
lar system (Leung et al., 2002). NMDA receptors assemble as obligate
heteromers that may draw from GIuN1, GIuN2A, GIuN2B, GIuN2C,
GIuN2D, GIuN3A, and GIuN3B subunits (Alexander, Mathie,
et al, 2019). Depending on where they are expressed, NMDA

receptors can promote cell survival, cause cell death, contribute to
neurodegeneration, or play a role in vascular remodelling that is asso-
ciated with pulmonary hypertension (Dumas et al., 2018). While syn-
aptic NMDA receptors are believed to promote cell survival, recent
data suggest that the activation of extrasynaptic NMDA receptors
might cause cell death and could be involved in neurodegenerative
diseases such as Alzheimer's disease (Hardingham & Bading, 2010).
NMDA receptors have recently gained attention with reports that
blockade by the anaesthetic ketamine improved treatment-resistant
depression (Y. Yang, Cui, et al., 2018).

2.3 | GPCRs

Most perioperative prescribed medications (i.e., opioids, antiemetics,

and vasopressors) mediate their effects through GPCRs. This highly
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FIGURE 2 iPSC technology allows the study of anaesthesia-relevant receptors on human iPSC-derived cardiomyocytes (iPSC-CMs) and
iPSC-derived neuronal cells (iPSC-NCs). These cells reflect the cell type-specific receptor expression profile of individual patients. The iPSC
technology can also be used to determine cell-type-specific isoforms of receptors, as well as receptor co-localization and clustering

(i.e., homodimerization or heterodimerization), allosteric modulation, and cell-type-specific receptor densities. This Figure shows a schematic
expression of GABA receptors, NMDA receptors, and/or GPCR opioid receptors in iPSC-CMs and iPSC-NCs to illustrate potential patient- and
tissue-specific signalling and receptor differences

Hypnosis Analgesia
Midazolam Propofo Ketamine Moperidne  Heroin
Lorazepam Volatile anaesthetics Methadone Hydromorphone ~ Oxymorphone
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FIGURE 3 Hypnotic and analgesic properties of common anaesthetics are mediated through three receptor systems: GABA receptors,
NMDA receptors, and/or GPCR opioid receptors

been associated with dilated cardiomyopathy (Wu et al., 2015), hyper-
trophic (Han et al., 2014; Lan et al., 2013), arrhythmogenic right ven-
tricular (Kim et al., 2013), and diabetic cardiomyopathies (Drawnel

diverse group of more than 1,000 different receptors regulates a wide
array of intracellular signalling pathways. iPSC-CMs express GPCRs
similar to those of native cardiomyocytes, and GPCR signalling has
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et al., 2014). iPSC-CMs might be an excellent model to study
anaesthetic-induced cardiomyopathies. Similarly, GPCRs, particularly
opioid receptors, have been well described within different brain
regions (Bachmutsky, Wei, Kish, & Yackle, 2020; Kieffer, 1999; Peng,
Sarkar, & Chang, 2012), and in situ hybridization and microarray data
revealed the expression of neuropeptides and their corresponding
GPCR within different human brain regions (i.e., Allen Brain Atlas,
Hawrylycz et al., 2012). Since iPSCs express a variety of GPCRs, they
constitute an ideal platform to study GPCR function using multiple
biosensors (for in-depth reviews, see Kauk & Hoffmann, 2018; Lohse,
Nuber, & Hoffmann, 2012) or to develop tissue-specific drugs with
fewer unwanted side effects.

In summary, human iPSC-CMs and iPSC-NCs have been used in a
wide range of applications, from monolayers or co-culture systems to
complex organoids. The different testing modalities are discussed in

the next paragraph.

3 | PHARMACOLOGICAL TESTING IN iPSC-
CMs AND iPSC-NCs

The pharmacological profile of a compound differs depending on
whether a 2D monolayer or a 3D tissue/organoid platform will be
used as microenvironmental signals can boost somatic plasticity,
metabolism, function, and cell survival (Caiazzo et al., 2016; Luca
et al., 2013). The following sections will review techniques to evaluate
iPSC-CMs and iPSC-NCs for pharmacological testing. While 3D tis-
sues describe iPSC-derived simple cell structures aligned in certain
porous 3D scaffolds fabricated with hydrogels (i.e., engineered heart
tissue [EHT], Zimmermann & Cesnjevar, 2009), 3D organoids are
defined as tiny, self-organized, three-dimensional tissues reflecting
the cell composition and function of an organ such as a heart or brain
(Liu, Oikonomopoulos, Sayed, & Wu, 2018; Xia & Izpisua
Belmonte, 2019) in which the interactions between multiple different
cell types can be evaluated. The advantage of 3D tissues consists of
its scalability for high-throughput screening (HTS) in contrast to 3D
organoids which better reflect organ-specific cell organization and
cell-cell interaction.

3.1 | iPSC-derived cardiovascular
cells/tissues/organoids

Using gene-editing strategies, iPSC-CMs have been generated that
mimic diverse genetic cardiovascular disorders (Chang et al., 2016;
Davis et al., 2016; Liang et al., 2016; Paci, Passini, Severi, Hyttinen, &
Rodriguez, 2017; Sun et al.,, 2012; Wu et al., 2015; K.-C. Yang,
Breitbart, et al., 2018). Depending on the differentiation protocol,
functional iPSC-CMs (i.e., contracting cells) can be detected within
7-9 days of differentiation (Burridge, Holmstrém, & Wu, 2015).
Unfortunately, these cells are relatively immature (see Sayed, Liu, &
Wau, 2016) and require an additional 90-120 days to express a more
adult-like phenotype (Ebert et al., 2019). The maturation process has
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been successfully expedited either by exposure to mechanical stress
(Abilez et al., 2018; Leonard et al., 2018) or by adjusting culture condi-
tions (i.e., using conductive biomimetic surface materials, Wang
et al., 2017). The resulting changes in myofibril ultrastructure, Ca?*
handling, and electrophysiological properties need to be considered in
pharmacological or toxicological studies. A variety of different assays
and tests have been developed to describe iPSC-CM function, as
described below.

Perioperative medications often affect a multitude of cardiovas-
cular ion channels, thereby directly influencing electrophysiological
properties of a variety of cardiac cells. Preclinical assessment of drug-
drug or drug-gene interactions altering QTc duration is essential as
QTc prolongation constitutes a critical benchmark during drug devel-
opment (Blinova et al., 2019). Many methods, including the use of
patch-clamp techniques (Neher & Sakmann, 1976) and different fluo-
rescence dyes for HTS (Bedut et al., 2016; Lee et al., 2012; Shinnawi
et al,, 2015), have allowed investigators to record electrophysiological
changes of iPSC-CMs. For example, ACEA Bioscience recently intro-
duced a CardioECR platform that combines a multi-electrode array
(MEA) and contractility measurements for comprehensive excitation-
contraction coupling analysis (Guo, Eldridge, Furniss, Mussio, &
Davis, 2015). While this system was limited to short-term recordings,
newer approaches, based on nanomeshes, now allow investigators to
record electrical properties of iPSC-CMs over 96 h (Lee et al., 2019).

While measuring the contractility of iPSC-CMs in 2D culture is
well described (Burridge, Sharma, & Wu, 2015; Zhang et al., 2019),
EHT platforms require different measurement methods. Hydrogel-
based traction force microscopy (Xie, Hawkins, & Sun, 2017) and the
deflection of microposts of a polydimethyl-siloxane micropost array
are currently used to calculate contractile force (Beussman
et al., 2016). Recent advances in microscopy and visual data analysis
allow investigators to monitor fluorescently tagged sarcomere move-
ments of pharmacologically challenged or genetically altered iPSC-
CMs (Toepfer et al., 2019). The introduction of piezo-bending actua-
tors will make EHTs more suitable for drug HTS (Mannhardt,
Warncke, Trieu, Mdiller, & Eschenhagen, 2019).

More recently, microphysiological (“heart-on-a-chip”) systems
have been developed, allowing the study of structure and function of
native tissues in vitro. With the evolvement of multi-material 3D
printing, Lind et al. (2017) assembled microchips to study contractile
development and electrophysiology in iPSC-CMs. These microchips
can be produced in a programmable microfabrication process, which
will allow high-throughput tissue engineering for toxicology and drug
screening purposes in the future (see Liu et al., 2018). The importance
of this technology becomes evident by the fact that the US National
Center for Advancing Translational Science (NCATS) developed part-
nerships with the US Food and Drug Administration (FDA) and the
Defense Advanced Research Projects Agency (DARPA), providing $76
million over 5 years for developing and validating compounds, assays,
and biomarkers in microphysiological systems (Sutherland, Fabre, &
Tagle, 2013).

As the quality of bioprinting improves (see Moroni et al., 2018),
the generation of 3D electro-mechanically coupled, fluid-ejecting
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miniature ventricle-like cardiac organoid chambers (Li et al., 2018) and
vascularized cardiac and brain organoids are becoming available
(Bordoni et al., 2018; Cakir et al., 2019; Mansour et al., 2018).

These new techniques may soon allow us to study anaesthetics in
progressively more sophisticated human heart tissues that more
closely reflect natural cellular and mechanical properties.

3.2 | iPSC-derived neuronal cells/tissues/organoids

Although most tests conducted in iPSC-CMs are also applicable with
slight modifications in iPSC-NCs, electrophysiological studies in iPSC-
CMs and iPSC-NCs differ significantly. Human iPSC-CMs build a
homogenous syncytium of similar cells and mainly transfer electrical
signals via gap junctions and voltage-gated ion channels (Stoppel,
Kaplan, & Black, 2016). By contrast, mature neuronal cells send their
projections to a variety of different cell types and mainly communi-
cate through synapses within complex neuronal networks. Functional
3D neuronal networks comprising astrocytes, oligodendroglia, and
neurons have been described (Izsak et al., 2019). The cell heterogene-
ity makes it harder to assess genetic and electrophysiological proper-
ties, but newer techniques (i.e., “Patch-seq,” combined patch-clamp
electrophysiological measurement and single-cell RNA sequencing
[scRNA-seq; Fuzik et al., 2016], HTS [McKeithan et al., 2017; Sharma
et al, 2017], Ca®' screens [Jones & Bunnage, 2017; Stacey
et al, 2018], and 3D tissue chips [Spira, Shmoel, Huang, &
Erez, 2018]) may help to solve some of these challenges.

Through modifying culture conditions, iPSC-derived neurospheres
(Lancaster et al., 2013; Pacitti, Privolizzi, & Bax, 2019) can be differen-
tiated into a variety of different brain regions (Jo et al., 2016; Qian
et al., 2016). Neurospheres cultured in cell suspension have been
directly differentiated into cortical cells (Pasca et al., 2015), cerebellar
cells (Muguruma, Nishiyama, Kawakami, Hashimoto, & Sasai, 2015),
hippocampal-choroid plexus organoids (Sakaguchi et al., 2015), and
human forebrain structures with reproducible numbers and diversity
of neuronal cells types (Velasco et al., 2019). Although these
organoids are already being used successfully to develop pharmaco-
logical tests and drugs to counteract neurodegenerative diseases
(Choi et al., 2014; Park et al, 2018) and cerebral malignancies
(Plummer et al., 2019), the technology remains underutilized for test-
ing new anaesthetics and analgesic drugs (Table 1). Recently, an opti-
cal screening tool was able to test 5,215 bioactive compounds for
their specific effects on biological pathways and molecular targets by
automatically determining nuclear and neurite characteristics
(Sherman & Bang, 2018). In addition to expected hits (i.e., kinase
inhibitors), these investigators discovered that the Na*-channel
blocker dibucaine activated and the §-opioid receptor blocker BNTX
inhibited neurite growth.

A unique subtype of neuronal organoids reflects the blood-brain
barrier, which is a cellular structure built of pericytes, astrocytes, and
neurons that protects the brain from circulating toxins or pathogens,
while allowing vital nutrients to reach cerebral structures. As the
blood-brain  barrier communicates

directly with  specified

microvascular endothelial cells (Campisi et al., 2018), it is a substantial
barrier to overcome for potential new anaesthetics. Therefore, iPSC-
derived blood-brain barrier-forming experimental models are of par-
ticular interest (Jamieson, Linville, Ding, Gerecht, & Searson, 2019)
because they allow the study of transporter proteins responsible for
transfer of molecules and drugs such as opioids (Chaves, Remiao,
Cisternino, & Decleves, 2017). With the rapid advancement of organ
chip technology (Vatine et al., 2019), iPSC-derived neuronal-vascular
units (Campisi et al., 2018; Park et al., 2019) are becoming readily

available to study these mechanisms.

4 | USINGiPSCTECHNOLOGYTO
EVALUATE ANAESTHETIC AGENTS IN
CARDIOVASCULAR AND NEURONAL
TISSUES

As discussed above, iPSC technology has facilitated the development
and validation of new agents in different medical specialities but has
been limited in use for perioperative medicine. By focusing on the
receptor systems described above, the following section highlights
the use of iPSC technology for evaluating anaesthetic effects on car-

diovascular and neuronal tissues (Figure 4 and Table 2).

4.1 | GABA, receptors

Propofol is by far the most often used intravenous anaesthetic acting
on GABA, receptors. Despite its favourable safety profile, administra-
tion of high doses of propofol for prolonged period of time has been
associated with a life-threatening condition called “propofol infusion
syndrome” (Hemphill, McMenamin, Bellamy, & Hopkins, 2019).
Propofol-induced mitochondrial dysfunction has been proposed as a
key mechanism. Kido, Ito, Yamamoto, Makita, and Uchida (2018)
iPSC-CMs  with  different
(0-50 pg-ml‘l) for 48 hours and measured mitochondrial function. At

treated propofol  concentrations
concentrations above 10 pg-ml_l, propofol caused mitochondrial dys-
function while higher concentrations induced apoptosis.

Effects of different intravenous anaesthetics on cell survival and
proliferation have been studied using human embryonic stem cell
(ESC)-derived neurons (Twaroski, Yan, Olson, Bosnjak, & Bai, 2014). In
this case, propofol induced cell death via down-regulation of
microRNA-21 and up-regulation of sprouty 2. This observation was
followed by experiments demonstrating propofol-induced up-
regulation of programmed cell death protein 4 (PDCD4), which consti-
tutes a direct target of microRNA-21 (Twaroski et al., 2015). These
studies point to the importance of microRNAs in preventing
anaesthetic-induced neurotoxicity (Jiang et al., 2014; Xu et al., 2015).
However, the BP reducing and cardiodepressive effects of propofol
are concerning, especially in elderly and critically ill patients. There-
fore, other, new, hypnotics are needed. To test one such new com-
pound KSEB01-S2 (a potent GABA, receptor ligand), investigators
used patient-derived iPSC-CMs and demonstrated that KSEBO1-S2
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FIGURE 4 While human cardiac and
neuronal cells are usually not directly
accessible for new drug testing,
reprogramming patient-specific somatic
cells to iPSC-CMs and iPSC-NCs can
facilitate genetic, functional, and/or
morphological studies. While assays using
single-cell preparations are simple in
design and may provide maximum insight
into biochemical processes, experimental
models using engineered tissues increase
in complexity and allow more
physiological assessments
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reduced cardiomyocyte function less than (Chang

et al., 2020). These data acquired in human tissue are important to

propofol

pave the way towards future clinical testing.

Volatile anaesthetics (i.e., isoflurane, sevoflurane, and desflurane)
also exert their hypnotic ability at least to some degree through
GABA, receptors. Increasing concerns of potential neurotoxicity (Diaz
et al,, 2016) led to studies using commercially available human neural
progenitor cells to study the effects of prolonged exposure to volatile
(Zhao
et al., 2013). Using Ca%*-sensing fluorescent probes, these investiga-

anaesthetics on neuronal survival and neurogenesis
tors demonstrated that isoflurane induced moderate cytosolic Ca%*
concentrations and protected neuronal progenitor cells while higher
concentrations resulted in cell death (Zhao et al., 2013). Another study
used neuronal progenitor cells and determined that inhibition of the
JNK signalling pathway protects against sevoflurane-mediated cell
death (Z. Yang et al, 2017). These studies illustrate the value of
human iPSC-CMs and iPSC-NCs for determining the impact of anaes-
thetics on both cell viability and function, especially when screening

protocols include multiple test conditions.

4.2 | NMDA receptors

Multiple anaesthetics (e.g., ketamine, nitrous oxide, and methadone)
mediate their hypnotic effect through NMDA receptors. Among
those, ketamine has been studied most often in iPSC-NCs. Its unex-
pected emotion-stabilizing effect and frequent clinical usage as poten-
tial anti-depressant raised questions about long-term safety. Recently,
iPSCs were differentiated into floor plate-derived midbrain dopami-

nergic neurons to evaluate whether the ion channel AMPA receptor

and its subunits, GIuR1 and GIuR2, play a role in modulating the anti-
depressant effect of ketamine (Collo, Cavalleri, Chiamulera, & Merlo
Pich, 2019). Importantly, ketamine increased the structural plasticity
and expression of both receptor subunits, suggesting that a new
NMDA receptor-independent mechanism may be responsible for the
positive “side effect” of ketamine. This example demonstrates the util-
ity of using iPSC technology to discover new drug mechanisms, which
might lead to new indications. Despite its positive effect, ketamine
may also increase the production of ROS, accompanied by increased
release of mitochondrial cytochrome C and nuclear DNA fragmenta-
tion (Bai et al., 2013). This effect might be dose-dependent, as keta-
reduced ATP
NADH/NAD" ratio at lower concentrations but resulted in mitochon-

mine administration levels and increased the
drial dysfunction, caspase activation, and subsequent cell death at
higher concentrations and long-term exposure (Bai et al., 2013; Ito,
Uchida, & Makita, 2015). Collectively, these data expand our knowl-

edge about a relatively “old” drug by using human iPSC-NCs.

4.3 | GPCRs

Opioids are by far the most prominent GPCR ligands in the periopera-
tive setting. While the effect of opioids on rodent ESCs has been
shown multiple times, human stem cells have been rarely tested. The
endogenous k-opioid receptor ligand dynorphin was shown to
increase neuronal progenitor migration and proliferation (Sheng
et al., 2007). The iPSC technology can also be used as a tool to under-
stand individualized response to opioids. The p-opioid receptor gene
(OPRM1) A118G single nucleotide polymorphism (SNP rs1799971)
encoding receptor variant has been associated with opioid addiction.
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By replicating the corresponding gene defect in iPSC-NCs, investiga-
tors detected a robust decrease of synaptic function in response to
different opioids (Halikere et al., 2019). These results were confirmed
in iPSC-NCs generated from different individuals, suggesting that the
SNP rs1799971 alone is responsible for a decreased opioid-mediated
neurotransmitter release and may be a key component of opioid
addiction.

In a similar approach, investigators generated dopaminergic iPSC-
NCs from opioid-dependent patients (Sheng et al., 2016a,b). Surpris-
ingly, these iPSC-NCs expressed fewer D, receptors compared to
control patients, which is critical as the dopaminergic system is a
major substrate of reward and reinforcement for addictive drugs.
These examples show how the iPSC technology can reveal genetic
variances affecting individual responses to anaesthetic medications.
By finding these critical genetic targets, future drugs may be better
able to target only beneficial receptor variations while avoiding

mutated receptors (Table 2).

5 | LIMITATIONS OF iPSC TECHNOLOGY

Even though introduced over a decade ago, iPSC technology still has
some roadblocks to overcome before its full perioperative application.
iPSCs are generally less mature than their natural counterparts: iPSC-
CMs start to beat after 7-9 days (Burridge, Holmstrém, & Wu, 2015)
but might require another 90-120 days to express an more mature-
like phenotype (Ebert et al., 2019). Similarly, although the develop-
ment of complex neuronal networks (Quadrato et al, 2017) in
organoids has been reported to replicate remarkably well early in vivo
brain development, these tissues reflect brain structures at the mostly
late mid-fetal period (19-24 gestational weeks) (Pasca et al., 2015;
Qian et al., 2016). Although the study in human-derived tissue pro-
vides clear advantages over animal studies, behaviour studies essential
for the interpretation of medications acting on the CNS are not feasi-
ble with iPSCs. Interestingly, when studying electroencephalograms
from cortical organoids and human fetal brains, organoids displayed a

1. Identification of suitable patients
Preoperative assessment clinic:_

@

- Elective surgery
- Repeated surgeries
- High-risk patients

Primary care physician:
Selection of patients by

- Age >40 years

- Pre-existing conditions

o High-throughput

= e

FIGURE 5

2. Identification of optimal drugs
Reprogramming of somatic cells into iPSC 2+

Differentiation into iPSC-CM and iPSC-NC

rn drug testing

Possible clinical scenarios for the use of iPSC technology in perioperative care: (1) Patients might either be identified directly
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more variable trajectory than human brains, whereas the developmen-
tal pattern over time was similar between both (Trujillo et al., 2019).
These data suggest that neuronal networks derived from iPSC-NCs
do not precisely reflect human brain development in vivo, but the
trends appear to be similar. In addition to new methods for increasing
maturation and vascularization of brain organoids, several groups have
started to study the interaction between different cell types within
organoids (Bagley, Reumann, Bian, Lévi-Strauss, &
Knoblich, 2017; Quadrato et al., 2017) and neuro-skeletal junction
(Marton et al., 2019; Swartz et al., 2020). Integrating human iPSC-
derived cerebral organoids into rodents will further facilitate our

cerebral

understanding of how vasculature and circulating cells interact with
brain tissue (Cakir et al., 2019; Mansour et al., 2018). Therefore, with
the advancements in biotechnology and bioengineering, we may over-
come these limitations, and the clinical translation may occur sooner

rather than later.

6 | POSSIBLE CLINICAL APPLICATION

Despite the current limitations, iPSC technology might help soon to
address conditions such as postoperative vomiting or delirium or
uncontrolled hypotension based on patient-specific genetic condi-
tions. Several pathways would allow the use of patient-specific iPSCs
as an optimization tool for perioperative care (Figure 5). One scenario
could include collecting the blood of healthy patients well before any
surgical or medical procedure by their general physician (i.e., patient
reaching a certain age or suffering from a positive family history of
inherited disease susceptibility). Reprogramming of collected somatic
cells and differentiation into iPSC-CMs or iPSC-NCs would then allow
for testing of multiple medications and combination of medications to
identify the most advantageous drug profile with the fewest side
effects. In a second scenario, patients would be seen in the periopera-
tive assessment clinic where their blood cells would be reprogrammed
and differentiated into iPSC-derived somatic cells for testing of the
most advantageous drug combination usable in planned upcoming

3. Personalized drug treatment

Months after blood collection
Personalized anaesthesia treatment
(e.g., opioids,volatile

and local anaesthetics, —
and antiemetics)
Years after blood collection
Personalized drug treatment

- (e.g., statins, ACE-inhibitors,
and anti-depressants)

.= Long-term
storage

before a planned surgical procedure in the preoperative assessment clinic or (without planned procedure) at a regular visit at the primary care
physician if the patient presents with specific selection criteria. (2) In both cases, blood will be drawn, iPSC-CM and iPSC-NC generated and
tested for the best possible drug combination for each individual. Cells might also be cryopreserved for future testing. (3) Patients will receive a
specialized cocktail of anaesthesia/intensive care medications with the most beneficial cardiac and neuronal risk profile. Later drug therapy can be
optimized by selecting medications (e.g., statins, ACE-inhibitors, or anti-depressants) with a minimal risk profile based on the prior testing on
iPSCs. iPSC-CM, iPSC-derived cardiomyocyte; iPSC-NC, iPSC-derived neuronal cell
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surgical and perioperative care period. In both scenarios, generated

iPSCs or derived somatic cells could be cryopreserved for later testing.

7 | CONCLUSIONS

Anaesthesia-related drugs have largely remained the same for the past
50 years. Although iPSCs are a valuable tool in the arsenal of pharma-
cologists and clinicians to test drugs in an HTS and personalized man-
ner, the generation and maintenance of iPSC-CMs and iPSC-NCs is
still challenging. Nevertheless, recent paradigm-shifting developments
in iPSC and tissue engineering technologies can be used to shorten
the time of drug development and to create the next generation of

improved anaesthetic agents.

7.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
(http://www.guidetopharmacology.org) and are permanently archived
in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander,
Christopoulos, et al., 2019; Alexander, Mathie, et al., 2019).
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