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ABSTRACT

Pharmacological activation of az-adrenoceptors is known to induce a characteristic
pattern of pharmacodynamic responses including sedation, bradycardia, initial
hypertension followed by hypotension, hypothermia and analgesia. Thus, oo-
adrenoceptor agonists have several therapeutic applications e.g. as analgesics and
sedatives. az-Adrenoceptor agonists, administered either by intrathecal (i.t.) or
epidural injections, are potent analgesics in humans. However, at antinociceptive
doses, some of these agents e.g. clonidine, the prototype az-adrenoceptor agonist
with lipophilic properties, may produce pronounced systemic adverse effects such
as hypotension, bradycardia and sedation. Fadolmidine is a polar az-adrenoceptor
agonist especially developed for locally effective spinal analgesia.

This study is a part of the nonclinical development and characterization of
fadolmidine for spinal analgesia. These in vivo studies revealed that fadolmidine is
a potent analgesic after epidural and especially after i.t. administration in rats and
dogs. At analgesic doses in rats/dogs, i.t. fadolmidine induced minor effects on blood
pressure concomitantly with a decrease in heart rate. At high spinal doses,
fadolmidine induced sedation, hypothermia and a mydriatic response in rats. In
contrast, two established oz-adrenoceptors agonists, dexmedetomidine and
clonidine, exerted those adverse effects already at analgesic doses. After i.t. dosing,
the concentration of fadolmidine in plasma was very low in rats. With i.t. infusion,
fadolmidine achieved a good analgesic effect without evoking cardiovascular side
effects, e.g. hypotension in dogs. Co-administration of i.t. fadolmidine with a local
anaesthetic bupivacaine enhanced sensory-motor block in rats and dogs. This
interaction of the analgesic effect was synergistic.

This study provides novel data about pharmacological properties of fadolmidine
for further development for use in spinal analgesia.

KEYWORDS: ax-Adrenoceptor agonist, fadolmidine, spinal analgesia
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TIVISTELMA

az-Adrenoseptoreiden kautta elimistdssé vélittyy useita fysiologisia vasteita. Niiden
farmakologinen aktivaatio aiheuttaa esimerkiksi sedaatiota, syddmen sykkeen
laskua, verenpaineen nousua ja laskua, hypotermiaa ja analgesiaa. oz-Adreno-
septoriagonisteja kédytetdfinkin mm. kivunlievityksessi ja rauhoitteina. Selkdytimeen
tai epiduraalitilaan annettuna az-adrenoseptoriagonistit ovat tehokkaita kipua
lievittdvid ladkeaineita ihmiselld. Kuitenkin kipua lievittivilld annoksilla esim.
laajasti kéytetty rasvahakuinen ar-adrenoseptoriagonisti, klonidiini, voi aiheuttaa
haittavaikutuksia koko elimiston tasolla kuten verenpaineen ja syddmen sykkeen
laskua seka visymysté. Fadolmidiini on polaarinen az-adrenoseptoriagonisti, joka on
kehitetty erityisesti paikalliseen spinaalianalgesiaan.

Tama4 tutkimus on osa fadolmidiinin nonkliinisté selvitysty6td ja tuotekehitysta
spinaalianalgeettista kayttod varten. /n vivo -tutkimuksissa rotalla ja koiralla
fadolmidiini osoittautui tehokkaaksi kipua lievittdvéksi 1ddkeaineeksi epiduraalisesti
ja erityisesti intratekaalisesti annettuna. Kipua lievittdvilld annoksina fadolmidiinilla
on vain vihén verenpainevaikutuksia sekd samanaikaista syddmen sykkeen laskua
rotalla ja koiralla. Suurilla annoksilla fadolmidiini aiheuttaa sedaatiota, hypotermiaa
ja mydriaasia rotalla. o»-Adrenoseptoriagonistit deksmedetomidiini ja klonidiini
aiheuttavat samanlaisia haittavaikutuksia jo kipua lievittdvilli annoksilla.
Fadolmidiinin plasmapitoisuus on rotalla alhainen intratekaalisen annostelun
jélkeen. Koirilla intratekaali-infuusiona annettu fadolmidiinin kipua lievittdva teho
on hyvd ilman merkittdvdd verenpaineen laskua. Fadolmidiini kombinoituna
puudutusaine bupivakaiinin kanssa lisdd sen sensorista ja motorista salpaus-
vaikutusta rotalla ja koiralla. Tdma yhteisvaikutus on synergistinen.

Tami tutkimus tarjoaa uutta tietoa fadolmidiinin farmakologisista ominai-
suuksista kehitettdessa sitd spinaalianalgesiaan.

AVAINSANAT: az-Adrenoseptoriagonisti, fadolmidiini, spinaalianalgesia
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1 Introduction

Pharmacological activation of ay-adrenoceptors is known to induce a characteristic
pattern of pharmacodynamic responses (Gyires et al. 2009; Nguyen et al. 2017;
Michel et al. 2019) including sedation, analgesia (Yaksh 1985; Yaksh et al. 2017),
bradycardia, initial hypertension (due to peripheral vasoconstriction) followed by
hypotension (Eisenach & Tong 1991; Kroin et al. 1996) and hypothermia
(Livingston et al. 1984; Sinclair 2003). The activation of presynaptic -
adrenoceptors reduces the release and turnover of noradrenaline or other transmitters
from neurons (Langer 1997; Starke 2001; Knaus et al. 2007). Noradrenaline, as a
key neurotransmitter released by sympathetic postganglionic nerve fibres, is
involved in the autonomic regulation of various organs. Based on physiological
effects, az-adrenoceptor agonists could have various beneficial effects that could be
exploited in the clinic. These drugs are being used as premedication as well as for
sedation, analgesia, and as adjuvants to general and regional anesthesia (Nguyen et
al. 2017). Clonidine is an antihypertensive agent (Nguyen et al. 2017) and used also
for the control of pain (Hassenbusch et al. 2002; Mastenbroek et al. 2017);
detomidine and medetomidine are sedatives in veterinary use (Grimsrud et al. 2015;
Sinclair 2003) and dexmedetomidine is utilized in critical care units for human
patients (Keating 2015). In addition, o-adrenoceptor agonists are used in the
treatment of glaucoma (Greenfield et al. 1997).

Pain is a subjective, complex, physiological and psychological phenomenon that
can be acute or chronic and may be classified according to its cause (Doody & Bailey
2019). The International Association for the Study of Pain has defined pain as:”’An
unpleasant sensory and emotional experience associated with, or resembling that
associated with, actual or potential tissue damage.” Within the experience of pain,
the concept of total pain describes the physical, psychological, social and spiritual
factors that influence the experience of pain (Doody & Bailey 2019). Pain is a
common symptom, reported by up to 84% of adult patients in hospital, with up to
36% of patients reporting severe pain (Gregory & McGrowan 2016). Furthermore,
chronic pain has a weighted mean prevalence in adults of 20% (Geneen et al. 2017).

ax-Adrenoceptor agonists have been used for the treatment of pain, preoperative
anaesthesia (Michel et al. 2019) and acute opioid withdrawal (Michel et al. 2019;

12



Introduction

Gowing et al. 2016). ax-Adrenoceptor agonists such as clonidine (a»- and a;-
adrenoceptor agonist, with an affinity of 200:1 for o,- versus oi-adrenoceptors,
respectively) and dexmedetomidine (a highly selective ax-adrenoceptor agonist) are
extensively used in both anaesthesia and intensive care medicine (Giovannitti et al.
2015; Nguyen et al. 2017). Clonidine has been demonstrated to evoke analgesia in
human neuropathic, postoperative and obstetric pain after epidural and/or i.t.
administration (Chiari et al. 1999; Deer et al. 2017; Eisenach et al. 1996; Giovannoni
et al. 2009; Mastenbroek et al. 2017; Zhang et al. 2016). Probably due to the reported
shorter duration of its analgesic action by the i.t. route, the epidural administration
of clonidine has been widely utilized (Castro & Eisenach 1989; Filos et al. 1994;
Klimscha et al. 1995). Clonidine is well tolerated at antinociceptive doses, however
it may produce pronounced side effects such as hypotension, bradycardia and
sedation in spinal use (Carroll et al. 1993; Eiseanch et al. 1989; Engelman & Marsala
2013; Kumar et al. 2014). Clonidine, as a highly lipophilic drug (Aantaa & Scheinin
1993; Chan et al. 2010), has been shown to undergo rapid systemic absorption from
the lumbar i.t. space (Castro & Eisenach 1989). Dexmedetomidine, another highly
lipophilic drug (Aantaa & Scheinin 1993), is used as a sedative agent for critically
ill patients requiring prolonged sedation and mechanical ventilator support in a
critical care setting and as an adjunctive sedative agent for procedural sedation
(Giovannitti et al. 2015).

ox-Adrenoceptor agonists (such as clonidine and dexmedetomidine) are
furthermore used as adjuvants with local anaesthetics to improve the quality and
duration of spinal anaesthesia since their combination enhances the analgesic effect
by prolonging the duration of sensory-motor block of the local anaesthetics (Bedder
et al. 1986; Swain et al. 2017; Zhang et al. 2016). Local anaesthetics induce
hypotension, and the addition of wvasoconstrictors such as clonidine and
dexmedetomidine with local anaesthetic drugs helps in the maintenance BP by
decreasing their systemic absorption (Bajwa et al. 2012; Eisenach et al. 1996), and
minimizing hemodynamic effects in the periphery (Staikou & Praskeva 2014;
Strebel et al. 2004). However, in the clinic, the combination a local anaesthetic and
clonidine (Niemi 1994; Popping et al. 2009; Staikou & Praskeva 2014) or
dexmedetetomidine (Liu et al. 2020; Staikou & Praskeva, 2014) has evoked
unwanted effects e.g. hypotension, bradycardia, sedation and urinary retention.

It has been suggested that agents with a lower lipid solubility might be
advantageous for spinal use (Eisenach et al. 1994). Increasing lipophilicity is
associated with more rapid and extensive absorption into the vasculature and
redistribution in the body, which for a,-adrenoceptor agonists could lead to a greater
likelihood or intensity of sedative and haemodynamic unwanted effects. In addition,
Yaksh et al. (2017) speculated that a more polar ar-adrenergic agonist might have
virtues in spinal drug delivery. Thus, a polar o-adrenoceptor agonist fadolmidine

13
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with low lipophilicity is being developed for spinal analgesia. In addition, this kind
of selective ar-adrenoceptor agonist would be expected to achieve a good analgesic
effect with less side effects such as hypotension, bradycardia, severe sedation and
respiratory depression after i.t./epidural administration.

All four studies are preclinical pharmacodynamic studies, and part of the work
aiming to evaluate the profile of adverse effects of fadolmidine when it is
administered at spinal analgesic doses. Furthermore, novel findings show that
fadolmidine delivered spinally especially i.t. can provide antinociception with less
of the known use-limiting adverse effects as hypotension associated with other a»-
adrenoceptor agonists. In addition, when i.t. fadolmidine was tested as an adjuvant
to a local anesthetic, it enhanced sensory-motor block and thus these two drugs could
represent a suitable combination for spinal anaesthesia.

14



2 Review of the Literature

2.1 Biosynthesis and metabolism of
catecholamines

In the synthesis of catecholamines, tyrosine (L-tyrosine) is taken up and
concentrated in catecholaminergic neurons by an active transport mechanism,
where it is first converted to L-dihydoxyphenylalanine (L-DOPA) by tyrosine
hydroxylase; L-DOPA is converted to dopamine by DOPA decarboxylase (Cooper
et al. 1991; Weiner & Molonoff 1994). The conversion of L-tyrosine to L-DOPA
and further to dopamine occurs in the cytosol. Dopamine is taken up into the
storage vehicles. In noradrenergic cells, dopamine is further converted to
noradrenaline (NA) by dopamine f-hydroxylase. The neurotransmitter is stored in
vesicles in nerve terminals where its concentration is high whereas the
concentration of neurotransmitter in cytosol is low. Activation (depolarisation) of
NA neurons releases the neurotransmitter from synaptic vesicles via an exocytotic
mechanism to the synaptic cleft resulting in the activation of postjunctional
receptors causing either depolarisation or hyperpolarisation of the target tissue.
The presence of catecholamines at the synaptic cleft is terminated mainly by re-
uptake neurotransmitter into the nerve terminals. Re-uptake of NA into the nerve
terminals involves active transport by carrier proteins. Neurotransmitter in the
synaptic cleft may be metabolized primarily by methylation of catechol-O-
methyltransferase (COMT) and by oxidation of monoamine oxidase (MAO).
COMT is distributed in different tissues e.g. in the glia cells where it is located
both in cytosol and in cell membranes, whereas MAO is found in the mitochondria
of the nerve terminals. Both COMT and MAO are widely distributed throughout
the body. The main end metabolite of NA (in the periphery), adrenaline and
dopamine is homovanillic acid (HVA). In the brain, the main metabolite of NA is
3-methoxy-4-hydroxyphenylglycol (MHPG) (Cooper et al. 1991; Weiner &
Molonoff 1994). The biosynthesis and metabolism of catecholamines are
illustrated in Figure 1.
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Figure 1. The biosynthesis pathway and metabolism for catecholamines (compiled and modified
from Cooper et al. 1991; Weiner & Molonoff 1994). Abbreviations for compounds; L-
DOPA = L-dihydroxyphenylalanine, DOMA = 3,4-dihydroxymandelic acid, DOPAC =
3,4-dihydroxyphenylacetic acid, DHPG = 3,4-dihydroxyphenylethylglycol, MHPG = 3-
methoxy-4-hydroxyphenylglycol, HVA = homovanillic acid, NM = normetanephrine, MTA
= 3-methoxytyramine. Abbreviations for enzymes; DBH = dopamine B-hydroxylase,
DDC = DOPA decarboxylase, COMT = catechol-O-methyltransferase, MAO =
monoamine oxidase, PNMT = phenylethanolamine-N-methyltransferase, TH = tyrosine
hydroxylase.
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2.2 azx-Adrenergic receptors

Adrenergic receptors are classified into three guanine nucleotide-binding regulatory
proteins (G-protein) coupled cell membrane receptors ai-, ar- and B-adrenoceptors
(Bylund 2007) of which NA and adrenaline are endogenous ligands. A classification
of adrenergic receptors is presented in Table 1. Based on the ligand binding and
molecular cloning studies, ar-adrenergic receptors (or-adrenoceptors) are further
sub-classified into three subtypes 024 /02p (orthologue of human o4 in rodents), oz
and oxc (Bylund et al. 1992). a-Adrenoceptors are distributed throughout the body.
o2a-Adrenoceptors can be found in the brain, especially in Locus coeruleus (LC), a
region which contains the cell bodies for the ascending and descending
noradrenergic neurons (MacDonald & Scheinin 1995). In addition, the opa-
adrenoceptor subtype is present in the brainstem, cerebral cortex, septum,
hypothalamus, hippocampus and amygdala in the rat (Scheinin et al. 1994) and from
spinal cord synaptosomes (Li & Eisenach 2001) and on central terminals of primary
afferent nociceptors (presynaptic) and pain-relay neurons (postsynaptic) (Pertovaara
2006). In the central nervous system (CNS), the a2a-adrenoceptor subtype influences
neurotransmitter release, neuronal excitability and in the regulation of sympathetic
outflow (Guyenet et al. 1994). The ag-adrenoceptor subtype can be found in
peripheral tissues e.g. in the cardiovascular system i.e. in vascular smooth muscle as
well as in the CNS. In the cardiovascular system, activation of the a,g-adrenoceptor
subtype induces a transient hypertensive response (Link et al. 1996). Furthermore,
in the spinal cord, the asg-adrenoceptor subtype mediates the analgesic effect of
nitrous oxide in descending NA neurons (Sawamura et al. 2000). axc-Adrenoceptors
are found in the brain e.g. in hippocampus, cerebral cortex (MacDonald & Scheinin
1995) and LC as well as other brain regions containing noradrenergic, serotonergic
and dopaminergic neurons and thus are suggested to be involved in the regulation of
monoamine pathways of the brain (Rosin et al. 1996). Furthermore, axc-adrenoceptor
subtypes are found in the spinal cord and adrenal chromaffin cells (Gyires et al. 2009;
Knaus et al. 2007). In the CNS, activation of axc-adrenoceptors influences memory
and behavioural functions (Scheinin et al. 2001). They may exert beneficial effects
in attention deficient and post-traumatic stress disorders (Sallinen et al. 1998).
Furthermore, the oa-adrenoceptor subtype is the main inhibitory presynaptic
feedback receptor and along with the a,c-adrenoceptor subtype, it participates in
presynaptic regulation in CNS, whereas all three op-receptor subtypes serve as
feedback regulators in peripheral sympathetic nerves (Knaus et al. 2007).
Endogenous agonists (i.e. NA and adrenaline) have similar affinity for all 3
subtypes (Giovannitti et al. 2015; Gyires et al. 2009). At the second messenger level,
oz-adrenoceptors function via G-proteins (Gip) to inhibit the activity of adenylyl
cyclase and decrease cyclic adenosine monophosphate activity. In addition, in some
cases, they cause hyperpolarization via opening of K*-channels (Arima et al. 1998)
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and inhibiting Ca**-influx (Soini et al. 1998; Timmons et al. 2004), leading to a
suppression of neuronal firing and a further inhibition of transmitter release
(Giovannitti et al. 2015).

Table 1. Classification of adrenergic receptors.

aq-adrenoceptors Q1A
[ef1:}
Aic

az-adrenoceptors Q2a
28
QA2c
Q2p*

B-adrenoceptors Ba
B2
Bs

* agp = orthologue of human aza in rodents. Modified from Bylund et al. 2007.

2.2.1 Pharmacology of a>-adrenergic receptor agonists

ax-Adrenoceptors are involved in various physiological functions, particularly in the
cardiovascular system and the CNS (Gyires et al. 2009; Kamibayashi & Maze 2000).
ax-Adrenoceptors operate as presynaptic inhibitory feedback receptors to control the
release of NA and adrenaline or other transmitters from neurons (Giovannitti et al.
2015). Some of the physiological/pharmacological effects mediated through oo-
adrenoceptors are summarised in Table 2.
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Table 2. Selected physiological/pharmacological

adrenoreceptors.

Organo or tissue

az-Adrenoceptor subtype

Review of the Literature

effects mediated by stimulation of ap-

Action

Brain

Spinal cord
Adrenergic neurons

Adrenal medulla

Pancreatic B cells
Pituitary

Vascular smooth muscle

Heart

Kidney

Gl tract

Uterus

Eye
Platelets

Q2a, O2c

Qa2A

Q2a, O2c

a2a

Qa2A

Q2a, O2c

Qa2a
Q2a, 028, O2c
Q2a, G2, d2c

Q2c

Q2a, O2c
Q2a, O2c

Q2a, 028

Qa2c
Q2a, O2c

Q2a, G2, d2c

Qa2A

a2a

a2a

2B
Q2a, O2c

a2a
Qa2A

Inhibition of NA, dopamine,
serotonin release

Sedative action

Effects on memory and
behavioural functions

Hypotensive action (vasodilatation
in periphery)

Bradycardiac action
Hypothermia

Mydriasis

Analgesia

Presynaptic feedback inhibition of
NA release

Feedback control of plasma
adrenaline

Inhibition of insulin secretion
Stimulation of growth hormone
release

Arterial vasoconstriction

Venous vasoconstriction
Inhibition of NA release,
bradycardia

Inhibition of renin secretion,
increase glomerular filtration,
increase secretion of sodium and
water

Inhibition of GI motility

lons transport and fluid secretion
in the small intestine

Inhibition of gastric acid secretion

Gastric mucosal protection
Decrease in the contractile
response

Decrease in intraocular pressure
Platelet aggregation

Derived from Fagerholm et al. 2011; Gaspar et al. 2007; Gyires et al. 2009; Intengan & Smyth 1996;
Kamibayashi & Maze 2000; Knaus et al. 2007; Pertovaara 2006; Peterhoff et al. 2003; Scheinin et
al. 2001; Trendelenburg et al. 1997; Vahabi & Kazemi 2011.
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2.2.1.1 Sedative, hypothermic and mydriatic effects

In the CNS, oz-adrenoceptors agonists inhibit NA, dopamine, serotonin and
acetylcholine release and induce sedation, analgesia and hypothermia. Experimental
data suggests that the sedative-hypnotic effects of o»-adrenergic agonists are
mediated by the activation of a,-adrenoceptors in the brain (Gyires et al. 2009; Maze
& Tranquili 1991; Nguyen et al. 2017; Pertovaara et al. 1994). The LC is an
important target site for the sedation induced by ar-adrenergic agonists such as
clonidine (De Sarro et al. 1987; Sakamoto et al. 2013) and dexmedetomidine
(Correa-Sales et al. 1992; Jorm & Stamford 1993). Presynaptic a-adrenergic
receptor activation in these areas leads to decreased NA stimulation to the autonomic
nervous system. In contrast, postsynaptic op-adrenoceptor stimulation causes
hyperpolarization of neuronal membranes reducing the activity of the ascending
noradrenergic pathways and inducing hypnosis and sedation in animals (Bloor et al.
1992; Drew et al. 1979; Gyires et al. 2009; Nguyen et al. 2017; Scheinin et al. 1989;
Sinclair 2003). In addition, two a,-adrenoceptor agonists guanfacine (Hayes et al.
1986; Minor et al. 1989) and tizanidine (Kawamata et al. 2003; Kroin et al. 2003)
induce sedation in rats and dogs at a lower incidence than clonidine. Furthermore, in
addition to their effects in animals, certain ar-adrenoceptors agonists have induced
sedation and sleep in humans e.g. dexmedetomidine (Aho et al. 1991; Belleville et
al. 1992; Bloor et al. 1992; Keating 2015; Weatherall et al. 2017), clonidine
(Cruickshank et al. 2016; Filos et al. 1994; Nguyen et al. 2017), tizanidine (Berry &
Hutchinson 1988) and guanfacine (Rugino 2018).

Dexmedetomidine is a highly selective a,-adrenoceptor agonist having sedative,
anxiolytic, analgesic, and sympatholytic properties (Nguyen et al. 2017). Clonidine
is a op-adrenoceptor agonist and used as an antihypertensive drug (Nguyen et al.
2017). Both have perioperative beneficial effects, which include a reduction of
anaesthetic requirements, improving hemodynamic stability and providing analgesia
(Nguyen et al. 2017).

In the hypothalamus, noradrenergic afferents in the medial preoptic area regulate
body temperature (BT) (Alam & Mallick 1994; Kumar et al. 2007). a,-Adrenergic
agonists induce the hypothermic response by activating postsynaptic op-
adrenoceptors in the preoptic area (Millan et al. 2000; Myers et al, 1987; Sinclair
2003). Clonidine (Drew et al. 1979; Livingston et al. 1984), medetomidine/
dexmedetomidine (Granholm et al. 2007; MacDonald et al. 1989; Scheinin et al.
1989) and guanfacine (Minor et al. 1989) were reported to produce a dose-dependent
hypothermia in unanaestherized rats and dogs.

In addition, ar-adrenergic agonists are known to induce mydriasis in rats,
possibly mediated through central a,-adrenoceptors by reducing the parasympathetic
neural input to the constrictor muscle of the iris, an effect mediated by inhibitory a»-
adrenoceptors on the Edinger-Westphal nucleus in the midbrain (Heal et al. 1995).
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Medetomidine (Scheinin et al. 1989), dexmedetomidine (Haapalinna et al. 2003;
Lehtimiki et al. 2008; Sallinen et al. 2007) and clonidine (Yu & Koss 2004) evoked
a clear mydriatic effect (i.e. pupil dilatation) after systemic and dexmedetomidine
after i.t. administration (Horvath et al. 1994) as well in rats and tizanidine in mice
after s.c. administration (Takayanagi et al. 1985).

2.2.1.2  Analgesic effect

When administered spinally, ax-adrenergic agonists have evoked antinociception in
various animal models (Eisenach et al. 1994; Yaksh 1985) and in humans (Eisenach
et al. 1996; Giovannitti et al. 2015), and the effect is mediated primarily in the spinal
cord (Bahari & Meftahi 2019; Eisenach et al. 1994; Pertovaara 2006; Yaksh 1985).
The activation of spinal a-adrenoceptors suppresses the transmission of pain inputs
to higher centres. In addition, adrenergic inhibitory pathways from the midbrain and
brainstem to the spinal cord modulate pain processing in the dorsal horn (Bahari &
Meftahi 2019, Pertovaara 2006). The activation of these descending inhibitory
medullospinal pathways by az-adrenergic agonists induce postsynaptic cell
hyperpolarisation in the dorsal horn and decrease pain transmission in spinal
nociceptive neurons (D’Mello & Dickenson 2008; Pertovaara 2006). Systemic,
spinal or LC administered a»-adrenoceptor agonists e.g. dexmedetomidine (Asano et
al. 2000; Guo et al. 1996; Kalso et al. 1991), clonidine (Asano et al. 2000; Post et al.
1987), tizanidine (Asano et al. 2000; McCarthy et al. 1990) and guanfacine (Hayes
et al. 1986; Minor et al. 1989; Post et al. 1987) produced dose-dependent
antinociceptive effects in rats. Furthermore, systemic or spinally administered
detomidine (Pohl et al. 2012), dexmedetomidine (Pohl et al. 2012), clonidine (Kroin
et al. 1996, 2003; Pohl et al. 2012), tizanidine (Kroin et al. 1996, 2003) and
guanfacine (Hayes et al. 1986) have induced analgesia in dogs. In addition, clonidine
(Detweiler et al. 1993; Eisenach et al. 1987; Smith et al. 1992), dexmedetomidine
(Eisenach et al. 1994) and guanfacine (Smith et al. 1992) exerted analgesic effects
in sheep/goats. In humans, administration of clonidine, dexmedetomidine (Eisenach
et al. 1996; Popping et al. 2009; Xia et al. 2018; Zhang et al. 2016) and tizanidine
(Berry & Hutchinson 1988) have been shown to induce analgesic effects.

2213 Effects on cardiovacular system

The cardiovascular responses of o,-adrenergic agonists are likely mediated through
multiple sites of action (Eisenach and Tong 1991; Kroin et al. 1996; Nguyen et al.
2017; Sinclair 2003). ax-Adrenergic agonists can activate o-adrenoceptors in the
brain, reducing the sympathetic outflow (sympatholytic effect) from the CNS leading
to peripheral vasodilatation. In addition, a,-adrenergic agonists induce hypertension
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by activating vascular o-adrenergic receptors and bradycardia by reducing the
chronotrophic drive to the heart along with an increase in vagal outflow via
parasympathetic stimulation and baroreflex activity (Eisenach et al. 1996; Kroin et
al. 1996; Sinclair 2003). Centrally acting antihypertensive agents e.g. a-methyldopa,
clonidine, guanabenz, guanfacine and moxonidine stimulate ar-receptors on
adrenergic neurons situated within the rostral ventrolateral medulla and
consequently sympathetic outflow is reduced. Centrally acting agents also stimulate
peripherally located presynaptic o,-adrenergic receptors, but for the most part, this
is of marginal clinical significance (Sica 2007).

ox-Adrenergic agonists like clonidine (Ozawa et al. 1977), medetomidine
(Savola 1989) and dexmedetomidine (Honkavaara et al. 2011) evoked a biphasic BP
response, an initial increase and a delayed long-lasting decrease in BP and
concomitantly an HR decrease in both phases after systemic administration. After
spinal dosing, clonidine and dexmedetomidine induced also a biphasic effect on the
BP; central a,-adrenoceptors mediated a depressor effect at low to moderate doses
and vascular a-adrenoceptors mediated a pressor response at higher doses in rats
(Asano et al. 2000; Horvath et al. 2002; Solomon et al. 1989) and in dogs (Bloor et
al. 1992; Pohl et al. 2012). However, in addition to the biphasic effects on BP also a
rapid decrease in HR was reported in rats (Nagasaka & Yaksh 1990) and sheep
(Eisenach et al. 1994) after intraspinal administration of dexmedetomidine.
Furthermore, clear decreases in BP and HR were reported after epidural dosing of
clonidine and guanfacine to goats (Smith et al. 1992). Dexmedetomidine and
clonidine (Aantaa & Scheinin 1993) are lipophilic compounds which are able to
cross the blood-brain barrier and are rapidly absorbed into the systemic circulation
from the spinal space (Eisenach et al. 1996; Kawamata et al. 2003; Sabbe et al. 1994,
Post et al. 1987; Solomon et al. 1989). In addition, two less selective a,-adrenoceptor
agonists, tizanidine (Kroin et al. 1996; Kroin et al. 2003) and guanfacine (Scholtysik
1986) also decreased BP and HR in rats and dogs. In humans, medetomidine
(Scheinin et al. 1987), dexmedetomidine (Aho et al. 1991; Kallio et al. 1989;
Uusitalo et al. 2018) and clonidine (Eisenach et al. 1996) dose-dependently
decreased HR and BP after an initial hypertensive effect at larger doses following
systemic administration. In the clinic, it has been suggested that guanfacine may be
a useful alternative to clonidine in patients who are intolerant of clonidine because
of excessive sedation (Cornish 1988). Because of their sedative and hypotensive
effects, clonidine and dexmedetomidine, have long been used as adjuvants to other
anesthetic agents by providing good hemodynamic stability with prolonged motor
and sensory block and thus causing less side effects than the anesthetic compounds
on their own (Bajwa et al. 2012; Mahendru et al. 2013).
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2214 Effects on kidney function and urinary

The ar-adrenoceptor-mediated diuretic effect has been demonstrated in rats with
various agonists including dexmedetomidine, clonidine and guanfacine (Harada &
Constantinou 1993; Shockley et al. 1993). Furthermore, a,-adrenergic agonists have
been reported to induce a centrally mediated increase in urine output (Intengan &
Smyth 1996) by lowering antidiuretic hormone and vasopressin secretion, as well as
through a peripherally mediated increase in sodium excretion in the kidney (Cabral
et al. 1998; Sinclair 2003). In humans, clonidine increases urine output and
electrolyte excretion; this has been associated with a decrease in plama renin activity
(Vahabi & Kazemi 2011). Furthermore, ar-adenergic agonists have also been shown
to interfere with the micturition reflex in conscious mice (Aro et al. 2015) and rats
(Kontani et al. 2000) and in anaesthetised male rats (Streng et al. 2010). In dogs, the
az-adrenoceptors in the kidney seem to inhibit neural NA release, which can have a
role in controlling renal hemodynamics and thereby influence diuresis (Hisa et al.
1989). In the clinic, the combination a local anaesthetic and clonidine (Niemi 1994;
Popping et al. 2009; Staikou & Praskeva 2014) or dexmedetetomidine (Liu et al.
2020; Staikou & Praskeva 2014) evoked adverse effects like hypotension,
bradycardia, sedation and urinary retention.

2.21.5 Effects on Gl system

The activation of presynaptic ar-adenergic receptors is known to mediate several
responses in the gastrointestinal (GI) tract i.e. it inhibits gastric acid secretion
(Blandizzi et al. 1995; Miillner et al. 2001, 2002) gastric motility and GI transit
(Fiilop et al. 2005; Gyires et al. 2009; Zadori et al. 2007) in rats. These responses
are thought to be mediated through the activation of presynaptic a»-adrenoceptors
located on the vagus nerve leading to an inhibition of acetylcholine release. In
accordance, clonidine (Asai et al. 1997; Pol et al. 1996) and dexmedetomidine (Asai
et al. 1997) were reported to inhibit GI transit in the rat after their systemic
administration, acting most probably via a peripheral parasympathetic effect,
although part of the effect may be of central origin (Asai et al. 1997; Pol et al. 1996).
In addition, tizanidine s.c. inhibited GI transit times in mice (Takayanagi et al. 1985).
Furthermore also in humans, clonidine (Schiller et al. 1985; Malcolm et al. 2000)
and dexmedetomidine (lirola et al. 2011) inhibited GI transit although at low doses.
However, at low doses no effects of clonidine on GI and colonic transit were also
reported (Viramontes et al. 2001).
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2.2.1.6 Effects on intraocular pressure

arx-Adrenoceptors agonists e.g. clonidine (Harrison & Kaufmann 1977) and
brimonidine (Burke & Potter 1986) decrease intraocular pressure (IOP) and in fact,
brimodine is used in the treatment of glaucoma (Greenfield et al. 1997). After topical
dosing with clonidine eye drops both systolic and diastolic blood pressure displayed
a statistically significant reduction, although the magnitude of the decline was small
(Harrison & Kaufmann 1977). Brimodine was shown to be safer than clonidine by
evoking fewer systemic side effects based on its poor ability to cross the blood-brain
barrier (Greenfield et al. 1997).

2.21.7 Endocrine effects

The activation of the oa-adrenoceptors on pancreatic B cells inhibits insulin
secretion, and aza-adrenoceptors on sympathetic nerves and on adrenomedullary
chromaffin cells limit the sympathoadrenal output and the activation of these
receptors elevate blood glucose levels (Fagerholm et al. 2011; Ruohonen et al. 2012).
Furthermore, a deletion of the axc-adrenoceptor subtype increased adrenaline
secretion and evoked a potential increase in the blood glucose level via enhanced
glycogenolysis (Ruohonen et al. 2012) thus a,c-adrenoceptor activation may have a
complementary role in this phenomenon (Peterhoff et al. 2003). Dexmedetomidine
was found to reduce insulin release from the pancreas (Burton et al. 1997) and this
increased plasma glucose concentrations in dogs (Restitutti et al. 2012). In humans,
chronic treatment with oral clonidine gave rise to an elevation of the blood glucose
level and decreased insulin secretion (Okada et al. 1986).

It has been reported that a,-adrenoceptors agonists can stimulate the release of
growth hormone (GH) releasing hormone at the hypothalamic level and thus increase
GH secretion from the anterior pituitary (Balldin et al. 1993; Kiem et al. 1991). In
healthy male volunteers, a single dose of a selective ar-adrenoceptor agonist,
medetomidine, was observed to increase GH levels (Kallio et al. 1989).

2.2.1.8  Other effects

The adrenergic system plays an important role in the control of uterine contractility.
In non-pregnant animals, o-adrenoceptors are not involved in the control of
myometrial contractions. In last-day-pregnant animals, the azp-adrenoceptors
predominate and mediate contraction, while the axa- and oxc-adrenoceptors decrease
the contractile response to NA in vitro in rats (Gaspar et al. 2007). All three subtypes
of ap-adrenoceptors are coexpressed also in the human myometrium at term
pregnancy; at that time, a,-expression is dominated by the a»a-subtype (Adolfsson
et al. 1998). Dexmedetomidine increased uterine contractility at simulated clinical
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plasma concentrations and clonidine only at much higher tissue bath concentrations
on human myometrium in vitro (Sia et al. 2005).

Platelets express the imidazoline I; and I, -receptors as well as the oo-
adrenoceptors (Kawamoto et al. 2015). Adrenaline and NA produced a dose-
dependent potentiation of adenosine diphosphate or collagen-induced platelet
aggregation (Yokota et al. 2013). Dexmedetomidine and clonidine has both
enhancing and suppressive effects on human platelet functions through their actions
on the a-adrenoceptor and on the I-imidazoline receptor, respectively in vitro
(Kawamoto et al. 2015; Pinthong et al. 2004).

2.3 Pain transmission

2.3.1 Pain pathways from periphery to the brain

High-intensity noxious stimuli impulses from the periphery are transmitted via
primary afferent A delta (Ad)- and C-fibres and low-intensity non-noxious stimuli
impulses via A beta (A)-fibres, through the dorsal root ganglion into the dorsal horn
of the spinal cord (Pertovaara 2006, Yaksh et al. 2017). The dorsal horn of the spinal
cord is critical to processing distinct modalities of noxious and innocuous sensation.
Nociceptive small-diameter unmyelinated C-fibres responding to thermal,
mechanical, and chemical stimuli (polymodal) and nociceptive medium-diameter
thinly myelinated Ad-fibers are predominately heat- and or mechanosensitive fibres.
Non-nociceptive, large-diameter, highly myelinated AB-fibres respond only to touch
(mechanoreceptors). In the dorsal horn, painful stimuli activate second-order
neurons as nociceptive specific (NS) and wide dynamic range (WDR) neurons. NS
neurons are mostly located superficially and which synapse with Ad-, and C-fibres
in lamina I and II (substantia gelatinosa), whereas most WDR neurons are located
deeper in lamina V (Almeida et al. 2004; D’Mello & Dickenson 2008; Kibaly et al.
2016; Pertovaara 2006; Yaksh 1985). Non-nociceptive second-order neurons of
dorsal horn respond to non-noxious stimulations from mechanical and thermal low-
threshold AP and Ad-fibres located within lamina I, II, III and IV (Almeida et al.
2004; Kibaly et al. 2016). There are excitatory, glutamatergic, and inhibitory,
GABAergic or gycinergic interneurons and cholinergic interneurons within the
spinal cord and these can increase or decrease the response of NS cells and WDRs
and influence the output of the dorsal horn (D’Mello & Dickenson 2008). Projection
neurons within lamina I and V constitute the major output from the dorsal horn to
the brain. Lamina V neurons mainly project to the thalamus by the
spinothalamic/spinoreticulothalamic tracts and from there to many cortical regions
in the brain (Bahari & Meftahi 2019; D’Mello & Dickenson 2008; Pertovaara 2006).
They carry primarily sensory information and so provide the sensory component of
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the pain experience (Kibaly et al. 2016; Pertovaara 2006). In addition, there are
projection neurones from the dorsal horn to limbic areas such as the parabrachial
area and periaqueductal grey (PAG), which further transmit pain signals up to higher
centres in the brain e.g. amygdala (Almeida et al. 2004; Kibaly et al. 2016). Lamina
I projection neurons are very important as they contribute to the transmission of pain
messages to the brain (Merighi 2018). These cells also project into brainstem areas
such as the rostral ventromedial medulla (RVM) a region that has descending
projections back to the dorsal horn modulating spinal processing (D’Mello &
Dickenson 2008; Kibaly et al. 2016). There are also projection neurons from lamina
HI-VI (AB-fibres) which project predominantly to the thalamus (Almeida et al. 2004;
D’Mello & Dickenson 2008; Kibaly et al. 2016). A schematic representation of pain
processing pathways from the periphery to the brain are illustrated in Figure 2.

Brai Projection Descending Spinothalamic /
rain neurones pathways spinoreticulothalamic tracts

N

Ab
Noxious r_—

Non-noxious AR

Peripheral primary afferent ‘ = a,-adrenoceptor

fibres Dorsal horn

Figure 2. A schematic representation of the pain processing pathways from the periphery to the
brain and az-adrenoceptors in the spinal dorsal horn (see paragraph 2.3.3). Ad = A delta-
fibre, C = C-fibre, AB = A beta-fibre, DRG = Dorsal root ganglion, NS = Nociceptive
specific, WDR = Wide dynamic range, |-V = lamina |-V neurons. Lamina Il can be divided
into outer (llo) and inner (lli) parts, with the latter having a somewhat lower density of
neurons. (Modified from Bahari & Meftahi 2019; D’Mello & Dickenson 2008).

Intact nociceptive primary afferent fibres are only little influenced by NA,
sympathetic stimulation or sympathetic noradrenergic compounds (Pertovaara 2006,
Sato & Perl 1991). However, peripheral nerve injury or inflammation or sensitization
of the receptive field by heat or algogenic chemicals may lead to circumstances in
which afferent myelinated Ad and unmyelinated C nerve fibres become sensitive to

26



Review of the Literature

sympathetic stimulation and adrenergic compounds (D’Mello & Dickenson 2008;
Pertovaara 2006).

The substantia gelatinosa (lamina II) of the spinal dorsal horn plays a critical role
in nociceptive transmission (Almeida et al. 2004; D’Mello & Dickenson 2008;
Yaksh 1985). The excitability and activity of lamina II neurons is mainly regulated
by glutamate released from primary nociceptive afferents (Basbaum et al. 2009;
Pertovaara 2006). Under pathological conditions, augmented glutamatergic
transmission and resulting enhanced excitability of substantia gelatinosa neurons is
expected to cause the hyperalgesia (increased sensitivity to painful stimuli) (Kuner
2010). Substantia gelatinosa structure consisting of neuronal cell bodies, neuropil,
glia cells and synapses (Merighi 2018). Many pathological process within the CNS
are mediated by complex interactions between neurons and resident glial cells. An
activated spinal microglia plays an important role in the development of chronic pain
(Tsuda et al. 2013). Furthermore, inhibition of microglial activation attenuates the
development of neuropathic pain (Huang et al. 2014).

The sensitization of primary nociceptors or peripheral sensitization is one of the
mechanisms involved in the development of neuropathic pain (Bahari & Meftahi
2019; Kibaly et al. 2016; Kuner 2010; Pertovaara 2006). When spinal neurons are
subjected to repeat or high-intensity nociceptive impulses, they become
progressively and increasingly excitable even after the stimulus is removed. This
condition is known as central sensitization or wind-up phenomenon and leads to
nonresponsive or chronic intractable pain (Herrero et al. 1999). Wind-up is a
frequency-dependent increase in the excitability of spinal cord neurones, evoked by
electrical stimulation of afferent unmyelinated C-fibres (Herrero et al. 1999).
Repetitive noxious stimulation of C-fibres can result in prolonged discharge of dorsal
horn cells. Repetitive episodes of wind-up may precipitate long-term potentiation
(LTP), which involves a long-lasting increase in the efficacy of synaptic
transmission. Both wind-up and LTP are believed to be part of the sensitization
process involved in many chronic pain states (D’Mello & Dickenson 2008; Herrero
et al. 1999; Kibaly et al. 2016).

2.3.2 Supraspinal noradrenergic pain modulation

In the brain, the noradrenergic system arises from cell groups in the brainstem, which
are classified as A1-A7. Noradrenergic cell groups A7, A6 (LC) and AS are located
in the pons and provide a noradrenergic innervation that controls impulse
transmission to the dorsal horn (desending inhibitory pathway) (Millan 2002;
Pertovaara 2006). In addition, they provide ascending projections that target almost
the entire forebrain (Bouret and Sara 2005; Pertovaara 2006, 2013). The pontospinal
A7 noradrenergic nuclei has a high density of a,-adrenoceptors (Scheinin et al. 1994)
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and in the A6 nuclei, many of them are autoreceptors located on noradrenergic
neurons (Aghajanian & Van der Maelen 1982; Pertovaara 2006). Increasing tonic
discharge of LC neurons elevates the extracellular level of NA in various target areas
e.g cortical areas, hippocampus, thalamus and amygdala. The prefrontal cortex is
important in pain processing with other areas of the cerebral neocortex,
hippocampus, PAG, thalamus, amygdala, and basal nuclei (Kibaly et al. 2016; Ong
et al. 2019). Higher brain centers including thalamo-cortical regions are likely
involved in the perception of the sensory and emotional qualities of pain (Groh et al.
2018). Descending modulatory pathways mediate the top-down regulation of
nociceptive processing, transmitting cortical and limbic influences to the dorsal horn.
These descending pathways from limbic regions are suggested to mediate the
emotional, affective component of the pain experience. PAG contains a dense
network of noradrenergic nerve fibres with the expression of o-adrenoceptors
(Scheinin et al. 1994) and a low density of a;-adrenoceptors (Day et al. 1997; Nalepa
et al. 2005). It is postulated that a noradrenergic mechanism within PAG is not
involved in spinal antinociception, but the PAG activates other noradrenergic nuclei
in the brainstem, such as the A7 cell group (Bajic et al. 2001), that contribute to its
desending antinociceptive action and this involves the as-adrenoceptors situated at
the spinal cord level (Pertovaara 2006). Furthermore, central amygdala is the target
of ascending fibers from the pain-responsive and stress-responsive nuclei in the
brainstem. NA acting at presynaptic or-adrenoreceptors potently inhibits this
synapse (Delaney et al. 2007). The amygdala plays a key role in the integration of
noxious input with the endogenous analgesia and behavioural coping response (Li &
Sheets 2018). The RVM modulates the afferent pain system (spinal or ascending
nociception) from most structures of the forebrain (Kibaly et al 2016; Millan 2002;
Pertovaara 2006). The stimulation of the RVM evokes the spinal release of NA
(Hammond et al. 1985; Millan 2002) and antinociception (Yaksh 1985). The RVM
directly projects to the dorsal horn of the spinal cord. The activation of the neurons
in the descending pathway stimulates the release of serotonin and NA from their
axons at the spinal level (Kibaly et al. 2016; Pertovaara 2006).

A schematic representation of the pain processing pathways and the modulatory
systems of pain transmission in the spinal cord and brain is illustrated in Figure 3.
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Figure 3. A schematic representation of the pain processing pathways (in red) and the modulatory
systems of pain transmission (in green) in the spinal cord and brain (modified from
Kibaly et al. 2016). PAG = periaqueductal gray matter, RVM = rostral ventromedial
medulla.

Pontine noradrenergic cell groups are involved in descending modulation of pain
through the action on spinal ar-adrenoceptors (Bahari & Meftahi 2019; D’Mello &
Dickenson 2008; Pertovaara 2006). For example, noxious stimuli activate brainstem
adrenergic inhibitory pathways and increase the release of NA in the dorsal horn
from descending terminals. These activate a,-heteroreceptors on the presynaptic cell
and suppress the release of glutamate and other stimulatory neurotransmitters. Both
o2a- and opc-adrenoceptor subtypes have been detected in the superficial layers of
the dorsal horn of the spinal cord (Gyires et al. 2009; Pertovaara 2006; Stone et al.
1998). Pontospinal noradrenergic axons release NA and inhibit nociception by acting
on ma-adrenoceptors on central terminals of nociceptive primary afferent nerve
fibers. Besides axa-adrenoceptor oxc-adrenoceptors, as hetero-receptors, were shown
to inhibit the release of dopamine or serotonine in the CNS (Gyires et al. 2009). In
addition, pontospinal noradrenergic axons are known to activate a;-adrenoceptors on
GABAergic and glycinergic inhibitory interneurons, which further hyperpolarize
postsynaptic pain-relay neurons (Bahari & Meftahi 2019; Pertovaara 2006).
Furthermore, pontospinal noradrenergic axons, by releasing NA, inhibit nociception
by acting axa-adrenoceptors in the dorsal horn. In addition, the release of NA acting
on axc-adrenoreceptors in excitatory interneurons is thought to inhibit nociception
(Pertovaara 2006; Stone et al. 1998). a,a-Adrenoceptor gene knockout mice
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indicated that the o,a-adrenoceptor has a major role in the pain suppressive effect
induced by ar-adrenergic compounds (Knaus et al. 2007; Pertovaara 2006).

Information from the environment and certain motivational states can activate
the descending inhibitory pathway that is composed of neurons of which the cell
bodies are locted in several regions of the midbrain as PAG and RVM and which the
axons project into the spinal cord (Kibaly et al. 2016; Millan 2002). The neurons of
PAG express opioid receptors which activation stimulate the serotonergic neurons
in RVM which directly project to the dorsal horn of the spinal cord (Kibaly et al.
2016; Kwiat & Bashaum 1990). A noradrenergic pathway from the LC and
subcoeruleus participated in the descending inhibitory system and projects to the
neurons of the dorsal horn (lamina II, IV) (D’Mello & Dickenson 2008; Millan 2002;
Pertovaara 2006). Activation of these neurons stimulate the release of serotonin and
NA from their axons at the spinal level, which in turn induces secretion of
enkephalins from the interneurons inhibiting presynaptic primary neurons in the
dorsal horan as well as postsynaptic second-order neurons (Kibaly et al. 2016; Millan
2002). In the gate-control theory mechanism involves the balanced interplay between
two different type of primary afferents fibres non-nociceptive AP and Ao (motor
fibers) fibres and nociceptive C or Ad fibres both coverge on a second-order WDR
neuron in tht dorsal horn (Kibaly et al. 2016). In this spinal control pain model
nonnociceptive stimuli (e.g. light touch) interfere with the transmission of painful
stimuli and results in some pain relief. Non-nociceptive primary afferent fibres
stimulate inhibitory interneurons in the dorsal horn whereas nociceptive fibres
inhibit these inhibitory interneurons. An increase in the non-nociceptive input via
the AP and Aa fibres reduces the firing rate of the dorsal horn second-order WDR
neurons (Kibaly et al. 2016; Millan 2002).

2.3.3 Antinociceptive effects of az-adrenoceptor agonists

az-Adrenoceptors are located at various levels of the pain pathways from the
periphery to the brain. The location of the a,-adrenoceptors in the pain pathways in
the spinal dorsal horn is illustrated in Figure 2. High densities of a»-adrenoreceptors
were found in the substantia gelatinosa (Yaksh 1986) and further, i.t. administration
of an a-adrenergic agonist has elicited an increase in the nociceptive threshold in a
variety of species (Fiirst 1999). The analgesic properties of spinally administered o»-
adrenergic agonists like clonidine have been proposed to involve both central (in the
dorsal horn of the spinal cord and brainstem) as well as peripheral sites of action
(Chan et al. 2010; Eisenach et al. 1996; Nagappa et al. 2018; Wang et al. 2002). In
the dorsal horn, treatment with an o,-adrenergic agonist has been shown to activate
presynaptic o-adrenergic receptors on small primary afferent C- and Ad-fibres
leading to an inhibition of the release of several neurotransmitters such as glutamate,
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substance P, and calcitonin gene-related peptide from primary fibre terminals and
postsynaptically hyperpolarizing dorsal horn WDR neurons (Bahari & Meftahi
2019; Pertovaara 2006; Yaksh 1985; Yaksh et al. 2017).

In the brain, ax-adrenoceptor agonists decrease the firing rate of the LC and this
is followed by reduced NA release in innervated brain regions (Correa-Sales et al.
1992). The LC is an important target site for the sedation, analgesia, and decrease in
central sympathetic outflow induced by oz-adrenergic agonists (De Sarro et al. 1987,
Correa-Sales et al. 1992). The actions of an agonist at presynaptic oz-adrenoceptors
in these areas leads to decreased NA impulses to the autonomic nervous system. In
contrast, postsynaptic o»-adrenoceptor stimulation causes hyperpolarization of
neuronal membranes reducing the activity of the ascending noradrenergic pathways.
The pontospinal noradrenergic axons synapse with spinal pain-relay neurons in the
spinal doral horn (Pertovaara 2006) and inhibit their activity by activating
postsynaptic oz-adrenoceptors (Sonohanata et al. 2004). In addition, ar-adrenergic
agonists can activate the descending inhibitory medullospinal pathways and
inhibitory interneurons such as cholinergic interneurons and inhibitory interneurons.
Activation of spinal muscarinic acetylcholine interneurons produces analgesia and
inhibits dorsal horn neurons through potentiation of GABAergic/glycinergic tone
and inhibition of glutamatergic input; this activation induces hyperpolarization of
spinal postsynaptic nociceptive neurons cells (Bahari & Meftahi 2019; D’Mello &
Dickenson 2008; Millan 2002; Pertovaara 2006). Furthermore, hyperpolarization of
spinal postsynaptic nociceptive neurons decreases the release of nociceptive
substances from substantia gelatinosa and prevents the transmission of pain inputs
to higher centers (Bahari & Meftahi 2019; Eisenach et al. 1996; Kawasaki et al. 2003;
Nguyen et al. 2017; Pertovaara 2006). Although there is some evidence for both a
supraspinal and peripheral site of action, it is thought that it is the spinal mechanism
which is responsible for most of the analgesic actions of ar-adrenoceptor agonist
drugs (Eisenach et al. 1996; Jaakkola et al. 1991; Pertovaara 1993; Yaksh 1985;
Yaksh et al. 2017).

2.4 Drugs used for spinal analgesia

The spinal (i.e. epidural and i.t.) administration technique provides a good
opportunity to achieve quick and efficient pain relief. Epidural analgesia is a good,
and reliable method to provide intraoperative, postoperative (Nagappa et al. 2018)
and labor analgesia (Sng & Sia 2017). Better drugs, techniques and delivery systems
have enhanced the efficacy and safety of epidural analgesia (Sng & Sia 2017). In
addition, i.t. drug delivery systems have proven efficacy for a wide variety of
intractable pain conditions as well as evoking fewer adverse effects (Erdine & De
Andrés 2006; Mercadante et al. 2012) than systemic therapy in patients with
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advanced cancers (Lamer et al. 2016; Mercadante et al. 2012). The benefits of i.t.
drug delivery include a potent analgesic response with a more stable therapeutic drug
level, decreased latency, increased duration of action, and fewer pharmacological
complications such as nausea, vomiting, sedation and constipation (Erdine & De
Andrés 2006). In addition, i.t. infusion (Deer et al. 2017; Lamer et al. 2016; Prager
et al. 2014) has been shown to be a suitable drug delivery route for chronic (Ghafoor
et al. 2007) and acute postoperative (Peniche et al. 2018; Sen & Sen 2015) pain
treatments. Lower dosages of the analgesics could be used and this might reduce the
side effects of these compounds (Erdine & De Andres 2006; Lamer et al. 2016).
Table 3 lists the most commonly used Food and Drug Administration (FDA)
approved drugs for i.t. drug delivery (Lamer et al. 2016).

Table 3. Analgetic drugs for i.t. drug delivery.

Drugs (FDA-approved medications) Class

Morphine Opioid

Ziconotide N-type voltage dependent calcium channel blocker
Baclofen Anticonvulsant (GABA-B receptor agonist)
Commonly used off-label medications

Bupivacaine Local anesthetic

Fentanyl Opioid

Hydromorphine Opioid

Clonidine ap-adrenoreceptor agonist

Modified from Lamer et al. 2016; Deer et al. 2019.

Opioids are commonly used in severe cancer and neuropathic pain relief but their
potential serious adverse effects and tolerance have given rise to concerns about their
use as a safe analgesics (Baldini et al. 2012). Spinal and epidural opioids are used to
control pain following a wide variety of surgical procedures (Cohen et al. 2017,
Lamer et al. 2016; Lanz et al. 1982; Reiz et al. 1981; Wang et al. 1979). However,
the use of opioids introduces a risk for unwanted adverse effects like pruritus, nausea,
urinary retention with the risk for the late respiratory depression being the most
serious risk (Reiz et al. 1981; Swain et al. 2017). Opioids are the most frequently
used local anesthetic adjuvants allowing a reduced amount of local anesthetics to be
administered while achieving a longer duration of analgesic effect (Grangier et al.
2020; Swain et al. 2017). The combination has a synergistic analgesic effect
(Penning & Yaksh 1992). However, opioids cause side effects and tolerance, limiting
their usability (Grangier et al. 2020; Hayhurst & Durieux 2016; Sun et al. 2017;
Swain et al. 2017).

Local anaesthetics are used for acute and chronic pain treatments. However, the
duration of action and the dose dependent adverse effects such as sympathetic nerve
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block (resulting in hypotension), prolonged motor block and toxicity problems
(neurotoxicity, systemic toxicity) (Lirk et al. 2014; Russell 1982) limited their use.
Adjuvants or additives are often used with local anaesthetitics to seek synergistic
effects by prolonging the duration of sensory-motor block and limiting the cumulative
dose requirements of local anaesthetics (Swain et al. 2017; Zhang et al. 2016).

oz-Adrenoceptor agonists (e.g. dexmedetomidine and clonidine) are used in both
anaesthesia and intensive care medicine. op-Adrenoceptor agonists are being
evaluated as ways of obtaining analgesia by administering them spinally (Bahari &
Meftahi 2019; Yaksh 1985; Yaksh et al. 2017). ar-Adrenoceptor agonists
administered either by i.t. or epidural injections were shown to be potent analgesics
both in animal models and clinically (Giovannoni et al. 2009). However, in the clinic,
hypotension is one of the main side effects e.g. this has been encountered after
clonidine therapy (Eisenach et al. 1996; Bajawa et al. 2012). Thus, to minimize the
adverse effects of ax-adrenoceptor agonists they are only used as adjuvants for spinal
analgesia (Ganesh & Krishnamurthy 2018). The combination of an a,-adrenoceptor
agonist with a local anaesthetic allows for a reduction of the doses of both drugs and
furthermore, causes less side effects in perioperative anaesthesia (Bajwa et al. 2012;
De Kock et al. 2001; Dobrydnjov et al. 2002; Strebel et al. 2004; Zhang et al. 2016).
Furthermore, az-adrenoceptor agonists potentiate opiate efficacy in anaesthesia and
in acute and chronic pain management and providing an opiate-sparing effect
(Tonner 2017). Table 4 describes the adverse events of spinally administered
opioids, local anaesthetics and a,-adrenoceptor agonists.

Table 4. Adverse effects of spinal administered opioids, local anaesthetics and az-adrenoceptor

agonists.
Opioids Local anaesthetics az-adrenoceptor agonists
respiratory depression hypotension hypotension
constipation muscle relaxation bradycardia
urinary retention urinary retention increased sedation
nausea toxicity dryness of mouth
pruritus urinary retention
hypotension inhibition of gastrointestinal
tolerance and dependence motility

Derived from Bajawa et al. 2012; Eisenach et al. 1996; Grangier et al. 2020; Hayhurst & Durieux
2016; Lirk et al. 2014; Liu et al. 2020; Russell 1982; Staikou & Praskeva 2014; Sun et al. 2017,
Swain et al. 2017.

The N-type voltage dependent calcium channel blocker, ziconotide is FDA approved
for i.t. use for treating chronic, severe pain. However, a narrow therapeutic index and
reported side effects such as dizziness, nausea and somnolence have limited its use
(Yaksh et al. 2017). The clinically approved GABA-B receptor agonist baclofen is
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used to regulate motor tone in the case of spasticity where it also exerts nociceptive
effects, however producing a prominent dose-dependent motor weakness (Yaksh et
al. 2017).

Due to the risk for harmful adverse-effects caused by the current treatments, the
management of postoperative pain is often unsatisfactory. There is a clear need for
a safe and effective analgesic drug for the treatment of severe postoperative pain.
Furthermore, technical improvements are still necessary to help reduce the
complications and side effects associated with the procedure (Erdine & De Andrés
2006; Lamer et al. 2016). Research of agents and techniques for prolonging the
action of a local anaesthetic without having deleterious actions, either primary
systemic effects or neurotoxicity has been ongoing (Swain et al. 2017). According
to experts in this field, there is a need for novel opioids with a reduced risk of
tolerance and dependence (Berger & Whistler 2010) or more polar az-adrenoceptor
agonists which could be advantageous for increasing the duration of analgesic action
while decreasing systemic exposure after spinal delivery (Yaksh et al. 2017).

2.5 Fadolmidine as a spinal analgesic

Fadolmidine 3-(1H-Imidazol-4-ylmethyl)-indan-5-ol, HCIl (previous name MPV-
2426 hydrochloride), is a potent full agonist of all (A, B and C) the human a»-
adrenoceptor subtypes with ECso values (nM) of 0.4, 4.9 and 0.5, respectively
(Lehtiméki et al. 2008); it is being developed as a spinal analgesic (Lehtimiki et al.
1999) with a local mode of action (Lehtiméki et al. 2008; Pertovaara & Wei 2000).
Moreover, fadolmidine is a full agonist at human o;4- and ;s -adrenoceptors but at
approximately ten times higher concentrations than at axa and axc-adrenoceptor
subtypes (Lehtiméki et al. 2008). In addition, the binding profile of fadolmidine
demonstrates a binding affinity for the human serotonin 5-HT3 receptors (ICso 6.3
nM). The chemical structures of fadolmidine and another a»-adrenoceptor agonist,
dexmedetomidine as a comparison, are illustrated in Figure 4.

Fadolmidine Dexmedetomidine

Figure 4. Chemical structures of fadolmidine and dexmedetomidine (derived from Lehtimaki et al.
2008).
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Fadolmidine has been demonstrated to exert powerful spinal antinociceptive activity
in several different animal models: in acute nociceptive tests (Lehtimaki et al. 1999;
Onttonen et al. 2000; Talke et al. 2003; Xu et al. 2000a, 2000b) and in postoperative
(Onttonen & Pertovaara 2000), neuropathic (Pertovaara & Wei 2000; Xu et al.
2000b) and inflammatory (Pertovaara & Kalmari 2003; Xu et al. 2000b) pain models
in rats and in an acute nociceptive test in sheep (Eisenach et al. 1999). Fadolmidine
has been reported to produce antinociception with greater potency when delivered
i.t. than epidurally (Eisenach et al. 1999), whereas after i.v. (Eisenach et al. 1999;
Wei et al. 2002), s.c. (Pertovaara & Wei 2000) and intraplantar (Ontonen &
Pertovaara 2000; Wei et al. 2002) administration, fadolmidine had no or only weak
antinociceptive properties. However, intraarticularly fadolmidine has been shown to
produce a dose-dependent suppression of arthritic pain-associated vocalization in
rats (Ansah & Pertovaara 2007).

The antinociception induced by i.t. fadolmidine is due to its action on spinal o»-
adrenoceptors (Onttonen et al. 2000; Pertovaara & Wei 2000; Xu et al. 2000a).
Furthermore, fadolmidine at an antinociceptive i.t. dose, had no significant effects on
the monosynaptic H-reflex which is a non-nociceptive motor response (Onttonen et al.
2000). L.t. fadolmidine attenuated ascending nociceptive signals (both neuropathic and
non-neuropathic) to the RVM in neuropathic rats evoked both by thermal and
mechanical stimuli (Pertovaara & Wei 2000). The role of the RVM in descending
feedback control of spinal nociception is well-established (Basbaum & Fields 1984;
Fields et al. 1991; Millan 2002). In addition, in the brain, the noradrenergic cell group
A7, A6 (LC) and AS in the pons with a high density of a-adrenoceptors (Scheinin et
al. 1994) provide the noradrenergic innervation to the spinal cord (Clark & Proudfit
1993; Howorth et al. 2009). These cells groups are involved in descending modulation
of pain through the action on spinal a,-adrenoceptors (Pertovaara 2006). Fadolmidine
has been reported to produce a tactile antihypersensitivity effect via noradrenergic cell
group A7, but not in A6 (Wei & Pertovaara 2013).

Due to its pharmacokinetic properties, fadolmidine only poorly passed through
the blood-brain-barrier after systemic (Eisenach et al. 1999; Lehtiméki et al. 1999)
or i.t. administration (Onttonen et al. 2000; Pertovaara & Wei 2000), and thus did
not gain access to the CNS (Xu et al. 2000a). Accordingly, the bioavailability of
fadolmidine in a cerebrospinal fluid (CSF) was only 7% and 0.17% after epidual and
i.v. administration, respectively, as measured in sheep (Eisenach et al. 1999).
Furthermore, in sheep, i.t. fadolmidine, at an EDgs dose and even higher dose,
produced a dose-independent reduction in thoracic and lumbar spinal cord blood
flow (Eisenach et al. 1999).

For comparison, i.t. fadolmidine and dexmedetomidine, produced equipotent
thermal antinociceptive (Onttonen et al. 2000; Xu et al. 2000b) and antihyperalgesic
(Onttonen & Pertovaara 2000) effects. However, fadolmidine exerted a selective and
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segmentally more restricted antinociceptive effect than dexmedetomidine following
1.t. administration (Onttonen et al. 2000; Pertovaara & Wei 2000). According to the
antinociceptive potency, the following rank order of o,-adrenoceptor agonists was
reported in gastrocnemius EMG model; dexmedetomidine > fadolmidine >
tizanidine (Talke et al. 2003). In this model, however, higher analgesic doses were
needed for antinociceptive effects than in a rat tail-flick test. In addition, at those
antinociceptive doses, all of the compounds exerted almost equal sedative effects.
Talke et al. (2003) speculated that in this model, the requirement dose for the
antinociceptive effect may be increased significantly if there was the presence of
discomfort in the animals. In addition, they considered that anxiety, pain, lack of
interest in the environment, or motor dysfunction of animals could be attributed to
the effect of sedation while the animals performed a locomotion test. In comparison
to clonidine i.t., fadolmidine i.t. induced more potent analgesic effects in the rat tail-
flick test (Lehtimdki et al. 1999). In a visceral pain model (with and without
inflammation) fadolmidine and clonidine i.t. induced equipotent antinociceptive
effects (Pertovaara & Kalmari 2003) whereas in a mechanical hyperalgesia model,
the effects of clonidine were weaker (Onttonen & Pertovaara 2000).

Based on the different pharmacokinetic profiles of fadolmidine, dexmedetomidine
and clonidine, after i.t. administration the sedative potency of fadolmidine has been
shown to be weaker than similarly administered dexmedetomidine (Xu et al. 2000b)
and clonidine (Lehtimiki et al. 1999). Furthermore, at antinociceptive i.t. doses,
fadolmidine has been shown to be sedative only when injected directly into the LC in
rats (Xu et al. 2000a). In addition, fadolmidine i.t. induced hypothermia only at clearly
higher doses than clonidine i.t. in rats (Lehtiméki et al. 1999). Thus, in contrast to the
highly lipophilic compound dexmedetomidine and to the lipophilic compound
clonidine (Aantaa & Scheinin 1993) fadolmidine does not seem to redistribute so
rapidly to the supraspinal space and spread into the CNS after i.t. and brainstem
administration than dexmedetomidine (Xu et al. 2000a, 2000b) and clonidine
(Lehtimdki et al. 1999). After systemic administration, fadolmidine displayed a
considerably weaker CNS-mediated mydriatic response and sedative effect than
dexmedetomidine (Lehtimiki et al. 2008).

Fadolmidine i.t. and epidurally at analgesic doses did not produce hemodynamic
depression in sheep (Eisenach et al. 1999). Furthermore, Eisenach et al. (1999)
predicted that the degree of hypotension from fadolmidine would be less than that
from clonidine in humans. This suggests that as a species, sheep might be less
sensitive to the hypotensive action of ar-adrenergic agonists than humans (Eisenach
& Dewan 1990). Furthermore, no (when administered i.t.) or small (when
administered epidurally) decreases in HR were noted. Fadolmidine i.v. increased
dose-dependently BP and inhibited electrically induced tachycardia in pithed rats
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(Lehtimaiki et al. 1999), as well as evoked increases in initial BP and decreases HR
in anaesthetised rats (Lehtimaiki et al. 2008).

In addition, various esters of fadolmidine with optimal lipophilicity properties
were evaluated to decrease IOP after topical administration in rabbits. The pivaloyl
ester of fadolmidine also decreased IOP in treated eyes of normotensive pigmented
rabbits after unilateral ocular administration (Niemi et al. 2005).

The summary of pharmacological in vivo properties of fadolmidine and
dexmedetomidine and clonidine as a comparison are presented in Table 5.

Table 5. The lowest dose (Dose) that produced a significant effect or potency (EDsp) of
fadolmidine and the reference compounds dexmedetomidine (Dexmed) and clonidine
on spinal (analgesic) and some supraspinal and peripheral in vivo pharmacological
effects in mice, rats, rabbits and sheep.

PARAMETERS FADOLMIDINE DEXMED CLONIDINE
Dose” | EDsp | Dose” | EDsp | Dose” | EDso

Noxious test:
Thermal (rat, i.t.)

- tail-flick 32,259, 0.7 [32,25%, |- - 6.4"
10(50)% 12.5%

- Heat / tail, withdrawal® 3 - 1 - - -

- Heat / paw withdrawal® 3 - 1 - - -

Thermal and mechanical (rat, s.c.)®

- Tail-flick >300 - - - - -

- paw pressure >300 - - - - -

Mechanical / forelimb (sheep)®

- it - 49 - - - -

epidural - 202 |- - - -

-iv. - N/A |- - - -

postoperative hyperalgesia,
mechanical/hindpaw (rat)”)

-t 3 - 3 - >10 -
- intraplantar N/A - = = - -
Neuropathy (rat, i.t.)¥

- heat / tail, tail-flick 1 = = - - -
- heat / hindlimb, withdrawal 10 - - - - -
- noxious mechanical / paw pressure 1 - - - - -

- innocuous mechanical / paw pressure 10 - - - - -
(tactile allodynia)

neuropathy (rat, i.v.)?

- Chung model, tail-flick 300 - 30 - - -
arthritic pain (rat, intraarticular)'®
- vocalization score 30 - - - 100 -
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PARAMETERS FADOLMIDINE DEXMED CLONIDINE

viskeral pain (rat, i.t.)'"

- control 3 - - - 3 -

- a turpentine-induced inflammation 10 - - - - -

carrageenan / inflammation (rat, i.t.)®, 5 - 5 - - -

paw flick

sedation (rat):

-3 59,109 |30V |2.59,2.5% |- - 51

- Into the LC™ 10 - 3 - - -

- s.c. (mice)™? 300 - 10 - - -

hypothermia (rat, i.t.)" 10 - - - 4 -

mydriatic response (rat, i.v.)'? 100 - 3 - - -

BP™ and HR™:

sheep, i.t.

- increase in BP 300 - - - - -

- bradycardia N/A - - - - -

sheep epidural

- increase in BP 200 - - - - -

- bradycardia 1400 - - - - -

sheep i.v.

- increase in BP 50 - - - - -

- bradycardia 300 - - - - -

pithed rats (i.v.)"

- increase in BP 0.23 - 0.84 - - -

- inhibition in electrically induced 0.10 - 0.47 - - -
tachycardia

anaesthetized rats (i.v.)"

- increase in initial BP 3 - N/A - - -

- decrease in BP 10 - 3 - - -

- decrease in HR 1 - 1 - - -

intraocular pressure (rabbit, intraocular)'® | 2.5 - - - -

*) Dose: i.t., intraplantar, intraarticular and intraocular; pg/animal, and i.v.
Locus coeruleus, ***) BP = Blood pressure, ****) HR = Heart rate, N/A = not applicable. 1) Lehtimaki
et al.1999, 2) Xu et al. 2000a, 3) Xu et al. 2000b, 4) Talke et al. 2003, 5) Onttonen et al. 2000, 6)
Eisenach et al. 1999, 7) Onttonen & Pertovaara 2000, 8) Pertovaara & Wei 2000, 9) Wei et al. 2002,
10) Ansah & Pertovaara 2007, 11) Pertovaara & Kalmari 2003, 12) Lehtimaki et al. 2008, 13) Niemi

et al. 2005.
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3 Aims

Two az-adrenoceptor agonists i.e. clonidine and dexmedetomidine, are extensively
used in both anaesthesia and intensive care medicine. However, while clonidine is
reasonably well tolerated, it may produce pronounced side effects such as
hypotension, bradycardia and sedation at analgesic doses, which may limit its
usefulness under certain conditions.

Fadolmidine is a novel full a,-adrenoceptor agonist with a local mode of action
and it has been specially developed for use in spinal analgesia. Fadolmidine has been
shown to possess analgesic properties as evaluated in different nonclinical animal
pain models after its spinal administration. In contrast, the systemic effects of
fadolmidine after spinal administration have not been studied previously thoroughly.

The studies in this thesis have been conducted as part of the nonclinical research
program aiming to develop fadolmidine for spinal analgesia.

These specific aims were:

» To assess the analgesic effect of fadolmidine after i.t. administration in a
rat tail-flick test and after i.t. and epidural administration in a dog skin
twitch test.

* To evaluate the effects of fadolmidine on sedation, HR, BP and BT after
i.t. administration in rats and i.t. and epidural administration in dogs.

* To examine the effects of fadolmidine on BP, HR, kidney function and
urodynamics in rats.

* To study the effects of i.t. fadolmidine as an adjuvant to the local
anesthetic bupivacaine on sensory-motor in rats and dogs, and to
determine the distribution of *H-fadolmidine in plasma and spinal cord
after i.v. and i.t. administration in rats.

39



4 Materials and Methods

4.1 General experimental design

In study I, the peripheral and central pharmacological effects of fadolmidine were
compared to the specific ax-adrenoceptor agonists, dexmedetomidine and clonidine
all administered by i.t. injection. The profile of fadolmidine’s adverse effects on
cardiovascular variables, kidney function and urodynamic parameters was carried
out in in vitro and in vivo in study Il. In study III, the effects of fadolmidine on
analgesia, HR, BP, BT were evaluated after i.t. and epidural administration in dogs
and the effects were compared to the similar analgesic properties of a well-known
az-adrenoceptor agonist i.e. clonidine. In study IV, the effects of i.t. fadolmidine as
an adjuvant to a local anaesthetic, bupivacaine, on sensory-motor block were
evaluated in rats and dogs.

4.2 Animals used in ex vivo and in vivo models

Animal experiments in the studies (I-II, IV) in Orion Corporation followed the
European Communities Council Directive 86/609/EEC and were approved by the
local Laboratory Animal Welfare Committee (610/712-86), Orion Corporation,
Finland. Study III was performed in the University of California, San Diego (UCSD),
California, USA, and it adhered to the rules of Association for Laboratory Animal
Care (AALAC) and was approved by the Institutional Animal Care and Use
Committee of the University of California, San Diego. The animals used are
summarised in Table 6.
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Table 6. Animals used in I-IV. All used animals were males.

STUDY SPECIES STRAIN SUPPLIER
| Rat Sprague Dawley B&K, Sweden
| Rat Sprague Dawley B&K, Sweden
Guinea pig Dunklin-Hartley B&K, Sweden
1l Dog Beagle Marshall Farms
USA, Inc.
v Rat Sprague Dawley B&K, Sweden
Dog Beagle Harlan-Winkelman
Hundezucht,
Germany

The rats were housed in groups of five per cage with aspen chips as housing material
under controlled conditions of light (12 h light / 12 h dark), temperature (22 + 2 °C)
and humidity (50 = 10%) (I, 11, IV) in the animal facility of Orion Corporation, Orion
Pharma. Standard rat food and tap water were available ad libitum.

The guinea pigs (II) were housed in groups of ten per cage with aspen chips as
housing material under controlled conditions of light (12 h light / 12 h dark),
temperature (22 £+ 2 °C) and humidity (50 £ 10%) in the animal facility of Orion
Corporation, Orion Pharma. Standard guinea pig food and tap water were available
ad libitum.

The dogs were housed individually in runs with wood shavings, with automatic
control of light (12 h light / 12 h dark) and temperature (between 18 to 27 °C) and
with ad libitum access to fresh food and water in the animal facility of the University
of California, San Diego (III). In study IV, dogs were housed in groups of 2—3; after
surgery they were housed individually with automatic control of light (12 h light /
12 h dark), temperature (18 = 4 °C) and humidity (50 £ 20%) with a standard certified
pelleted dog feed and tap water was available ad libitum in the animal facility of
Orion Corporation, Orion Pharma.

4.3 5-HT3 receptor activity measurements (ll)

4.3.1 In vitro patch clamp measurments

Stably transfected 5-HTsa and 5-HTsag cell lines were created in Molecular
Biology of Orion Pharma in Viikki campus. The cells were incubated at 37 °C for
1-3 days in an 5% CO; and 95% O; atmosphere in Dulbeccos modified Eagle’s
medium with 10% fetal calf serum (heat inactivated), 10 I.U. penicillin and 10 ug
streptomycin, 10 mM HEPES, 0.2 mg/ml geneticin. For the 5-HT345 cells medium
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0.2 mg/ml hygromycin was added. The medium of cells was changed after 2-3
days. Approxmately once a week the cells were replaced by using 0.25% trypsin
solution. The adhering cells were tested at a room temperature by using the tight-
seal whole cell voltage-clamp configuration of the patch clamp technique (Hamill
et al. 1981) with an Axopatch 200B amplifier (Axon Instruments, USA). The
coverslip with cells was placed into an extracellular solution (in mM): 150 NacCl,
3 KCl, 2.5 CaCl,, 1.2 MgCla, 2.5 glucose and 10 HEPES (pH 7.4) with osmolarity
of 305 mOsm (OM-6020 osmometer; DIC Kyoto Daiihi Kagagu Co. Ltd, Japan).
The cells were perfused with the extracellular solution at 2 ml/min. The
intracellular solution consisted of (in mM): 120 KCIl, 5 BABTA (tetrapotassium
salt), 0.5 CaCl,, 1 MgCl,, 2 adenosine triphosphate (disodium salt), 10 HEPES (pH
7.2) with osmolarity of 290 mOsm and calculated free Ca*" concentration of 23
nM (with BAD4 program). The borosilicate glass pipettes (Clark Electromedical,
England), a resistance between 1 and 1.5 MOhm, were pulled with a P-2000 puller
(Sutter Instruments, Co. USA). The cellular capacitance was compensated by the
circuitry in the amplifier. In all recordings, cell voltage was clamped to -70 mV
except during voltage ramps and were digitized with Digidata 1200 interface
(Axon Instruments, USA) at the sampling rate of 2 kHz. The recording was
performed with Clampex 8.0 and analysed with Clampfit 8.0 software (Axon
Instruments, USA). The dose response results were analysed and fitted with the
free Hill equation in SigmaPlot 4.01.

All drugs were dissolved in extracellular solution and were given with RSC-200
rapid solution changer (Bio-Logic, France). The test items were perfused 20 s with
increasing concentrations with 90—100 s washout in between the tests. The agonist
effects of fadolmidine and a reference compound 3 pM serotonin (for 5-HT34 cells)
or 6 uM serotonin (for 5-HT3as cells) was first applied for 20 s and after a washout
0f 90-100 s increasing concentrations of fadolmidine were applied.

4.3.2 Ex vivo guinea pig ileum preparation

Guinea pigs (Dunklin-Hartley) were used for the experiments. Segments of
approximately 20 cm of ileum valve were divided into 8—12 preparations (2 cm long
each) in a physiological solution (mM): 118 NaCl, 4.7 KCl, 2.5 CaCl,, 1.2 MgCl,,
1.2 NaH,POs4, 25 NaHCOs and 6 glucose for electrical and chemical stimulation,
respectively. Four ileal segments were studied in parallel by using a Schuler organ
bath with tissue chamber volume of 10 ml (Hugo Sachs Elektronik, Germany) at
37 °C temperature (Hetofrig, Heto, Danmark). Isometric contractions were measured
by Grass force-displacement transducer (model FT03; Grass Instruments, Quincy,
USA) with Grass D.C. Low-Level Pre-Amplifiers and driver amplifiers (type
7DAG). The amplified signals were plotted by using a Grass ink writer oscillograph
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type 7WU 16F. Preparations were allowed to stabilize under the resting tension of
1.0 g for 30 min and were washed three times by overflow.

Two boluses of 1 uM acetylcholine were given at six minute intervals to
determine the individual maximal contractile capability of the segments. The test
substances were given with 15 min intervals using half-logarithmic increments and
two minute contact times. Between dosing intervals the segments were washed.
Before agonist given atipamezole and prazosin (16—17 min before) and in some
experiments ondansetron (15 min before) were added into the incubation medium to
prevent possible effects on presynaptic a,-adrenergic receptors and postsynaptic -
adrenergic receptors, and effects on 5-HT3, respectively. Agonist mediated
contractions were evaluated by tetrodotoxin, a sodium channel blocker. Isometric
contractions of the ileal segments were measured as a response to 5-HT; agonists.

4.4 In vivo models
4.4.1 l.t. catheterization (I-1V)

4411  Rats(l, Il IV)

Lt. catheters were implanted under midazolam (5 mg/kg, Dormicum® 5 mg/ml) and
fentanyl (0.25 mg/kg)-fluanisone (8 mg/kg) (Hypnorm®) s.c. combination
anaesthesia according to the method of Yaksh and Rudy (1976) with minor
modifications. The catheter (PE10, Intramedic®) was introduced into the lumbar
enlargement of the spinal cavity via the atlanto-occipital membrane below the skull.
The location of the catheter tip was confirmed by lidocaine 0.5 mg (Lidocain pond®
50 mg/ml) i.t. approximately on the third day after catheterization. Transient
paralysis of both hind limbs was the indication of successful catheterization. After
at least a one-week recovery period, animals with visually observed normal
neurological function were selected for the experiment.

4412  Dogs (Ill, IV)

Lt. catheterization was performed according to the method of Atchison et al. (1986)
with minor modifications. In study III, the dogs received atropine (0.04 mg/kg,
intramuscular (i.m.), atropine® 0.4 mg/ml). Anaesthesia was induced with xylazine
(1.5 mg/kg, i.m., Rompun®20 mg/ml) and maintained under spontaneous ventilation
with 1.0 - 3.0% isoflurane and 60% N>0/40% O- (approximate values). In study IV,
anaesthesia was induced with medetomidine (40 pg/kg, i.m., Domitor® 1 mg/ml) and
maintained with a propofol i.v. bolus injection (6.5 mg/kg, Diprivan® 10 mg/ml) and
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infusion (0.9 ml/kg/h, Diprivan® 10 mg/ml). The surgical areas in the head and neck
were shaved and surgically prepared. Using a sterile technique, the cisterna magna
between the skull base and C1 was exposed and an incision was made into the dura.
The PE10 (Intramedic®) i.t. catheter (the dead space volume of 0.2-0.3 ml) (III) or
a clear nylon epidural 19G catheter (Portex®, Portex limited) with the connector (the
dead space volume of approx. 0.4 ml) (IV) was inserted and passed caudally to the
Ly3 level. The catheter’s placement and patency were verified post-operatively by
the appearance of clear flowing CSF from the catheter. The animals were allowed to
recover with appropriate postoperative care.

The location of the catheter tip was confirmed by the distribution of dye
delivered before exposure (III) or by administering 6 mg lidocaine (Lidocain®
20 mg/ml) i.t. approximately on the third day after catheterization (IV). A transient
paralysis of both hind limbs was the indication of successful catheterization. All
animals showed an uneventful postoperative recovery with no sensory or motor
deficits or evidence of discomfort.

For infusion (III), a nylon vest with an infusion pump was placed on the
habituated animal for 48 h prior to surgery. Following surgical recovery, all animals
having been implanted with PE10 i.t. catheter started to receive a chronic infusion
of approximately 100 pul/h of physiological saline for maintaining catheter patency.
The infusion was stopped at least 30 min prior to dosing with the test compound. In
study IV, the catheter was flushed once a week with physiological saline (0.5 ml/dog)
to maintain catheter patency.

442 l.c.v. catheterization ()

For i.c.v. catheterization, rats were anaesthesised as in the i.t. catheterization (see
4.4.1.1). An internal cannula 28G (Plastics one® Inc Roanoke, VA 24022) was
inserted stereotactically into the right lateral ventricle of the brain (coordinates:
bregma A: 0.8, L: 1.4, V: 3.7) by using the method of Kehne et al. (1981). After the
surgery, the animals were allowed to recover for at least 5 weeks. The location of the
cannulae tip was verified by i.c.v. injection of angiotensin II (200-300 ng per 23 pl;
Angiotensin II TFA salt, RBI) 2 days before the hemodynamic measurements. Only
animals exhibiting a drinking response and normal CNS function in rotarod and cage
track tests were used for the experiment.

4.4.3 Epidural catheterization (lll)

The surgical preparation of the dogs for epidural catheterization was performed
according to the method described originally by Durant and Yaksh (1986). The dogs
were anaesthetised as in the i.t. catheterization (see 4.4.1.2) in study III. The lower
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back of the dog was surgically prepared. A small skin incision over the L3/S;
interspace was made and a PE50 (Intramedic®) catheter was passed into the epidural
space at approximately the Li.; level via an 18G Tuohy needle. The catheter was
tunneled s.c. and connected with a s.c. installed injection port (vascular-access-port
model SLA, Access Technologies) with a dead space volume of 0.1 ml. The animals
were allowed to recover with appropriate postoperative care. All animals showed an
uneventful postoperative recovery with no sensory or motor deficits or evidence of
discomfort.

444 Implantation of radio-telemetry transmitter (ll, IV)

4441 Rats(ll)

The rats were anaesthetised as in the i.t. catheterization (see 4.4.1.1). The rats were
operated and the functioning of the telemetry system was confirmed according to
instructions provided Data Sciences (Data Sciences, St. Paul, MN). The surgical area
was shaved and surgically prepared. A midline abdominal incision was made and the
descending aorta was carefully isolated. The catheter tip of the telemetry transmitter
(model TL11M2-C50-PTX) was inserted upwards just above the iliac bifurcation of
the descending aorta and fixed with cyanoacrylate adhesive glue and cellulose fibre
patch (5 x 5 mm). The body of the telemetry transmitter was inserted in the peritoneal
cavity, sutured to the inside of the muscle wall and the incision was closed. The rats
were housed individually (in polypropylene cages), and allowed to recover for at
least one week before i.t. catheterization. After recovery, animals with visually
observed normal neurological function were used in the experiments.

4442 Dogs (IV)

L.t. catheterization (see 4.4.1.2) and implantation of radio-telemetry transmitter were
operated simultaneously under sterile conditions. The implantation of the radio-
telemetry transmitter was undertaken and the functioning of the telemetry system
was confirmed according to instructions provided by Data Sciences (Data Sciences,
St. Paul, MN). The surgical areas were shaved and surgically prepared. The device
body of the sterile telemetry transmitter (model TL10M2-D70-PCT) was tunnelled
into the pouch under the skin. An incision in the inguinal area over the femoral artery
(deep femoral or muscular branch) was made and the tip of the catheter was passed
cranially into the artery. The vessel was ligated and at the end, the incisions were
closed. The animals were allowed to recover with appropriate postoperative care.
After recovery for at least one week, those animals with visually observed normal
neurological function were used in the experiments.
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4443 I.t. and epidural dosing (I-1V)

L.t. administration in rats: the test drugs were administered i.t. by a Hamilton syringe
in a volume of 10 pl. The injection of each drug was followed by an additional
physiological saline injection of 10 ul or 15 pl (in cardiovascular experiments (1)) or
sterile water injection of 15 pl in cardiovascular experiments (II) to flush the drug
remaining in the catheter lumen (I, II, IV).

LI.t. administration in dogs: the test drugs were administered as a bolus i.t.
injection by a syringe in a volume of 1.0 ml (III) or 0.5 ml (IV). The injection of
each drug was followed by an additional physiological saline injection
approximately of 0.5 ml (I, IV).

L.t. infusion in dogs: the test drugs were administered as a bolus injection by a
syringe in a volume of 1.0 ml followed by a 24-h continuous i.t. infusion with an
infusion pump (Panomat C-10, Distronic Medical Syatems) in a volume of 100 pl/h
(II0).

I.c.v. administration in rats: the test drugs were administered i.c.v. by Hamilton
syringe in a volume of 2 ul (I).

Epidural administration in dogs: the test drugs were administered as a bolus
epidural injection by a syringe in a volume of 1.0 ml. The injection of each drug was
followed by an additional physiological saline injection of 0.1 ml to flush the drug
remaining in the catheter lumen (III).

4.5 Nociceptive methods

4.5.1 The rat tail-flick test (1, IV)

The rat tail-flick test (Asano et al. 2000) was performed with an analgesia meter
(Ugo Basile, model DS-20, Italy) consisting of an infrared heating spot and an
automatic tail-flick detector. The rats were habituated to the plastic immobilization
chamber three times on one day (I) or twice a day (2 x 2 min) (IV) before the start
of the experiment. The infrared beam (a noxious heat stimuli) was focussed on the
tail of an immobilized rat. After a sensation of the pain, the rat withdrew the tail from
the heat beam and the time (s) to respond was recorded. Failure to respond in 5 s was
the maximum (cut-off time) to prevent tissue damage. The predrug latency was
recorded and a bolus injection of test compound was administered i.t. (10 pl).
Latencies were recorded at 30 min after the test compound administration (I) or at
the observation time points (IV). Both predrug and postdrug latencies were
determined three times to diminish the effects of a possible unspecific reaction, and
the mean value was used (Table 7).
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452 The dog skin twitch test (111, 1V)

The thermally evoked skin twitch response (Yaksh et al. 1994) was measured using
a probe with approximately 1 cm? surface area maintained at approximately 62.5 +
0.5 °C. The probe was applied sequentially to the shaven thoracolumbar areas of the
animal’s back. When a brisk contraction of the local musculature within 1-3 s of
probe placement was detected, the probe was removed and the latency recorded.
After a failure to respond within 6 s (cut-off time, to prevent tissue damage), the
probe was removed and a value was assigned as the latency. The nociceptive
response was presented as the mean of the two latencies. The predrug latency was
recorded and a bolus injection of test compound was administered i.t. (1.0 ml (III)
or 0.5 ml (IV)) or epidurally (1.0 ml (III)) or during 24-h continuous i.t. infusion
(1.0 ml followed by 100 pl/h (IIT)) and the latencies were recorded at the observation
time points. During the measurement, the dogs were standing on the operation table
(Table 7).

45.3 Motor block (1V)

Simultaneously with the analgesia measurement, the onset and the duration of motor
block were evaluated after administration of a local anaesthetic, bupivacaine, by
defining the time between completion of the i.t. injection and the time when the dog’s
hind limbs were unable to support its weight and when the animal was again able to
support its own weight, respectively (Table 7).
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Table 7. Nociceptive and motor block observations in the studies I, lll and IV.
STUDY | SPECIES MODEL, DOSING | TEST COMPOUNDS AND OBSERVATION TIME
(STRAIN, ROUTE AND N* |DOSES POINT
WEIGHT)
| Rat (Sprague Tail-flick test, i.t., |Saline 10 pl per rat The dose-response effects
Dawley, 210— N=8-13, cross- Fadolmidine 0.1. 0.3. 1. 3 and 10 | at 30 min after drug injection
480 g) over manner ug per rat o
within drugs

Rat (Sprague
Dawley, 293—
443 g)

Dog (Marshall
farms, 12-14

kg)

Dog (Harlan-
Winkelman
Hundezucht, 8-
11 kg)

Tail-flick test, i.t.,
N=7-16

Skin twitch test,
i.t., N=5, cross-
over manner and
epidurally, N=5,
cross-over
manner

Skin twitch test,
24-h i.t. infusion,
N=3-5, cross-
over manner

Skin twitch test
and motor block,
i.t., N=5, cross-
over manner

Dexmedetomidine 0.1, 0.3, 1, 3
and 10 pg per rat

Clonidine 0.1, 0.3, 1, 3, 10 and 30
ug per rat

Bupivacaine 0 (saline 10 pl), 1, 3,
10, 30, 50, 100 and 300 ug per
rat

Fadolmidine 0 (saline 10 pl), 0.3,
1, 3 and 10 pg per rat
Bupivacaine 10 pug and
fadolmidine O (saline 10 pl), 0.3,
1, 3 and 10 ug per rat
Fadolmidine (ug) + bupivacaine
(Mg): 2 x EDsp (2.4 + 175), 1 x
EDso (1.2 + 87), Y2 x EDso (0.6 +
45), o x EDsp (0.3 + 22), 1/6 x
EDso (0.2 + 15), 1/8 x EDsp (0.15
+11), 1/10 x EDs (0.12 + 9),
1/12 x EDsp (0.1 + 7), 1/16 x EDso
(0.08 +5.4)

Fadolmidine 0 (saline 1.0 ml), 30,
100 and 300 ug per dog
Clonidine 0 (saline 1.0 ml), 30,
100 and 300 ug per dog

Saline 500 pl + 100 pl/h per dog

Fadolmidine 100 ug + 50 pg/h per
dog

Clonidine 100 pg + 100 ug/h per
dog

Bupivacaine 3 mg per dog
Fadolmidine 60 pg per dog

Bupivacaine 3 mg and
fadolmidine 60 pg per dog

*N= number of animals per dose, i.t. = intrathecal.
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The time points: 0, 10, 20,
30, 45, 60, 90 and 120 min
after dosing

The time points: 0, 0.5, 1, 2,
4 and 6 h after dosing

The time points for
isobolographic analysis: 0,
10, 20, 30, 45, 60, 120, 180,
240, 300, 360 and 420 min
after dosing

The time points: 0, 0.33, 1,
2, 4 and 8 h post injection

The time points: 0, 1, 2,4, 8
and 24 h after initiation of
infusion

Skin twitch test. The time
points: 0,0.5,1,1.5,2, 3,4
and 6 h after dosing

Motor block: the onset and
the duration of motor block
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4.6 Sedation, BT and respiratory rate (I-1V)

4.6.1 Motor coordination (I, 1V)

The motor coordination (measuring moderate sedation) was evaluated on a Rota-rod
treadmill (Ugo Basile, Italy) consisting of four drums (diameter of 70 mm, 4 r/min,
separated by five flanges) in trained and habituated rats. After training, only the rats
that were able to stay for at least 2 min on the rotating rod were selected for the test.
The rats were administered test compound i.t. (10 pl) and placed on the rotarod to
measure their ability to remain on the rotating rod (measuring time 120 s).

In study I, 15 min after test compound injection, the rotarod performance and
then the motor activity test (for 10 min) and BT measurement were carried out at the
observation time points. In study IV, after test compound injection, the motor score
observation and then the rotarod performance and BT measurement were carried out
at the observation time points (Table 8).

4.6.2 Motor activity (1)

A spontaneous locomotor activity test is mainly an objective measure of (slight)
sedation. The motor activity of a single rat was recorded in a polypropylene animal
cage (38 x 22 x 15 c¢cm) surrounded by photobeam frames by Photobeam Activity
System (PAS, Cage Rack®, San Diego instruments, USA). After test compound
administration, the animal was placed into the cage for measuring its spontaneous
locomotor activity for 10 min. Each breaking of the photobeams of the frame was
counted as a signal of motor activity (Table 8).

4.6.3 Open field (I1)

Exploratory activity (measuring mild sedation) was investigated in trained (4 x 3
min/one training session) rats in the open field test by using a non-reflecting black
plastic open arena (70 x 70 cm) surrounded by walls (38 cm high) in a calm and
noiseless room. Animals were allowed to habituate to the surroundings for at least 1
h before the start of the experiment. Ambulation of an animal was monitored by a
video camera (mounted 220 cm above the arena) linked to a computer through an
image analyser (Poly-Track video tracking system, San Diego Instruments, USA).
The arena was divided into nine equal squares (23 x 23 cm) by the computer software
(Chromotrack, Prototype Systems Ltd., USA) and the amount of ambulation was
counted manually as the number of squares visited. Rats were habituated for
handling (immobilisator) for two days before testing and also to the open field
system (1 x 3 min) twice daily. At the beginning of the measurement, the rat was
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placed gently in the centre of the open-field and allowed to explore freely. On the
testing day, a compound was administered i.t. (10 pl) and spontaneous motor activity
(2 x 3 min) was measured in the open field setup along with the MAP, HR (see
4.7.4.1) and BT (see 4.6.7) measurements at the observation time points. After the
measurements, the rat was returned to its home cage (Table 8).

46.4 Motor score (V)

The motor score was evaluated by a slightly modified method of Penning and Yaksh
(1992) in rats. The following grading bilaterally was used; 1) sedation (scored 0-2),
2) the placing/stepping reflex of the left (scored 0-2) and right (scored 0-2) hind
legs, 3) the muscle tone of the right (scored 0-2) and left (scored 0-2) hind legs by
stretching the legs, and 4) the righting reflex (scored 0-2). The scores were 0 =
absent, 1 = impaired and 2 = normal, the normal baseline score being thus 12. The
muscle tone of the fore-limbs (right (scored 0-2) and left (scored 0-2)) was also
measured. The rats with pretest scores of 16 were included in the study. Each test
compound was given i.t. (10 pl). The motor scores were carried out at the observation
time points. The measurements were performed in a blinded manner. After the motor
score observation, the rotarod performance and BT measurement were carried out
(Table 8).

4.6.5 Behavioural index (ll1)

The specific behavioural indices assessed were state of arousal (postural/behavioural
indication of alertness), muscle tone (the state of muscle vigor or tension) and motor
coordination (complimentary / balance muscle activity) in dogs. Scores of 0-3 were
assigned for each parameter, with 0 being normal function and 3 being severely
abnormal, as described in detail elsewhere (Yaksh et al. 1997). After test compound
dosing (i.t. or epidural) behavioural index was assessed with the nociceptive
measurement (see 4.5.2) and with the other physiological observations (see, 4.6.7,
4.6.8 and 4.7.3) at the predetermined time points (Table 8).

4.6.6 Sedation score (IV)

Sedation was scored (0 - 4) according to the following criteria in dogs: 0 = normal
alertness and responsiveness to the investigators, 1 = quiet response, eyes closed, but
readily alerted and retaining head tone continuously, 2 = quiet, drowsing, eyes
transiently closed, minimal neck tone, but arousable, 3 = significant depression, eyes
remain shut, loss of neck tone, difficult to arouse, 4 = not arousable, total loss of
neck tone, no overall response to strong stimuli applied to paws. After test compound
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dosing, the sedation score was assessed with the nociceptive measurement (see 4.5.2)
and with the other physiological observation (see 4.5.3, 4.6.4, 4.6.7, 4.6.8 and
4.7.4.2.) at time points. During the measurement, the dogs were standing on the
operation table (Table 8).

4.6.7 Body temperature (I1-1V)

BT from rats were measured from the rectum by a thermometer inserted to a depth
of 2.5 cm (I), or by a digital thermometer (Ellab, Denmark) to the depth of 2 cm (IV),
or by the telemetry system (Data Science, St. Paul, MN) from the peritoneal cavity
(I1). In dogs, BT was measured from the rectum by a thermometer inserted to a depth
of 3-4 cm (III, IV). During measurements, the dogs were standing on the operation
table (III, IV). A baseline value of BT was measured and a test compound was given
i.t. (in rats) or i.t. and epidurally (in dogs) and BT was measured at the observation
time points. BT was measured after motor coordination (Rota-rod treadmill) and
motor activity (Cage Rack®) measurements in study I, and during home cage and
open field measurements in study II, and with the other physiological observations
in studies III and IV (Table 8).

4.6.8 Respiratory rate (lll, 1V)

The respiratory rates were measured by observation of chest expansion and
contraction in dogs. During measurements, the dogs were standing on the operation
table. After test compound dosing (i.t. and epidural), the respiratory rate was
measured simultaneously with the nociceptive measurement (see 4.5.2) and with the
other physiological observations (see 4.6.5, 4.6.7 and 4.7.3 (I11I), and 4.5.3, 4.6.4,
4.6.6,4.6.7 and 4.7.4.2 (IV)) at time points (Table 8).
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Table 8. The effects on sedation, BT and respiratory rate in studies I-IV.
STUDY | SPECIES MODEL, DOSING | TEST COMPOUNDS AND OBSERVATION TIME
(STRAIN AND |ROUTE AND N* |DOSES POINT
WEIGHT)
| Rat (Sprague | Rota-rod treadmill, | Fadolmidine O (water 10 pl), 1, 3, |Rota-rod: the dose-
Dawley, Cage Rack® and 10 and 30 pg per rat response effects measured
390400 g) rectal BT, i.t., Dexmedetomidine 0 (water 10 pl) for 2 min 15 min after drug

Rat (Sprague
Dawley,
193-407 g)

Rat (Sprague
Dawley,
300-500 g)

Dog

(the same
animals as in
the nociceptive
measurements
in Table 7)

Dog

(the same
animals as in
the nociceptive
measurements
in Table 7)

N=8/group, cross-
over manner
within drugs

Motor score, Rota-
rod treadmill and
rectal BT, i.t.,, N=8-
16/dose

Open field and
core BT, i.t.,
N=4/group

Behavioural
indices, rectal BT
and respiratory
rate, i.t. and
epidural bolus
injection (see
Table 7)
Behavioural
indices, rectal BT
and respiratory
rate, 24-h i.t.
infusion (see
Table 7)

Sedation score,
BT and respiratory
rate, i.t. bolus
injection (see
Table 7)

0.3, 1, 3 and 10 pg per rat

Clonidine 0 (water 10 ul), 0.3, 1, 3
and 10 ug per rat

Bupivacaine 0 (saline 10 pl), 1, 3,
10, 30, 50, 100 and 300 pg per rat

Fadolmidine 0 (saline 10 pl), 0.3,
1, 3 and 10 pg per rat

Bupivacaine 300 ug and
fadolmidine O (saline 10 pl), 0.3,
1, 3 and 10 ug per rat

Fadolmidine 0 (water 10 ul), 1, 3,
10 and 30 pg per rat

Clonidine 0 (water 10 ul), 10, 30
and 100 ug per rat

See Table 7:

Fadolmidine bolus i.t. and epidural
injection

Clonidine bolus i.t. and epidural
injection

See Table 7:
Saline 24-h continous i.t. infusion

Fadolmidine 24-h continous i.t.
infusion

Clonidine 24-h continous i.t.
infusion

See Table 7:

Bupivacaine i.t.

Fadolmidine i.t.

Bupivacaine and fadolmidine i.t.

*N = number of animals, i.t. = intrathecal, BT = body temperature.
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dosing

Cage Rack: the dose-
response effects measured
for 10 min approx. 17 min
after drug dosing

Rectal BT: The dose-
response effects measured
at 27 min after drug dosing
The time points: 10, 20, 30,
45 and 60 min after dosing
The time points: 0.5, 1, 2, 4
and 7 h after dosing

The time points: 0.5, 1, 2, 4
and 7 h after dosing

Open field 1 and 2
measured (for 2 x 3 min) at
19 and 59 min, respectively
after dosing

BT: Home cage 1,2 and 3
at 15, 55 and 95 min,
respectively after dosing
The time points: 0, 0.33, 1,
2,4 and 8 h after dosing

The time points: 0, 1, 2,4, 8
and 24 h after initiation of
infusion

Sedation score and respiratory
rate. The time points: 0, 0.5, 1,
1.5,2, 3,4 and 6 h after
dosing

BT. The time points: 0, 1, 2,
3, 4 and 6 h after dosing
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4.7 Cardiovascular measurements (I-1V)

4.7.1 Anaesthetised rats (l)

The rats were anaesthetised with sodium pentobarbital (75 mg/kg i.p., Mebunat® 60
mg/ml). The trachea of rat was cannulated to allow the animal to breathe
spontaneously. The left femoral artery was cannulated (PE60, Intramedic®) for BP
and HR continuous measurement via Micro MP-15 (Hugo Sachs Electronik KG,
Germany) transducer connected to Grass Model 7D Polygrap (Grass Instrument Co.,
USA). HR was obtained from the BP pulse signal. The rectal BT was kept constant
at 37 £ 0.5 °C by a lamp. After a stabilization period of 10—20 min, only rats with
the MAP of 85 mmHg (in i.c.v. study) or 90 mmHg (in i.t. study) or higher were
used for the test. One bolus i.t. (10 pl) ori.c.v. (2 pl) injection of physiological saline
or test compound was given and the effects were measured for 60 min (Table 9).

4.7.2 Bezold-Jarisch reflex in rats (ll)

The rats were anaesthetised with sodium pentobarbital (1.25 mg/kg, i.v., Mebunat®
60 mg/ml) and BT was kept constant at 37°C by water-filled heating block. The left
femoral artery was cannulated with a polyethylene tube and connected to a MP-15
pressure transducer (Micron Instruments, USA) for a MAP measurement. The
transducer was connected to two channel bridge amplifier (type 301, Hugo Sachs
Electronik, Germany) and voltage signals were further delivered through an A/D-
converter to the computer by using based data acquisition system MP100WS (Biopac
Systems Inc., USA). Right femoral vein was cannulated for the i.v. dosing. Three
boluses of 0.2 ml were given at 5 minutes intervals. At first, saline injection was
given to determine volume effects on HR and/or MAP and then ondansentron (5-
HT; receptor antagonist), prazosin (ai-adrenoceptor antagonist), atipamezole (op-
adrenoceptor antagonist) or both prazosin and atipamezole. In the end, a bolus
injection of fadolmidine, 2-methylserotonin (5-HT; agonist) or dexmedetomidine
was given. MAP and HR were continuously monitored and registered (Table 9).

4.7.3 Non-invasive method in dogs (l11)

MABP and HR measurements were made using a tail cuff manometer (Dinamap
8100, Criticon, USA) in conscious dogs. Baseline values of MABP and HR were
measured and test compounds or physiological saline were given i.t. or epidurally.
MABP and HR values were measured simultaneously with the nociceptive
measurement (see 4.5.2) and with the other physiological observations (see 4.6.5,
4.6.7 and 4.6.8) at various time points. (Table 9).
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4.7.4 Hemodynamic and body temperature measurements
with the telemetry system (ll, IV)

4.7.41 In rats (II)

MAP and HR from the BP pulse signal and BT were recorded and analyzed by a
Dataquest IV system (Data Sciences, St. Paul, MN) in conscious freely moving rats.
The telemetry system consisted of the transmitters (model TL11M2-C50-PTX)
receivers Islmodel RLA2000), consolidation matrix (BCM100) and the Dataquest
LabPROT software. Baseline values of MAP and HR, and BT were recorded at the
sampling rates of 500 Hz and 250 Hz, respectively. A test compound was given i.t.
and the 10 s signals were recorded every 5 min during the whole study (120 min),
both in the home cage and synchronously with the motor activity measurements in
the open field setup (see 4.6.3) at time points. After the open field measurements,
the rat was returned to the home cage. Telemetry measurements at time points 20
and 25 min and 60 and 65 min after the injection were taken as the values for open
field 1 and open field 2, respectively. The telemetry values at 15, 55 and 95 min after
the injection were taken as the value for the home cage 1, 2 and 3, respectively (Table
9).

4.7.4.2 In dogs (IV)

MAP and HR from the BP pulse signals were recorded and analysed using the
Dataquest IV system (Data Sciences, St. Paul, MN) in conscious dogs. The telemetry
system consisted of the transmitters (model TL10M2-D70-PCT), receivers (model
RLA2000), a consolidation matrix (model BCM100) and software Dataquest
LabPRO (version 3.11). BP recordings (20 s) were taken every 5 min at the sampling
rate of 500 Hz during the experiment starting 20 min before drug administration, and
continuing 10 min before each measurement point. During the measurement, the
dogs were standing on the operation table. After test compound dosing, MAP and
HR measurements were made simultaneously with the nociceptive measurements
(see 4.5.2) and with the other physiological observations (see 4.5.3, 4.6.6, 4.6.7 and
4.6.8) at predetermined time points (Table 9).
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Table 9. Cardiovascular measurements in studies I-IV.

STUDY | SPECIES MODEL, TEST COMPOUNDS AND OBSERVATION TIME POINT
(STRAIN, DOSING ROUTE |DOSES
WEIGHT) AND N*

| Rat MAP and HRin | Saline (10 pl) per rat The time points: 0, 2, 5, 10,
(the same anaesthetised 20, 30, 40, 50 and 60 min
animals as in | rats, i.t., N=5- Fadolmidine 0.3, 1, 3, 10 and 30 after dosing
the Table 6, |10/dose ug per rat
270-500 g) Dexmedetomidine 0.1, 0.3, 1, 3

and 10 pg per rat
Clonidine 0.3, 1, 3, 10 and 30 pg
per rat

| Rat (Sprague | MAP and HR in Saline (2 pl) per rat The time points: 0, 2, 5, 10,
Dawley, anaesthetised Fadolmidine 0.3, 1 and 3 g per rat 20, 30, 40, 50 and 60 min
340-550g) |rats, i.c.v., N=2- o after dosing

Dexmedetomidine 0.3, 1 and 3 ug
4/dose
per rat

I} Rat MAP and HR in See Table 8: Home cage 1, 2 and 3. Time
(the same telemetered rats | FaqoImidine i.t. points:15, 55 and 95 min after
animals as in | (see Table 8) Clonidine it dosing, respectively
the Table 8) - Open field 1 and 2. Time

points: 20 and 25 min, and 60
and 65 min, respectively after
dosing

| Rat (Sprague | Benzol-Jarisch Fadolmidine 3 pg per rat, i.v. The dose-response effects
Dawley, reflex; MAP and | pexmedetomidine 3 pg per rat, i.v.
225-378g) |HRin . .

: + Atipamezole (600 ug per rati.v.)
anaesthetised . ’
- - / prazosin (30 ug perrat, i.v.) /
rats, i.v., N=72 /
ondansetron (30 pg per rat, i.v.)

1 Dog MABP and HR by | See Table 7: The time points: 0, 0.33, 1, 2,
(the same non-invasive Fadolmidine bolus i.t. and epidural 4 and 8 h after dosing
animals as in | method injection
the Table 7 Table 7

e Table 7) | (see Table 7) Clonidine bolus i.t. and epidural
injection
MABP and HR by | See Table 7: The time points: 0, 1, 2,4, 8
non-invasive Saline 24-h continuous i.t. infusion and 24 h after initiation of
thod infusi
_T:bleo7)(see _Fado_lmidine 24-h continuous i.t. iniusion
infusion
Clonidine 24-h continuous i.t.
infusion

1\ Dog MAP and HR in See Table 7: The time course at 0, 0.17,
(the same telemetered dogs Bupivacaine i.t. 0.33, 0.5,0.67,0.83, 1, 1.5, 2,
animals as in | (see Table 7) . 3, 4 and 6 h after dosing
the Table 7) Fadolmidine i.t.

Bupivacaine and fadolmidine i.t.

*N= number of animals, i.c.v. = intracerebroventricular, i.t. = intrathecal, i.v. = intravenous, HR =
heart rate, MABP = mean arterial blood pressure, MAP = mean arterial pressure.

55



Tiina Leino
4.8 Supplementary in vivo studies

4.8.1 Mydriatic response (1)

The rats were anaesthetised by i.p. injecting sodium pentobarbital (45 mg/kg,
Mebunat® 60 mg/ml). The baseline value of the pupil diameter (mm) was measured
under a stereomicroscope and one bolus i.t. (10 pl) of test compounds was given.
The mydriatic response was observed every fifth minute for one hour after dosing
(Table 10).

482 Gl motility (I)

The rats were fasted overnight (approximately 15 h) tap water given ad libitum. On
the study day, rats were given the test compound i.t. (10 pl) and half an hour later,
charcoal suspension (10% charcoal (Merck) in 0.25% carboxymethylcellulose
(Orion corporation)) was administered intragastrically by gavage in a volume of
1.0 ml per rat. Thirty min after charcoal dosing, the rat was sacrificed by CO,. The
small intestine was dissected and the distance (cm) travelled by the charcoal marker
was measured (Table 10).

4.8.3 Kidney function measurements (I1)

Rats were weighed and randomised into groups (for i.v. and i.t. dosing) a day before
the experiment. The rats were fasted for approximately 15 h. Tap water was given ad
libitum. On the study day, the rats received tap water (30 ml/kg) perorally and were
treated immediately either i.v. (1 ml/kg b.wt.) or i.t. (10 pl/rat) with fadolmidine or
saline. The positive control substance furosemide (2.0 mg/kg, Furesis 10 mg/ml) s.c.
was given. For urine collection, rats were placed in metabolic cages (Tecniplast,
Cod.170022) either two animals (i.v. dosing) or one animal (i.t. dosing) per cage and
food and water was deprived. After 6 h, the urine output was measured and the rats
were sacrificed. The urine was centrifuged (Jouan Plasma 1000) at 600 g for 7 min and
osmolarity of urine was determined by using Osmostat OM-6020 osmometer (Kyoto,
Japan). The urine samples were stored in the freezer at -20 °C prior to analysis of Na*
and K" concentrations (the Yhtyneet laboratoriot Oy, Finland) (Table 10).

4.8.4 Urodynamic measurements (II)

Rats were anaesthetised with urethane 1.0-1.4 g/kg i.p. and the rectal BT was kept
constant at 37 °C by a water-filled heating block. The abdomen was opened and the
urinary bladder was exposed. A i.v. cannula (22G) was introduced into the bladder
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dome and via the cannula a physiological saline was infused at a speed of 0.1 ml/min
by a perfusion pump (Perfusor ED 2, B. Braun melsungen AG, Germany) to the
bladder dome. For the measurement of intravesical pressure a MP-15 pressure
transducer (Micron Instruments, USA) was connected to the cannula. To measure
voiding volume, a plastic tube (length 110 mm, inner diameter 1.0 mm) was connected
to the penile urethra to direct the urine to a beaker connected to a force transducer (type
K30, Hugo Sachs Elektronik, Germany). Changes in the intravesical pressure and the
voiding volume of the volume-evoked micturition were monitored. Intravesical
pressure and voiding volume signals were amplified by a two channel bridge amplifier
(type 301, Hugo Sachs Elektronik, Germany). The signals were delivered through an
A/D-converter to a computer based data acquisition system MP100WS (Biopac
Systems Inc., USA). After stabilising of the volume evoked micturition cycles (when
at least three reproducible cycles were detected), the test compound (10 ul) was given
i.t. Only rats capable of performing reproducible voiding cycles were used. The test
compounds were tested in separate experiments. Both fadolmidine and saline groups
were included in all studies for comparisons (Table 10).

Table 10. Supplementary in vivo studies I-lI.

STUDY | PARAMETERS | SPECIES (STRAIN | TEST COMPOUNDS AND DOSES OBSERVATION TIME
AND WEIGHT), POINT
DOSING ROUTE
AND N*
| Mydriatic Rat (Sprague Fadolmidine 1, 3, 10 and 30 pg per rat | The time points: 0, 5,
response Dawley, 210-310 Dexmedetomidine 0.3, 1, 3 and 10 pg 10, 15, 20, 25, 30, 35,
g), it., N=4-5/dose | per rat ‘ 40, 45, 50, 55 and 60
in after dosi
Clonidine 1, 3, 10 and 30 ug per rat nin after cosing
I Gi motility Rat (Sprague Fadolmidine 0 (saline 10 pl), 1, 3, 10 | The dose-response
Dawley, 180-380 |and 30 pg per rat effects: the distance
g). i.t., N=6- Dexmedetomidine 0 (saline 10 pl), 1, | travelled by the
10/dose 3, 10 and 30 pg per rat migrating charcoal
! ker at in aft
Clonidine O (saline 10 p), 1, 3, 10 and | o ¢ 30 min after
9
30 pg per rat
[} Kidney function | Rat (Sprague Saline 1 ml per kg, i.v. or 10 pl per rat, |Urine output,
Dawley, 209-274 |i.t. osmolarity, and Na+
g), i.v., N=5- Fadolmidine 1, 3, 10 and 30 pg per rat, [ @nd K+ concentrations
6/dose and (250- |y orit. and excretion
300 g), i.t., .
N=8/gd)o;e Furosemide 20 mg per kg, s.c.
| Urodynamic Rat (Sprague Saline 10 pl per rat Category (0-5) of
Dawley, 198-349 | Fadoimidine 1, 3 and 10 g per rat voiding cycles
9). i.t. N=3- Dexmedetomidine 1, 3 and 10 er rat
19/dose ' Hg P
Clonidine 3,10 and 30 pg per rat
Morphine 0.1, 0.3 and 1 ug per rat

*N= number of animals, i.t. = intrathecal, i.v. = intravenous, s.c. = subcutaneous.
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4.9 Rat brain neurochemistry (I)

The rats were given one bolus i.t injection (10 pl) of test compound 1 and 3 h before
sacrifice. The rats were sacrified by decapitation, and the brains (cerebrum and
cerebellum) were removed, frozen, and stored at -70 °C for not more than one week
before analysis. NA and its metabolite MHPG-SO4 and 5-HT and its metabolite 5-
hydroxyindoleacetic acid (5-HIAA) were analysed from the homogenate of whole
brain tissue. NA, 5-HT, 5-HIAA concentrations were determined by electrochemical
detection after separation by HPLC on a reverse phase C18 column, and NA
metabolite, MHPG-SO4 concentration was determined fluorometrically as described
earlier (Haapalinna et al. 1997; MacDonald et al. 1988) (Table 11).

4.10  Pharmacokinetics of fadolmidine in rats (V)

In the pharmacokinetics study, an unlabelled stock solution of the test substance was
prepared by dissolving 10.0 mg of fadolmidine in 50 ml of 0.050 M hydrochloric
acid to produce a mass concentration of 200 pg/ml of the drug with storage at 0—
5 °C until being used within ten days of preparation.

H-labeled fadolmidine (radiochemical purity of 98.36%, determined by TLC),

ref. no. TRQ8005 (Amersham), specific radioactivity ca. 1850 GBg/mmol
(50 Ci/mmol), was custom synthesized by Amersham International plc. (Amersham,
UK.), and stored in the freezer at -20 °C for the pharmacokinetic study.
The preparation of a test formulation for i.t. administration: a measured amount of
H-labeled fadolmidine in methanol was evaporated to dryness under a gentle flow
of nitrogen at 30 °C. The residue was dissolved in an aliquot of the unlabeled
fadolmidine stock solution described above. Then the pH of the solution was
adjusted to 6.0 with 0.1 M NaOH and finally its volume was brought to 1.5 ml by
adding purified water. The target concentration of the test compound in the solution
was 0.100 mg/ml and radioactivity 111 MBg/ml (3 mCi/ml). Preparation of a test
formulation for i.v. administration: a measured amount of *H-labeled fadolmidine in
methanol was evaporated to dryness and dissolved in a dilution of the above stock
solution. Then the pH of the solution was adjusted to 6.0 with 1 M NaOH and finally
its volume was brought to 40.0 ml by adding purified water. The target concentration
of the test compound in the solution was 3.0 pg/ml and radioactivity 3.7 MBg/ml
(0.1 uCi/ml). The solutions for i.t. and i.v. administration were stored at 4 °C and
were used for dosing within three days from preparation. Specific radioactivity
(counted in a Wallac 1214 RackBeta liquid scintillation counter) was calculated
taking into account the dilution factors and sample volumes.

Prior to the drug treatment, the rats were fasted overnight. Food was available to
those rats remaining three hours after dosing. Tap water was available ad libitum
except during dosing and sampling. On the dosing day of drug, a single i.t. (10 pul)
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or i.v. (300 pl) bolus dose of *H-fadolmidine formulation was given via the i.t.
catheter or via the tail vein to rats (Table 11).

Table 11. Brain neurochemistry and pharmacokinetics of fadolmidine (1, IV).

STUDY | PARAMETERS |SPECIES (STRAIN | TEST COMPOUNDS AND DOSES | SAMPLING TIME
AND WEIGHT), POINT
DOSING ROUTE
AND N*

| Brain Rat (Sprague Saline 10 pl per rat The time points: 1 and

neurochemistry

Pharmacokinetics

Dawley, 250-330
g), i.t., N=10/drug

Rat (Sprague
Dawley, 285-404
g), i.v., N=6/time
point (258-311 g),
i.t., N=6/time point

Fadolmidine 3 ug per rat
Dexmedetomidine 3 ug per rat
Clonidine 6 ug per rat
Fadolmidine 3 pg/kg

3 h after dosing

Plasma, the time
points: 0.083, 0.17,
0.33,0.5,1,2,3,5,7,
12,24 and 72 h

Spinal cord, the time
points: 0.17, 1, 5, 24

and 72 h

*N= number of animals, i.t. = intrathecal, i.v. = intravenous.

411  Chemicals (I-1V)

Fadolmidine, dexmedetomidine and atipamezole were synthetised by Orion
Corporation. Clonidine was purchased from Sigma and RBI and morphine from
Leiras. Bupivacaine (Bicain spinal® 5 mg/ml) and furosemide (Furesis® 10 mg/ml)
were purchased from Orion Corporation. 2-Methylserotonin, phenylephrine and
tetrodotoxin were purchased from Research Biochemicals International, ondansetron
(Zofran® 2 mg/ml i.v. inject) from Glaxo UK Ltd., prazosin from Pfizer and
acetylcholine from Sigma.

412

In study I, nonparametric Friedman’s paired analysis of variance (ANOVA) tests
were made for the overall analysis of the effects on motor activity and motor
coordination and Wilcoxon signed rank test (two-tailed) for the comparison of the
effect between control treatment and drug doses. The overall analysis of the effects
on BT was performed by paired ANOVA with paired two-tailed ¢ test as post hoc
test and the mydriatic effect of drugs was performed by ANOVA for repeated
measures with LSD (least significant difference) post hoc test. The effects on GI
motility was performed by overall analysis of ANOVA with two-tailed Dunnett’s ¢
test as the post hoc test. In the i.t. study, homogeneity between doses of baseline

Statistical analysis (I-1V)
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values of the MAP and HR was tested by ANOVA and the effects of drugs was
analysed using one-factor ANOVA for repeated measures with two-tailed Dunnett’s
t test as the post hoc test. One-way ANOV A with Dunnett’s 7 test as the post hoc test
were used for the neurochemistry data. In the i.c.v. study, homogeneity between
groups of baseline values of MAP and HR were tested by factorial ANOVA.

In study II, the effects of drugs on Bezold-Jarisch reflex were analysed by one-
way ANOVA followed by ¢ test. In kidney function measurements, statistical
analyses were done by using the one-way ANOVA, followed by the Bonferroni
corrected (by the number of comparisons made) ¢ test as a post hoc test. The
Bonferroni P-value <0.01 (five comparisons) was considered statistically significant.
The open field data (HR, MAP and BT) was analysed by repeated measures ANOVA
for multiple comparisons, followed by Tukey’s post hoc test.

In study III, statistical analyses of MABP, HR, respiratory rate and BT values
after i.t. and epidural bolus injection were performed separately for each compound
and administration route by analysis of covariance model for repeated measurements
and for baseline between doses and groups with one-way ANOVA. Contrasts (pair-
wise comparisons) were made to characterize the differences in more detail. The 24-
h i.t. infusion data were analysed in the same way as bolus injection. Maximum
effects of doses were assessed using analysis of covariance model, with one within-
factor dose, for repeated measurements with the contrasts.

In study IV, the magnitude of motor blocking effect and the duration of action
were analysed by using dose levels with observed positive motor score effects. The
Kruskal-Wallis test for ranks was used to evaluate overall treatment differences
(studies 1 and 2) and followed by using Dwass, Steel, Critchlow-Fligner pairwise
comparisons (study 1). The overall statistical significance of treatments on BT in rats
was tested with two-way repeated measures ANOVA (Greenhouse-Geisser method),
followed by a post hoc two-tailed Dunnett’s ¢ test. Statistical analyses of MAP and
HR during the first 1.5 hours (during the analgesic effect of bupivacaine), and
analgesia (skin twitch), respiratory rates and BT during the measuring time (6 hours,
for the nature of the responses) following i.t. injection were performed by analysis
of covariance for repeated measurements and for baseline between groups with one-
way ANOVA with two within-dog factors i.e. dose (d) and time (t). The time points
before dose administration being used as a covariate, and contrasts (pair-wise
comparisons) were made to characterize the differences in more detail.

The results were expressed as the mean £ S.D. or mean + S.E.M. P-values
*P<0.05, **P<0.01 and ***P<0.001 were considered statistically significant.
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5 Results

5.1 Characterization the effect of fadolmidine on 5-
HT3 receptors (Il)

Functional effects of fadolmidine were studied in in vitro cell assays in human
embryonic kidney cells transfected with human 5-HT; receptors (expressing
recombinant either 5-HTs4 or 5-HT3ag receptors) by the patch clamp technique and
ex vivo guinea pig (male Dunklin-Hartley) ileum preparation by measuring isometric
contractions (Figure 5). In transfected cells and in the guinea pig ileum preparation,
fadolmidine demonstrated partial agonism at 5-HT3 receptor.

45 -
40 +
35 1 —e—fadolmidine
30 +
25 4

20 A

—l-fadolmidine
+atipamezole

15 -

—&—fadolmidine
+atipamezole
+ondanzetron

10 A

Contractile response (% of 10 pM ACh)

0 - T 2 T T T T
0.1 0.3 1 3 10
Fadolmidine concentration (uM)

Figure 5. Contractile dose response of fadolmidine in guinea pig ileum ex vivo preparations
without and with atipamazole or atipamazole + ondansetron. ax-Adrenoceptor
antagonist atipamazole (1 pM, n=7) potentiated and 5-HT; antagonist ondansetron
(1 uM, n=5) inhibited fadolmidine (n=4) induced contractions being indicative of the 5-
HT3 agonistc property of fadolmidine. Data are presented as mean + S.E.M. (lI: Fig 2).

5.2 Pharmacological properties of fadolmidine in vivo

5.2.1 Effects on analgesia after spinal dosing (I, I, IV)

The analgesic effects (%MPE) of fadolmidine were evaluated after i.t. administration
in the rat tail-flick test and after i.t. and epidural bolus injections and during a 24-h
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continuous i.t. infusion in dog skin twitch test. In addition, the analgesic effects of
i.t. fadolmidine as an adjuvant with a local anaesthetic bupivacaine were tested in
rats and dogs. Furthermore, the interaction of the analgesic effect of bupivacaine and
fadolmidine was evaluated by using an isobolographic analysis.

The analgesic effects of fadolmidine were compared to the effects of
dexmedetomidine in rats and clonidine in rats and dogs. L.t. (i.e. into the lumbar
spinal cord) administered fadolmidine (0.1 (only in study 1), 0.3, 1, 3 and 10 pg) (I,
IV), dexmedetomidine (0.1, 0.3, 1, 3 and 10 pg) (I), and clonidine (0.1, 0.3, 1, 3, 10
and 30 pg) (I) produced dose-dependent antinociception in a rat tail-flick test. The
rank order of potency of the three a»-adrenoceptort agonists based on their EDs
values was as follows; fadolmidine > dexmedetomidine > clonidine. Furthermore,
fadolmidine and clonidine induced dose-dependent antinociception after i.t. (30, 100
and 300 pg) and epidural (30, 100 and 300 pg) bolus injections in a dog skin twitch
test (IIT) (Figure 6).
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_ & Fadolmidine 30 pg aline
100 -4~ Fadolmidine 100 pg 100 O Clonidine 30 ug
80 —* Fadolmidine 300 pg 80 & Clonidine 100 g
-¥- Clonidine 300 ug
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P 40+ = 40
20 20
uffgl‘&::g: 0
'2G T L I I I Ll Ll 1 1 23 T T Ll 1 T T ] 1 1
o 1 2 3 4 5 6 7 8 0o 1 2 3 4 5 6 7 8
Time (h) Time (h)
C
Epidural Epidural
1209 -0 Saline 1204 o Saline
100 -# Fadolmidine 30 pg 100 -0 Clenidine 30 pg
80 -+ Fadolmidine 100 pg ?i\ - Clonidine 100 pg
w - Fadolmidine 300 pg 80 {7\ % -9~ Clonidine 300 pg
- w FoN .
o 60 o 604 J:s .
= = I/ Y .
® 407 = 40 .
20+ zl:l_ll.'I & L= v‘""'-h _
- T
0 'N[;o—o— o —g———g
e ) T I ] 1 1 ] T 1 _2[]
A S S A A
Time (h) Time (h)

Figure 6. Time course of analgesic effects (%MPE; percent of the maximum possible effects) after
(A) fadolmidine i.t. bolus injection, (B) clonidine i.t. bolus injection, (C) fadolmidine
epidural bolus injection and (D) clonidine epidural bolus injection in the skin twitch model
in dog, n = 5 dogs at each time point. The washout period between treatments was at
least 48 h. Values are mean + S.E.M. (llI: Fig.1).
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The antinociceptive potency of fadolmidine was weaker than when administered
epidurally than when given i.t. and weaker than that of epidural clonidine. The
antinociceptive potencies (EDso values) of fadolmidine, dexmedetomidine and
clonidine are presented in Table 12.

Table 12. The antinociceptive potency (EDsy values) of fadolmidine, dexmedetomidine and
clonidine after i.t. or epidural administration in rats tail-flick and dogs skin twitch models

{, 1.

Nociceptive Animal | Compound, dosing route EDso (ug/animal)
model (95% confidence interval)
Tail-flick Rat Fadolmidine, i.t. 0.73 (0.24-2.2)
Dexmedetomidine, i.t. 2.2.(1.1-4.3)
Clonidine, i.t. 6.4 (4.6-9.0)
Skin twitch Dog Fadolmidine, i.t. 67 (48-94)
Clonidine, i.t. 78 (47-126)
Fadolmidine, epidural 128 (104-158)
Clonidine, epidural 51 (42-62)

During a 24-h continuous i.t. infusion, fadolmidine (at the dose of 100 pg bolus
injection and 50 pg/h) achieved a good analgesic effect. After the initiation of
infusion with either fadolmidine (100 ug + 50 pg/h) or clonidine (100 ug + 100
ug/h), the mean %MPE values were approximately 60 % and 50 % within the first 4
hours and then approximately 36 % and 39 % for the following 20 hours, respectively
(II: Fig 2).

Co-administration of fadolmidine (1, 3, 10 pg, i.t.) and a low dose of a local
anaesthetic, bupivacaine (10 pg, i.t.), was observed to produce an increase in the
magnitude and duration of the analgesic effect as compared to either compound
alone in the rat tail-flick test (IV). In the isobolographic analysis, the EDso dose of
bupivacaine of 87 pg/rat and 1.2 pg/rat for fadolmidine (data in file, Orion
Corporation) was used. The isobolograph for the interaction of the analgesic effect
of bupivacaine and fadolmidine was synergistic in its nature (IV: Fig 4). The
calculated EDsy values for fadolmidine and bupivacaine were 0.26 ug (confidence
limits; CL 0.21-0.34 pg) and 19.4 ug (CL 15.3-24.5 ug), respectively. The
isobolographic analysis of the analgesia interaction was performed graphically by
the methods of Tallarida et al. (1989) and Tallarida (1992). The isobolograph is
presented in Figure 7.
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Figure 7. Isobolograph for the i.t. interaction of bupivacaine and fadolmidine in the rat tail-flick test
given 30 min before testing. The X and Y axes show the dose (ug/rat) of fadolmidine
and bupivacaine, respectively. The calculated EDsy values (n=7/dose group) for
fadolmidine (solid circle) and bupivacaine (solid square) were 0.26 and 19.4 ug,
respectively. The the theoretical additive line is the line between the X-axis and Y-axis.
The point (open square) in the middle of the line is the theoretical additive point
calculated from the separate EDs, values. The experimental point (open triangle) is
below the additive line. The experimental point under the additive line indicating
synergism of the combination (IV: Fig 4).

Furthermore, in dogs, the combination bupivacaine (3 mg, i.t.) and fadolmidine
(60 png, i.t.) increased the magnitude and duration of analgesic effects and prolonged
motor block (IV). Added morphine 1 mg/kg, i.v. 30 min after i.t. dosing of the
combination bupivacaine and fadolmidine increased the analgesic effects of the
combination without effects on the duration of motor block (Figure 8).
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Figure 8. The time course of the analgesic effect (%MPE; percent maximum possible effect) and
the duration of motor block (the values are mean) of i.t. fadolmidine 60 yg and saline
(0.5 ml) alone and combined with bupivacaine 3 mg, and the combination of bupivacaine
3 mg + fadolmidine 60 pg + morphine 1 mg/kg i.v. in the skin twitch test in dogs. Each
%MPE point represent mean + S.E.M. of 5 dogs except in the combination bupivacaine
3 mg + fadolmidine 60 pg + morphine 1 mg/kg i.v. group n=4. (Modified from IV: Fig 6).

5.2.2 Effects on sedation, BT and mydriatic response (I-1V)

Sedation and hypothermia are characteristic pharmacodynamic responses for o»-
adrenoceptor activation in the brain. Fadolmidine (1-30 pg, it.) induced
considerably less sedation than dexmedetomidine (0.3—10 pg, i.t.) and clonidine
(0.3-10 pg, i.t) at the analgesic i.t. doses measured in motor activity and motor
coordination tests in rats (I: Table 2). In moving animals (in open field conditions),
no significant sedation (a decrease in a locomotor activity) was observed at the
analgesic dose ranges (1-3 pg) of fadolmidine (II: Table 2). Furthermore,
fadolmidine alone at the doses of 0.3, 1 and 3 ug had no effects on motor scores and
rotarod performance but when it was combined with the high dose (300 pg) of
bupivacaine, the motor score values and rotarod performance times were shortened
and the duration of effects were prolonged dose-dependently in rats (IV: Table 3). In
dogs, fadolmidine and clonidine 30 g i.t. and epidurally had no effect on muscle
tone (sedation) whereas after doses of 100 and 300 pg i.t. and epidurally, mild to
moderate signs of hind limb muscle weaknesses were observed (III: Table 1 and 2)
as during a 24-h continuous i.t. infusion (III: Table 3). Furthermore, no major effects
on scored (0—4) sedation were observed after i.t. fadolmidine (60 pg) alone and in
the combination with bupivacaine (3 mg) (IV).

Fadolmidine decreased BT (estimated -1 °C in BT) in rats at the dose of 10 pg
i.t. or above, i.e. at over ten times higher doses than the EDso dose in the analgesic
tail-flick test (I: Table 2). In dogs, the decreases in BT (statistically significantly)
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were seen at the dose of 100 pg i.t. and epidurally or above, i.e. at higher doses than
the EDso dose in the analgesic skin twitch test or at the analgesic dose, respectively
(III: Table 1 and 2). During a 24-h continuous i.t. infusion no effects of fadolmidine
on BT were observed (III: Table 3). In comparison, both dexmedetomidine (0.3—10
ug, i.t.) and clonidine (0.3—10 pg, i.t.) decreased BT at doses lower than the analgesic
EDso dose in rats (I: Table 2). In dogs, clonidine (30-300 ng) decreased BT at the
analgesic dose after i.t. and epidural (at the dose of 100 pg) administration and during
a 24-h continuous i.t. infusion (100 pg + 100 pg/h) (III: Tables 1, 2 and 3). No
significant difference was obtained for BT in either fadolmidine (60 pg, i.t.) alone
or in its combination with bupivacaine (3 mg, i.t.) as compared to control (IV).

As clinical signs, sporadic emesis/vomiting and urination were observed during
the treatment with fadolmidine i.t. (III).

The agonist activity of fadolmidine (1-30 ug, i.t.) on central o-adrenergic
receptors was assessed by measuring the mydriatic response, and the effect was
compared to dexmedetomidine (0.3—10 pg, i.t.) and clonidine (1-30 pg, i.t.) elicited
effects (I). Fadolmidine elicited a dose-related (P = 0.004) increase in pupil diameter
and the maximum increase was achieved only at the highest tested dose (30 ug) of
fadolmidine (1 vs 30 pg: P<0.001) with the lower doses being inactive.
Dexmedetomidine (P<0.001) and clonidine (P<0.001) elicited a dose-related
mydriatic effect which began to display statistical significance at the dose of 1 pg
(0.3 ugvs 1 pg: P<0.001) and 10 (1 vs 10 pg: P<0.001), respectively.

5.2.3 Effects on BP and HR (I-1V)

In anaesthetised rats, fadolmidine (0.3—30 pg) after an i.t. bolus injection at the dose of
1 ug decreased BP and at the doses above 1 ug, there was a brief initial increase and
then a long-lasting decrease in MAP (I: Fig 5). HR decreased during both phases of the
pressure changes. Dexmedetomidine (0.1-10 pg, i.t.) and clonidine (0.3-30 pg, i.t.)
decreased MAP and HR at all tested doses. The lowest dose for a statistically significant
hypotension effect, when compared with the control was 3 pg of fadolmidine (P<0.05),
0.1 pg of dexmedetomidine (P<0.01) and 0.3 pg of clonidine (P<0.05). After i.c.v.
administration, fadolmidine (0.3, 1 and 3 ug) decreased MAP and HR at the two highest
doses and dexmedetomidine (0.3, 1 and 3 pg) at all doses (I). In conscious rats, in resting
conditions (at home cage), fadolmidine (1, 3, 10 and 30 pg, i.t.) decreased HR dose-
dependently and increased initial MAP, whereas in actively moving rats (in open field
conditions), there were no effects at analgesic doses (II: Fig 7).

In conscious dogs, fadolmidine at the doses of 30, 100 and 300 pg had biphasic
effects on BP after i.t. and epidural bolus injection (III: Table 1 and 2). The maximum
effect of fadolmidine on BP (dose (d): P=0.002) at lower i.t. doses was hypertension
and at the highest i.t. dose hypotension. After epidural dosing (d: P=0.22), the effects
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were reversed. In contrast, clonidine evoked hypotensive effects both after i.t. and
epidural administration at the doses of 30, 100 and 300 pg (III: Table 1 and 2). The
maximum effect of clonidine on BP after i.t. (d: P=0.23) and epidural (d: P=0.10)
dosing was mild hypotension. Concomitant with the BP changes, HR decreased in a
dose-dependent manner after fadolmidine and clonidine treatments (d*time (t):
P<0.005). When fadolmidine (60 pg, i.t.) was combined with bupivacaine (3 mg, i.t.),
an increase in MAP was evident. Bupivacaine and fadolmidine alone decreased and
increased MAP, respectively (IV: Table 4). No significant effects on HR were seen after
fadolmidine, bupivacaine, nor with the combination of bupivacaine and fadolmidine.

The 5-HT3 agonistic effects of fadolmidine (3 pg/rat, i.v.) were further studied
in Bezold-Jarisch reflex model in anaesthetised rats by measuring 5-HT3 mediated
effects in MAP an HR (II: Fig 3). Fadolmidine (3 pg/rat, i.v.) induced a transient
increase in MAP followed by reflectory bradycardia. These effects were partly
inhibited by atipamezole (600 pg/rat i.v.) and prazosin (30 pg/rat i.v.), and almost
abolished when both blockers were co-administered. The selective 5-HT3 receptor
antagonist ondansetron (30 pg/rat, i.v.) was devoid of any effects on MAP or HR
and it did not change the effects of fadolmidine on MAP or HR.

The potency of the analgesic effect (EDso values) and some of the above tested
supraspinal and peripheral (e.g. sedation (motor activity and muscle tone),
hypothermia, hypotension and hypertension) in vivo pharmacological effects (at the
dose) of i.t. fadolmidine in rats and i.t. and epidural fadolmidine in dogs are
summarized in Table 13.

Table 13. Potency (dose) of spinal (analgesic) and some supraspinal and peripheral in vivo
pharmacological effects of i.t. fadolmidine in rats (I) and i.t. and epidural fadolmidine in

dogs (llI).
PARAMETER RAT, L.T. DOG, I.T. DOG, EPIDURAL
Analgesia® 0.73 67 128
Sedation® 19 100 100
Hypothermia® 10 300 100
Hypotension® 1.0 100 30
Hypertension® 3.0 100 100
RATIO
Sedation / analgesia 26 1.5 0.8
Hypothermia / analgesia 14 4.5 0.8
Hypotension / analgesia 14 1.5 0.2
Hypertension / analgesia 4.1 1.5 0.8

A Tail-flick in rats and skin twitch in dogs, EDs, (pug/animal), B Decrease in motor activity in rats [EDsg
(ug/animal)], and muscle tone in dogs, ¢ Estimated -1°C in BT in rats and dogs, ° No statistical
significant dose in hypotension in rats and dogs, E Initial increase in BP (hypertension) in rats and
dogs.
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5.2.4 Supplementary in vivo studies (I, Il)

The effects of fadolmidine, dexmedetomidine and clonidine (1-30 pg, i.t.) on GI
motility were studied by using the charcoal propulsion test in rats (I). The effects of
fadolmidine (1-30 pg, i.v. or i.t.) on urine output and electrolyte excretion were
measured in conscious rats to study the potential effects on kidney function (II).
After i.v. doses, fadolmidine increased only the sodium ion concentration and
excretion but statistically insignificantly. The effects of fadolmidine (1-10 pg, i.t.),
dexmedetomidine (1-10 pg, i.t.), clonidine (3—30 pg, i.t.) and morphine (0.1-1 pg,
i.t.) on urinary function were evaluated in anaesthetised rats (II). The results are
summarised in Table 14.

Table 14. The effects of Gl motility, urine output, sodium excretion and voiding function after i.t.
administration in rats (I, Il).

PARAMETER |FADOLMIDINE |DEXMEDETOMIDINE | CLONIDINE MORPHINE

Inhibition of Gl | 18 1.3 4.9
motility?

Urinary 30

output®

sodium 3

concentration®

—_

Voiding cycle® 1 30 0.3

A Inhibition of GI transit, EDso (ug/rat), B Statistically significant increase in urine output, pg/rat, ©
Statistically significant increase in sodium concentration, pg/rat, P Interruption in volume-evoked
voiding cycles catecory 24, pg/rat.

5.2.5 Rat brain neurochemistry (1)

The effects of fadolmidine (3 pg, i.t.), dexmedetomidine (3 pg, i.t.) clonidine (6 pg,
1.t.) and control on rat brain neurochemistry were evaluated. NA and its metabolite
MHPG-SOs4, and 5-HT and its metabolite 5-HIAA were measured from the
homogenate of brain tissue at 1 and 3 h after compounds dosing (I).

In the control group the NA levels were 2.01 + 0.05 nmol/g and 1.87 +
0.02 nmol/g, and the 5-HT levels were 2.80 = 0.15 nmol/g and 2.47 + 0.18 nmol/g
at 1 and 3 h, respectively. There were no drug associated differences in the NA, 5-
HT and 5-HIAA levels between drugs at 1 (P=0.064, P=0.05 and P=0.07,
respectively) and 3h (P=0.31, P=0.09 and P=0.85, respectively). The MHPG-SO4
levels in the control animals were 0.50 £ 0.02 nmol/g and 0.56 £+ 0.04 nmol/g at 1
and 3 h, respectively. Drug-associated differences in the MHPG-SO4 levels were
measured between drugs at 1 (P=0.03) and 3 h (P=0.0053). Compared to control
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dexmedetomidine and clonidine exhibited a tendency to decrease the amount of
MHPG-SO4 at 1h, and the decrease was statistical significant after clonidine
administration at 3h (P<0.05). The effects of drugs on the turnover ratios of
metabolite to parent amines at 1 and 3 h are presented in Table 15.

Table 15. Comparison of the effect of fadolmidine with dexmedetomidine and clonidine on ratios
of metabolite to parent amines in the brain at 1 and 3 h after their i.t. administration (I:

Table 3).
DRUG AND DOSE MHPG-SO4/NA 5-HIAA/5-HT
(MG/RAT)

1h 3h 1h 3h

Control 0.25 + 0.003 0.30 £ 0.02 1.05+0.05 1.23+0.07
Clonidine 6 0.20+0.01* 0.22 + 0.03* 0.92 + 0.05 0.99 £ 0.10
Dexmedetomidine 3 0.19 + 0.01** 0.23 £0.02 0.83 + 0.06* 0.98 £ 0.08
Fadolmidine 3 0.25 + 0.01 0.28 £ 0.01 1.03 £ 0.06 1.00 £ 0.06
ANOVA; P values for |P=0.0003 P=0.026 P=0.035 P=0.098
treatment

Values are mean + S.E.M., n=5 in each group. The neurochemistry data were analysed by one-
way ANOVA followed by Dunnett’s ¢ test i.e. drug versus control. NA noradrenaline, MHPG-SO, 3-
methoxy-4-hydroxyphenylglycol sulphate, 5-HT 5-hydroxytryptamine, 5-HIAA 5-
hydroxyindoleacetic acid. *P<0.05; **P<0.01 (when compared with the corresponding control
response).

5.2.6 Pharmacokinetics of fadolmidine in rats (IV)

Total and dose-corrected (after i.t. administration in plasma) radioactivity in plasma
and the corresponding concentration in mass equivalent of *H-fadolmidine (free
base) in spinal cord after i.t. and i.v. administration at the dose of about 3 ng/kg to
rats are presented in Figure 9 (IV: Fig 7). Mass equivalents of the i.t. dosing were
corrected (dose-corrected) according to the radioactive dose ratio in order to allow
for comparison with the i.v. dosing. The conversion to mass equivalents was based
on the specific activity of the formulations. The radioactive doses were
4.198 MBg/kg (1.194 MBg/rat) after i.t. and 2.918 MBq/kg (1.004 MBq/rat) after
i.v. administration. The corresponding doses were 3.564 ug/kg (1.013 ug/rat) after
i.t. and 2.538 pg/kg (0.873 pg/rat) after i.v. administration. The tested dose of
fadolmidine 1 pg/rat, i.t. was approximately the EDso dose of the analgesic i.t. dose.
The results show that the circulating level of *H-fadolmidine-related radioactivity in
rats rapidly reached its maximum. After i.t. administration, the concentration of *H-
fadolmidine in plasma was very low. The systemic elimination of fadolmidine was
faster than its elimination from the i.t. space.
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rat plasma (a) and spinal cord (b) converted to mass equivalents of 3H-fadolmidine base
after an i.t. ori.v. dose of about 3 pg/kg of the compound (hydrochloride). For the dose-
correction, the radioactive doses were 4.198 MBq/kg and 2.918 MBq/kg after i.t. and i.v.
administration, respectively. Values are presented as mean + S.D. (n=6 per time point)
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§) Discussion

ax-Adrenoceptor agonists induce a characteristic pattern of pharmacodynamic
responses including sedation as well as variable changes on BP and bradycardia and
furthermore, they are potent analgesic agents after i.t. or epidural injection. However,
while some of these compounds e.g. clonidine, are well tolerated, at antinociceptive
doses, they may produce pronounced hemodynamic side effects such as hypotension
and bradycardia as well as sedation. Fadolmidine (MPV-2426) is a full a»-
adrenoceptor agonist (Lehtimiki et al. 1999) with a local mode of action developed
as a spinal analgesic by Orion Corporation, Orion Pharma. This thesis work has been
a part of the biological evaluation of compound, in which the pharmacological
profile in vitro and in vivo was studied in different models in order to support the
development work of fadolmidine.

6.1 Concentration of fadolmidine in plasma after i.t.
administration

After i.t. administration, *H-fadolmidine-radioactivity was rapidly distributed in the
spinal cord, close to the administration site in rats. In contrast, the concentration of
3H-fadolmidine in plasma was very low. In addition, after i.v. administration *H-
fadolmidine radioactivity in the spinal cord was low. It has been proposed that
fadolmidine, as a polar and a less lipophilic o,-adrenoceptor agonist than clonidine
(Aantaa & Scheinin 1993; Remko et al. 2006) or dexmedetomidine (Aantaa &
Scheinin 1993), induces a local, dose-dependent antinociceptive action, possessing
a weak ability to redistribute from the injection site to the supraspinal space and
further to the CNS (Xu et al. 2000a). Furthermore, in the present study the duration
of the analgesic effects of fadolmidine was longer than observed with clonidine after
epidural and especially after i.t. bolus injection at high, equal analgesic doses in dogs.
In addition, i.t. fadolmidine has been reported to reduce spinal cord blood flow in
sheep (Eisenach et al. 1999). Furthermore, when the cardiovascular effect were
examined, at the analgesic i.t. doses fadolmidine injection induced only minor effects
(an increase or decrease) on MAP concomitantly with a decrease in HR, while after
epidural dosing the effects were more evident. The small cardiovascular effects are
in accordance with the determined concentration of *H-fadolmidine in plasma after
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i.t. administration. In sheep, CSF distribution (tx,) and elimination half-life (t.p)
times of fadolmidine after i.t. and epidural injection were 0.33 and 15 h, and 0.23
and 17 h, respectively (Eisenach et al. 1999). However, here during 24-h continuous
i.t. infusion of fadolmidine at a steady state, the elimination half-life time of
fadolmidine in dog’s plasma was approximately 0.27 h. Thus, the overall results can
be summarized as follows: the present pharmacokinetic, efficacy and safety results
and earlier findings (Pertovaara 2004) indicate that after it. and epidural
administration either most of the fadolmidine remains at the site of application or it
is rapidly eliminated if it reaches the systemic circulation. The systemic elimination
of fadolmidine seems to be faster than its elimination from the i.t. space.

6.2 Analgesic effect following spinal administration

In our studies, fadolmidine evoked a dose-dependent, a-adrenoceptor activation
mediated analgesia (an increase in thermal response latency) after i.t. administration
in a rat tail-flick test and after i.t. and epidural bolus injection as well as during 24-h
continuous i.t. infusion in a skin twitch test in dogs. Furthermore, i.t. fadolmidine as
an adjuvant to a local anaesthetic, bupivacaine, enhanced the sensory-motor block.
The present results are in line with the previous reports of work done in rats
(Onttonen et al. 2000; Pertovaara & Wei 2000).

The analgesic effect of spinally administered a,-adrenergic agonist is mediated
through a»-adrenergic receptors located on small primary afferents C and A-delta
fibres on WDR neurons (Gabriel & Gordin 2001; Kawasaki et al. 2003; Yaksh 1985)
and in the descending inhibitory medullospinal pathways in the dorsal horn of the
spinal cord (Bahari & Meftahi 2019; Millan 2002).

In a comparison with two recognized «ar-adrenoceptor agonists,
dexmedetomidine and clonidine, the rank order of the maximal antinociceptive
potency in acute pain model following i.t. administration was as follows;
fadolmidine > dexmedetomidine > clonidine in the rat tail-flick test and comparable
between i.t. fadolmidine and clonidine in the dog skin twitch test. The
antinociceptive potency values of fadolmidine (Lehtimédki et al. 1999),
dexmedetomidine (Horvath et al. 2001; Joo et al. 2000) and clonidine (Lehtimaki et
al. 1999; Ouyang et al. 2012) are in line with the earlier reported results of these
compounds in a rat tail-flick test. The analgesic potency of fadolmidine was greater
than that of dexmedetomidine and clonidine. which is in accordance with the rank
order potency of these compounds as o,-adrenoceptor agonists at the receptor level
(Lehtimdki et al. 1999, 2008; Pohjanoksa et al. 1997). Fadolmidine and
dexmedetomidine are full az-adrenoceptor agonists (Lehtimaiki et al. 2008) whereas
clonidine is a partial ar-adrenoceptor agonist, being approximately ten times weaker
than fadolmidine (Lehtiméki et al. 1999) and dexmedetomidine (Lehtiméki et al.

72



Discussion

2008; Pohjanoksa et al. 1997). However, in contrast to our result, also equal
antinociceptive potencies of i.t. fadolmidine and dexmedetomidine were reported in
the rat tail-flick test (Xu et al. 2000a, 2000b).

After epidural injection in dogs, the antinociceptive potency of fadolmidine in
skin twitch test was approximately two times greater than with the i.t. route, while
after clonidine administration this ratio was opposite in dogs. The differences in the
antinociceptive potency after i.t. and epidural administration of fadolmidine are in
line with the results reported in sheep in a mechanically induced pain model
(Eisenach et al. 1999). Furthermore, in dogs when the duration of the analgesic
effects of fadolmidine and clonidine were followed up to 8 h, the durations of
analgesic effects following epidural dosing of fadolmidine (Eisenach et al. 1999) and
clonidine (Eisenach et al. 1987) were comparable with the values obtained earlier in
sheep. However, after i.t. dosing, the duration of analgesia with fadolmidine was
approximately double that observed with clonidine. In addition to the differences in
efficacy between these compounds at az-adrenoreceptors, some of the difference at
least partly, can be explained by their physicochemical properties i.e. differences in
their polarity and lipophilicity and pharmacokinetics (Eisenach et al. 1999; Onttonen
et al. 2000; Onttonen & Pertovaara 2000; Pertovaara & Wei 2000; Xu et al. 2000a,
2000D).

The effects of fadolmidine and clonidine on analgesia have been compared
during a 24-h continuous i.t. infusion in dogs. L.t. infusion (Deer et al. 2017; Prager
et al. 2014) has been reported to be a suitable drug delivery route for chronic pain
(Abdolmohammadi et al. 2015; Ghafoor et al. 2007) and acute postoperative pain
(Peniche et al. 2018; Sen & Sen 2015) treatments. In dogs, fadolmidine and clonidine
induced appreciable antinociceptive effects during 24-h continuous i.t. infusion,
evoking both equipotent maximal analgesic effects when the i.t. infusion dose of
clonidine was approximately two higher that that of fadolmidine. Physicochemical
and pharmacokinetics properties of fadolmidine and early findings with clonidine
(Castro & Eisenach 1989; Pettinger 1980) support the proposal that the differences
between the effects of fadolmidine and clonidine may be based, at least partly, on
the physicochemical properties and elimination half-lives of compounds. Thus, in
contrast to fadolmidine, clonidine infusion could lead to the drug’s accumulation in
the body during a 24-hour continuous i.t. infusion. However, a progressive loss in
the antinociceptive actions was observed, which may indicative of the development
of tolerance to the analgesic effect of these types of compounds, as reported earlier
during 28 days’ epidural infusion of clonidine in dogs (Yaksh et al. 1994) and in
chronic spinal infusion in rats (Takano & Yaksh 1993), but not documented in
humans (Eisenach et al. 1989). Thus, further studies will be needed to clarify this
phenomenon during long-term fadolmidine infusions.
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A local anaesthetic, bupivacaine, can produce adequate pain relief and is
commonly used in spinal anaesthesia. Bupivacaine inhibits the nociceptive response
and induces motor block by blocking voltage sensitive sodium channels in efferent
autonomic and motor nerves. However, the short duration of action and dose-
dependent cardiovascular adverse effects, like hypotension may limit the use of
bupivacaine (Patro et al. 2016; Russell 1982). In the clinic, supplemental
vasoconstrictors are required for BP maintenance and subsequently to decrease the
systemic absorption of local anaesthetics (Bajwa et al. 2012; Eisenach et al. 1996;
Staikou & Praskeva 2014). Furthermore, the combination allows a reduction of the
doses of both drugs and furthermore, causes less side effects in perioperative
anaesthesia (Bajwa et al. 2012; De Kock et al. 2001; Strebel et al. 2004). Co-
administration of i.t fadolmidine with bupivacaine produced an increase in the
magnitude and duration of the antinociceptive response and prolonged the duration
of bupivacaine induced motor block but did not affect the time of onset of the motor
block produced by bupivacaine. The isobolographic analysis of the data revealed that
the interaction of nociceptive response of fadolmidine and bupivacaine was
synergistic in its nature. Furthermore, the duration of sensor block was much longer
than the duration of motor block. Added morphine i.v. increased the magnitude and
the duration of analgesic effect further. It is known that the combination of i.t. op-
adrenergic agonist (e.g. clonidine, tizanidine) and a local anaesthetic produced a
synergistic antinociceptive action in rats (Kawamata et al. 1997; Nishiyama &
Hanaoka 2004) and dogs (Bedder et al. 1986; Mensink et al. 1987) and it also
prolonged the motor block more than that of either compound alone. The mechanism
behind the prolongation of a nerve block duration of a local anaesthetic with an a»-
adrenoceptor agonist, clonidine (Kroin et al. 2004) and dexmedetomidine (Brummett
etal. 2011) seems to be mediated by an inhibition of the hyperpolarization-activated
cation current and not via an op-adrenoreceptor mediated mechanism. It has been
demonstrated that ay-adrenergic agonists can hyperpolarize motor neurons and this
property may exert a modest effect upon motor tone (Davis et al. 1989; Tanabe et al.
1990). However, in the rat tail-flick and formalin tests, the duration of analgesic
effects were not prolonged by the combination, suggesting that the duration of the
effect of bupivacaine was long enough to be influenced by clonidine (Nishiyama &
Hanaoka 2004). In contrast in the present studies, the duration of analgesic effects
of the combination bupivacaine and fadolmidine were clearly increased as compared
to the either compound on its own. Furthermore, in humans, clonidine as an adjuvant
to local anaesthetics for peripheral nerve and plexus blocks has been reported to
prolong the duration of analgesia and sensory block by about 2 h (Popping et al.
2009).
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6.3 Limitations and advantages of methods and
protocols used to measure analgesia

The effects of fadolmidine on analgesia were evaluated following spinal
administration in an acute rat tail-flick test and in a dog skin twitch test. However,
there are a few limitations or issues which should be taken into account in the
methods and protocols of these studies, e.g. they were carried out only in male
animals. o,-Adrenoceptor-induced antinociception has been reported to be sex-
specific and attenuated by estrogen in female rats and requires the presence of
testosterone in male rats (Ansonoff & Etgen 2001; Nag & Mokha 2016) thus our
findings might not be generalised to female subjects.

This is first time that the analgesic effects of fadolmidine have been characterized
in dogs. Fadolmidine displayed high affinity and full agonist efficacy at all three
human az-adrenoceptors suptypes (A, B and C) (Lehtiméki et al. 2008). Although
the selectivity of fadolmidine has not been specifically studied at canine op-
adrenoceptors: in dogs, fadolmidine administration dose-dependently induces all of
the physiological effects known to be mediated via o,a-adrenoceptors, including
anxiolysis/sedation, antinociception, decrease in BP and decrease in HR as well as
the azp-adrenoceptor mediated initial hypertensive phase in BP (Gyires et al. 2009).
In addition, several studies have shown the similarity of the canine a,a-adrenoceptor
to the human wa-adrenoceptor with both mediating the recognized
anxiolytic/sedative effects (Schwartz et al. 1999) and in the dog, it is the same o»-
adrenoreceptor (o2s subtype) which mediates contraction of dog saphenous vein as
encountered in humans (MacLennan et al. 1997). Furthermore, another advantage
for evaluating the analgesic effect in dogs compared to rats is that the spinal space
(subarachinoid) of a dog is larger and closer to that in humans. In addition, there is
the relatively smaller size of the catheter with respect to the spinal cord and i.t. space
in the dogs compared to the situation in rats. The duration of subarachnoid
conduction motor blockade in dogs has also been shown to be qualitatively similar
to values for spinal anaesthesia reported in humans (Feldman & Covino 1981). In
addition to the analgesic effects, safety parameters i.e. sedation, MAP, HR,
respiratory rate and BT were evaluated in dogs. A conscious dog is the recommended
and commonly-used species to examine potential effects of drugs on BP and HR
(ICH S7A guidance, US FDA, S7A 2001) due the sensitivity of dogs to those effects.
Thus, the results reveal that the dog seems to be a suitable species for the evaluation
of both the analgesic and the cardiovascular effects of a,-adrenergic compounds.

The analgesic effects were evaluated following i.t. (in rats and dogs) and epidural
(in dogs) administration of the drugs in the chronic i.t. or epidural catheterized
animals. In i.t. catheterized rats, the catheters tips were in the lumbar enlargement
and in dogs at the level of L,.3: in epidural catheterized dogs at the level of L. The
location of the catheters tips was confirmed by administering lidocaine i.t. in rats and
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dogs or by the distribution of dye delivered before exposure in dogs. Transient
paralysis of both hind limbs after administration of an anaesthetic via the cannula
was the indication of successful catheterization. In addition, only animals with
visually observed normal neurological function were selected for the experiments.
However, no histopathology samples (e.g. for evaluation the effects of the chronic
catheterization and the local fadolmidine dosing to the spinal cord), from the spinal
cord and/or spinal and epidural spaces were taken at the end of the studies.

Both the rat tail-flick and dog skin twitch tests are acute heat-induced (a noxious
heat stimuli) pain models without changes in spontaneous or evoked behavioral
responses of animals as is evident in persistent pain models where there is a
peripheral injury or in inflammation pain models (Bannon & Malmberg 2007). In
the heat-induced pain models, an increase in thermal tail flick or skin twitch response
latencies was measured. The tail flick is a spinal reflex, but it is subject to supraspinal
influences that can affect this reflex (Millan 2002). Potential problems with the rat
tail-flick test are maintaining the animal in a correct posture without inducing
unwanted stress and the role of the tail in the thermoregulation of the rodent (Barrot
2012). In the present study, in an attempt to reduce unwanted stress, the animals were
habituated to the handling and immobilization chamber before the start of the
experiment. Furthermore, the noxious stimulus (the beam) was directed to different
locations on the tail during a testing session to prevent tissue damage. The skin twitch
test is also a reflex test that is applicable for large laboratory animals such a dogs or
sheep but there may be individual variations between testing sessions (Allen &
Yaksh 2004). In our study, however, there were no major individual variations in
baseline values in the testing sessions or between individuals. The dogs were
habituated to the handling, environment and situation of measurement before the
start of the experiment. In addition, the measuring order of the parameters during the
testing session is essential, starting from the sensitive and less stressful observations
to more unpleasant measurements e.g. behavioural/sedation > BP/HR > respiratory
rate > analgesia > measurements of rectal body temperature.

Barrot (2012) suggested that preclinical pain tests can make rapid progress in
assessing the fundamental aspects of physiological pain, but efforts are still needed
to achieve the translation to patient treatment e.g. exploiting chronic pain models
(Taneja et al. 2012). Furthermore, in the studies, the relevance of the protocol e.g.
model, test, procedures and duration of treatment are all critical issues that should be
assessed. Nonetheless, Taneja et al. (2012) have stated that there is a common
consensus that experimental models replicate symptoms. They added that an
assessment of the concentration—effect relationship is necessary for translational
purposes. Thus, the drug discovery process needs robust, reproducible, and high-
throughput assays, including large animal models, that can be used to screen and to
prioritize high numbers of compounds and focus on those with the best chance of
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successful development (Whiteside et al. 2016). Thus, in the present study, the
potential limitations in study designs were that no pharmacokinetics samples (i.e.
blood and CSF samples) were taken in the dog experiments in order to avoid any
discomfort to the animals during pharmacodynamics studies. Multiple sampling
timepoints would be necessary to determine the pharmacokinetic distribution of
fadolmidine and its concentrations in different physiological spaces. However, the
SH-fadolmidine concentrations in spinal cord and plasma were determined after i.t.
and i.v. administration in rats. Another limitation is that a rather low number of dogs
were tested in the i.t. infusion part of the study. Furthermore, in the combination of
i.t. bupivacaine and fadolmidine with morphine i.v. experiment, it would have been
interesting to test the effect of morphine i.v. alone as this could had verified the
ability of morphine to further potentiate the analgesic effects of the combination of
fadolmidine and bupivacaine.

6.4 Fadolmidine induces sedation, hypothermia
and mydriasis

ox-Adrenergic agonists induce central mediated effects such as sedation,
hypothermia (Giovanniitti et al. 2015; Michel et al. 2019; Millan et al. 2000; Nguyen
et al. 2017; Sinclair 2003) and mydriasis (Heal et al. 1995). Sedation was evoked by
fadolmidine (Xu et al. 2000a), clonidine (De Sarro et al. 1987; Sakamoto et al. 2013)
and dexmedetomidine (Correa-Sales et al. 1992); this is mediated by their actions at
the LC, with inhibition of the regulation of sleep and wakefulness. The effects of i.t.
fadolmidine on sedation were evaluated in the exploratory and motor activity tests,
which measure slight and moderate sedation, respectively. The effects of i.t.
fadolmidine on motor activity and in motor coordination were evident only at doses
which were over 20 and 40 times higher than the analgesic EDsy dose. In moving
animals (in open field), where the animals showed high motor activity by exploring
their surroundings, no significant sedation was observed at the analgesic dose ranges
(1-3 pg) of i.t. fadolmidine. Furthermore, fadolmidine had no effects on the motor
score. In contrast, dexmedetomidine and clonidine caused an inhibition in the motor
activity and dexmedetomidine further decreased motor coordination at clearly lower
doses than at its analgesic EDso dose. The results are in line with the findings of Xu
et al. (2000b) that i.t. injection of fadolmidine caused less sedation than
dexmedetomidine in a dark field spontaneous locomotor activity model. In addition,
after systemic (s.c.) injection, fadolmidine evoked sedation only at very high doses
(= 300 pg/kg, s.c.) in comparison to the sedation evoked by dexmedetomidine
(> 10 pg/kg, s.c.) (Lehtiméki et al. 2008; Wei et al. 2002) which further support the
finding that fadolmidine does not pass well across the blood-brain barrier and further
distribute into the CNS (Xu et al. 2000a). In dogs, the specific behavioural indices
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and sedation scores were used for evaluating the sedation level. Spinally adminstered
fadolmidine caused a depression of the muscle tone only at doses higher than that
needed for analgesia (EDso value) and this effect was comparable with clonidine. In
summary, when considering the analgesic effects of spinal fadolmidine, sedation was
only evident at higher doses in the used models and species.

opx-Adrenergic agonists induce hypothermia by activating noradrenergic
afferents in the medial preoptic area in the hypothalamus (Kumar et al. 2007). L.t.
fadolmidine caused a decrease in BT doses at doses higher than the analgesic dose
(EDso values) in rats and dogs. After epidural administration, a decrease in BT was
observed at the analgesic dose (EDso value) in dogs. However, dexmedetomidine and
clonidine i.t. also decreased BT at analgesic doses in rats as did clonidine i.t. and
epidurally in dogs.

The mydriatic effect, the assessment of the pupillary response, is a sensitive
method for the estimation of the supraspinal effects of an ax-adrenoceptor agonist
(Heal et al. 1995; Yu & Koss 2005). Fadolmidine induced mydriasis only at high
doses after systemic (i.v. and s.c.) (Lehtimaki et al. 2008) and i.t. (> 14 times higher
dose than the analgesic EDso dose) administration. Instead, dexmedetomidine
(Horvath et al 1994, Lehtimiki et al. 2008) and clonidine (Heal et al. 1995) induced
dose-dependently mydriasis after both systemic and i.t. administration in rats.

Activation of ay-adrenoceptors results in widespread alterations in the release
rates of monoamine neurotansmitters. The spread of fadolmidine, dexmedetomidine
and clonidine from the lumbar spinal space to brain was assessed by measuring the
turnover of brain NA and 5-HT after i.t. administration at the selected analgesic dose.
Both dexmedetomidine (3 pg) and clonidine (6 pg) decreased NA and/or 5-HT
turnover significantly in brain whereas fadolmidine (3 pg) caused no effects in rats.
These results with fadolmidine on central monoamine turnover are highly in line
with the findings of the behavioural results e.g. very little evidence of sedation,
hypothermia and mydrasis, supporting the suggestion that fadolmidine (Xu et al.
2000a) has a very limited ability to penetrate into the CNS as compared to
dexmedetomidine (MacDonald et al. 1988, 1989) and clonidine (Antkiewicz-
Michaluk et al. 2017). However, the actual concentrations of the compounds in the
brain were not determined, thus further distribution and blood-brain barrier
penetration studies of fadolmidine will be needed for evaluating its ability to
penetrate into the CNS after i.t. administration.

The mechanism of ar-adrenoceptor agonists on the depressive effect of
respiratory rate is not clear, but it likely reflects calmness and mild sedation (Sinclair
2003). The effect on the respiratory rate was assessed by observation of chest
expansion and contraction in dogs. Fadolmidine i.t. had a slight while clonidine i.t.
and epidurally exerted a more prominent depressive effect on the respiratory rate at
doses higher than the analgesic EDso dose. In humans, however, clonidine has not
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caused or potentiated respiratory depression to any appreciable extent (Eisenach et
al. 1996; Nguyen et al. 2017).

As clinical signs, sporadic emesis/vomiting and urination were observed during
the treatment of fadolmidine i.t. in dogs. However, dogs are known to be a very
sensitive species to the emesis induced by a,-adrenoceptor agonists (Sinclair 2003).
Both dexmedetomidine (Jin et al. 2017) and clonidine (Samieirad et al. 2018), have
been described to prevent nausea and vomiting during general anaesthesia in
humans.

6.5 Effects of spinal fadolmidine on BP and HR

Spinally administered fadolmidine resulted in variable changes on BP and a dose-
dependent decrease in HR. In anaesthetised rats, fadolmidine i.t. at lower doses
decreased MAP whereas at higher doses, fadolmidine increased initial MAP both in
anaesthetized and in conscious animals. After i.c.v. administration, a decrease (but
not a dose-dependent decrease) in MAP was noted.

In addition to rats, the cardiovascular effects were evaluated in dogs since this
animal species has been shown be highly sensitive to the cardiovascular effects of
az-adrenergic compounds (Eisenach & Grice 1988; Kroin et al. 2003). Additionally,
Beagle dogs are used widely to characterize developmental compounds as potential
drugs for human therapy. Furthermore, a conscious dog is a recommended and a
commonly used species to examine the potential effects of drugs on BP and HR (ICH
S7A guidance, US FDA, S7A 2001). In dogs, the trends in BP were towards an initial
hypertension after i.t. injection but hypotension after epidural administration. The
cardiovascular responses of ar-adrenoceptor agonists are likely mediated through
multiple sites of action (Eisenach and Tong 1991; Michel et al. 2019; Nguyen et al.
2017; Sinclair 2003). a,-Adrenoceptor agonists can activate ar-adrenoceptors in the
brain, reducing the sympathetic outflow from the CNS leading to peripheral
vasodilatation. In addition, o-adrenoceptor agonists induce hypertension by
activating vascular op-adrenoceptors and reduce chronotrophic drive to the heart
along with an increase in vagal outflow and baroreflex activity.

Correspondingly, the two recognized a,-adrenoceptor agonists, clonidine and
dexmedetomidine, decreased MAP and HR at all tested i.t. doses in anaesthetised
rats. After dosing with fadolmidine, during the initial hypertension phase, HR
decreased more slowly than after dexmedetomidine and clonidine administration
probably due to its less prominent central sympatholytic mechanism immediately
after i.t. dosing. These results are in line with earlier findings with dexmedetomidine,
where a rapid decrease in BP and HR was noted following i.t. dosing (Nagasaka &
Yaksh 1990). Clonidine evoked the well known biphasic effect on MAP, a central
oz-adrenoceptors mediated a depressor effect at low to moderate doses whereas
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vascular a-adrenoceptors mediated a pressor response at higher doses (Horvath et al.
2002; Solomon et al. 1989). Dexmedetomidine and clonidine (Aantaa & Scheinin
1993) as lipophilic compounds can cross the blood-brain barrier and are rapidly
absorbed systemically from the spinal space (Eisenach et al. 1996; Kawamata et al.
2003; Sabbe et al. 1994, Post et al. 1987; Solomon et al. 1989).

In dogs, as in rats, the trends of fadolmidine on BP were towards an initial
hypertension with i.t. injection and hypotension following epidural injection,
whereas with clonidine, the tendencies were towards hypotension with both dosing
routes. The differences seen in the BP values likely reflect the different abilities of
fadolmidine and clonidine to redistribute to the supraspinal space and hence to the
periphery (Eisenach et al. 1999; Onttonen et al. 2000; Pertovaara and wei; Xu et al.
2000a, 2000b) reflecting at least partly their physicochemical properties as well as
their efficacy at ax-adrenoceptors (Aantaa & Scheinin 1993, Lehtiméki et al. 2008).
The results are in line with the in vitro results of fadolmidine and clonidine.
Clonidine is a lipophilic molecule with logP (partition coefficients (P),
octanol/buffer pH 7.4 at 20 °C, UV spectroscopy) value of 1.6, molecular weight
(MW) of 230.55, pKa values of 8.2, and polar surface area (PSA) of 36.4 (Remko et
al. 2006). In comparison, fadolmidine is slightly less lipophilic than clonidine. The
corresponding in vitro values of fadolmidine at pH 7.4 are: alogP value of 1.7, MW
of214.27, pKa of 6.8, and PSA of 48.9 (data on file, Orion Corporation). In the light
of the existing documentation, fadolmidine would be expected to penetrate slightly
less well through cell membranes and in addition, it would be predicted to be
associated with reduced clearance and thus cause less systemic adverse effects than
clonidine after spinal administration. The pharmacokinetic results of fadolmidine, a
rapid clearance of the drug after reaching the systemic circulation, support those
findings. However, fadolmidine does redistribute to some extent to the periphery and
at higher doses, it may redistribute further to induce hypotension possibly by
reducing spinal and/or supraspinal sympathetic activity. Nonetheless, the results are
not in accordance with the earlier reported findings in sheep that no hemodynamic
depression was observed after either the i.t. or epidural injection of fadolmidine
(Eisenach et al. 1999) or clonidine (Eisenach et al. 1987). This suggests that as a
species, sheep might be less sensitive to the hypotensive action of a-adrenergic
agonists than humans (Eisenach & Dewan 1990; Eisenach et al. 1999).

The effects of fadolmidine and clonidine on safety paramaters e.g. BP and HR
have been compared during a 24-h continuous i.t. infusion in dogs. At comparative
analgesic doses, fadolmidine exerted no hypotensive effects whereas clonidine
induced hypotension (Yaksh et al. 2003; Kroin et al. 2003): both compounds
decreased HR. Based on the known pharmacokinetic profile of fadolmidine and
clonidine (Houston 1982; Pettinger 1980), the infusion dose of clonidine (Castro &
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Eisenach 1989; Yaksh et al. 1994) that was needed to maintain analgesia could lead
to the drug’s accumulation in the body during a 24-h continuous i.t. infusion.

In addition, the combination of a local anaesthetic bupivacaine and fadolmidine
i.t. decreased HR but not MAP in dogs. In humans, bupivacaine alone has been
shown to evoke dose-dependent cardiovascular adverse effects, such as hypotension
(Patro et al. 2016; Russell 1982). Fadolmidine i.t. has been reported to induce
vasoconstriction (Eisenach et al. 1999; Lehtimiki et al. 2008) and to reduce spinal
cord blood flow in sheep (Eisenach et al. 1999) and this could have an effect on the
distribution of co-administered spinal bupivacaine or vice versa. However, the
pharmacokinetic results of i.t. administration fadolmidine in rats as tested with the
analgesic effect or by its effects on MAP, sedation and BT following the combination
administration in dogs indicated that either most of the drug remained at the site of
application or there was rapid clearance after the drug reached the systemic
circulation.

After i.c.v. administration of fadolmidine, the decrease in BP was smaller than
that of dexmedetomidine, indicating that since fadolmidine is a more polar
compound than dexmedetomidine, it does not transfer out of the ventricle as rapidly
as dexmedetomidine. These results are line with the findings of Xu et al (2000a)
where fadolmidine evoked a sedative effect following injection into LC but not if
administered at 1-2 mm rostal to the LC whereas dexmedetomidine had sedative
effects after injection into both areas.

The receptor binding profile indicated that fadolmidine has binding affinity also
to the human serotonin 5-HT3 receptor. The serotonin 5-HT3 receptor is a ligand
gated ion channel expressed in the periphery and CNS. It regulates the release of
various neurotransmitters e.g. serotonin, acetylcholine and noradrenaline, thus acting
as a neuromodulator in many tissues and organs having potential effects on
nociception and/or cardiovascular effects (Cortes-Altamirano et al. 2018; Hayashida
et al. 2012; Ramage & Villalon 2008). However, faldolmidine did not exert any 5-
HT; related effects on BP and HR after i.v. dosing when evaluated in vivo Bezold-
Jarisch reflex measurements in anaesthetised rats. In these phenomena, the afferent
fibers originating in the heart and lungs react to the injection of substances such as
serotonin by producing profound reductions in arterial BP and HR (Sévoz et al. 1997;
Verberne & Guyenet, 1992).

In summary, fadolmidine injection induced only minor cardiovascular effects at
analgesic i.t. and epidural doses, i.e. an increase and decrease on MAP concomitantly
with a decrease in HR, whereas after clonidine and dexmedetomidine (only i.t.
tested), hypotension was evident following both i.t. and epidural administrations.
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6.6 Supplementary in vivo safety studies

The activation of presynaptic a,-adrenergic receptors is known to mediate several
responses in the GI tract. Dexmedetomidine and clonidine have been reported to
inhibit GI transit both in rodents and in humans (lirola et al. 2011). Fadolmidine
inhibited GI transit dose-dependently after i.t. administration in rats, but most clearly
above doses needed for analgesic effects whereas both dexmedetomidine and
clonidine inhibited Gl-transit times already at the analgesic doses; these are a
recognized adverse effect of dexmedetomidine (lirola et al. 2011) and clonidine
(Ferder et al. 1987) in humans. Dexmedetomidine and clonidine administered 1i.t.
inhibited GI transit as has been reported following their systemic administration
(Asai et al. 1997; Asai et al. 1997; Zadori et al. 2007) in rats. This parasympathetic
effect is a characteristic of ap-adrenoceptors agonists and is probably mostly
peripheral, although part of it is believed to have a central origin (Asai et al. 1997;
Fiilop et al. 2005). Furthermore, in rats, clonidine delivered i.v. was reported to
reduce the gastric motility via the activation of presynaptic ar-adrenoceptors (Zadori
et al. 2007).

Adrenergic a,-adrenoceptor agonists are known to induce a centrally mediated
increase in urine output by lowering antidiuretic hormone and vasopressin secretion.
In addition, peripherally oz-adrenoceptor agonists mediated increase in sodium
excretion in the kidney (Cabral et al. 1998; Miller et al. 2001, Sinclair 2003). In
humans, clonidine decrease plasma renin activity (Vahabi & Kazemi 2011) and
renovascular resistance (Nguyen et al. 2017) increasing urine output and electrolyte
excretion. L.t. fadolmidine in rats increased dose-dependently urine output, sodium
ion concentration and excretion, whereas i.v. doses increased only sodium ion
concentration and excretion. The increase in sodium excretion is at least may be
partially mediated by central modulation of a-adrenergic agonists since fadolmidine
given i.t. was more potent than when delivered via i.v. doses. In anaesthetised rats,
fadolmidine interrupted volume-evoked voiding cycles and induced urine over flow
incontinence at high concentrations; in the analgesic dose range, the effects were
mild. The effects of ap-adrenoceptor agonists on micturition reflex were reported
also in mice (Aro et al. 2015) and rats (Kontani et al. 2000; Streng et al. 2010). In
the analgesic dose range (in rat tail-flick tests) both i.t. fadolmidine and clonidine
appeared to be only slightly or moderately inhibitory whereas the effects of
dexmedetomidine i.t. were more profound. As a comparison, morphine i.t inhibited
the micturition cycles totally already at a dose below the EDsy analgesic dose. In the
clinic, it is known that morphine inhibits micturition and can cause urine retention
(Fernandez et al. 2014; Kleinmann & Wolter 2017).

The results in vivo studies of Gi motility, kidney and urodynamic functions
indicate that the effects of fadolmidine on those parameters were seen at the higher
that at the analgesic i.t. dose.
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In summary, fadolmidine is a potent full a-adrenoceptor agonist of all three human
oz-adrenenoceptor subtypes and is being developed for spinal analgesia. In the
present studies, fadolmidine induced dose-dependent analgesia in acute pain models
following i.t. administration e.g. in a rat tail-flick test, and i.t. and epidural
administration as well as during 24-h continuous i.t. infusion in a dog skin twitch
test. When injected epidurally, the antinociceptive potency of fadolmidine was
weaker than when administered i.t. Furthermore, fadolmidine as an adjuvant to a
local anaesthetic bupivacaine i.t. evoked a synergistic analgesic effect and prolonged
the duration of bupivacaine’s sensory motor block in both rats and dogs. Spinally
administered fadolmidine induced sedation and hypothermia, decreased heart rate
and the respiratory rate, and initially increased and then decreased blood pressure.
The results are summarized in Table 16. In addition, there was evidence that i.t.
fadolmidine could inhibit gastrointestinal transit, interrupt volume-evoked voiding
cycles and induce urine over-flow incontinence as well as evoke a mydriatic
response. However, those typical ar-adrenoceptors mediated adverse effects of
fadolmidine were only present at rather high spinal doses/concentrations and mainly
doses above the doses (EDso values) that were needed to observe analgesic effects
(ratio >1). In contrast, two established a»-adrenoceptors agonists, dexmedetomidine
and clonidine, exerted those adverse effects already at analgesic doses (ratio <1). In
addition to the potency of these compounds at the ar-adrenoceptor, the differences
in their effects are attributable at least in part to the physicochemical and
pharmacokinetic properties of fadolmidine. In contrast to clonidine and
dexmedetomidine, fadolmidine is a polar compound and does not pass well across
the blood-brain barrier and further distribute into the CNS following spinal
administration. Furthermore, the pharmacokinetic results in rats indicate that either
most of the i.t. administered fadolmidine remained at the site of application or was
rapidly eliminated after reaching the systemic circulation.

These results support the hypothesis that i.t. administered fadolmidine could
have potential use as a spinal analgesic evoking only with minor subraspinal or spinal
adverse effects at analgesic doses. Furthermore, an i.t. infusion of fadolmidine could
be a way to provide long-term antinociception with less of the known use-limiting
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adverse effects such as hypotension associated with clonidine. In addition,
fadolmidine as an adjuvant to bupivacaine was able to enhance the latter’s analgesic
effect without hypotension and thus these agents could represent a suitable
combination for spinal anaesthesia.

Table 16. Potency of spinal (analgesic) and some supraspinal and peripheral in vivo
pharmacological effects (i.e. sedation, hypothermia, mydiatic response, hypotension,
hypertension and inhibition of GI motility) of i.t. and epidural fadolmidine, clonidine and
dexmedetomidine in rats (I, Il, IV) and dogs (lll, V).

PARAMETER FADOLMIDINE | CLONIDINE DEXMEDETOMIDINE
Analgesia?

- rat, i.t. 0.73Y,1.0*V) 6.4" 2.2
- Dog, i.t. 67", <60*V) 78" -

- Dog, epidural 128" 51 -
Sedation®

- rat, i.t. 19, 30*", 10V 4.0Y, 10*1N 0.63"
- Dog, i.t. 100", >60*) 100™ -

- Dog, epidural 100" 100" -
Hypothermia®

- Rat, i.t. 107, 3.0M,10™ | 4.0", 10" 1.4)
- Dog, i.t. 300", >60"v) 100™ -

- Dog, epidural 100" 100" -
Mydriatic responseP®, rat, i.t. 10" 3" 0.3"
HypotensionE

- rat, i.t. 1.0", 10" <0.3", 10" <0.1"
- dog, i.t. 100™, >60") 30" -

- dog, epidural 30™M 30" -
HypertensionF

- rat, i.t. 3.0Y, 10" N/AY, 30" N/AD
- dog, i.t. 100", >60™) N/A -

- dog, epidural 100" N/A -
inhibition of Gl motility®, rat, i.t. | 18" 49" 1.3"
ratio

sedation / analgesia

- rat, i.t. 10-26 0.6-1.6 0.3

- Dog, i.t. 1.5 1.3 -

- dog, epidural 0.8 2.0 -
hypothermia / analgesia

- rat, i.t. 10-14 0.6 0.6

- dog, i.t. 4.5 1.3 -

- dog, epidural 0.8 2.0 -
Mydriatic response/ analgesia, 14 0.5 0.1
rat, i.t.

84



Conclusions

PARAMETER FADOLMIDINE |CLONIDINE DEXMEDETOMIDINE
Hypotension / Analgesia

- rat, i.t. 1.4-13.7 1.6 N/A

- Dog, i.t. 1.5 0.4 -

- dog, epidural 0.2 0.6 -

hypertension / analgesia

- rat, i.t. 4.1-13.7 4.7 N/A

- dog, i.t. 1.5 N/A -

- dog, epidural 0.8 N/A -

inhibition of Gl motility / 25 0.8 0.6

analgesia, rat, i.t.

i.t. = intrathecal, N/A = not applicable, “) Tested dose (ug/animal), A Tail-flick test in rats and skin
twitch test in dogs, EDsp (ug/animal), B Decrease in motor activity (I, Il) or rotarod performance (IV)
in rats [EDsp (ug/animal)], and muscle tone (score) in dogs, ¢ Estimated -1°C in BT in rats and dogs
P No statistical significant dose in mydriatic response in rats, E No statistical significant dose in
hypotension in rats and dogs, F Initial increase in BP (hypertension) in rats and dogs, € Inhibition of
gastrointestinal (Gl) transit in rats, ') ) Original publications I, II, llI, 1V, respectively.
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