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Abstract

Pain is a feeling characterized by uncomfortable sensations in the body. It involves the activation
of the central and peripheral nervous systems and it may be short lasting or chronic (an ongoing
sensation lasting for more than three months). Although pain is a physiological hallmark of the
health conditions of our body and generally has an adaptive function, chronic pain is often
debilitating with a serious impact on quality of life and an important economic burden. Melatonin
(MLT) is a neurohormone implicated in the regulation of many different physiological responses,
including pain. MLT acts mostly through the activation of two G-protein coupled receptors, MT1
and MT>, whose differential roles in pain conditions remain to be unequivocally defined. Analgesic
supraspinal acting drugs such as opioids and MLT modulate pain transmission via the brainstem
descending pathway which includes the periaqueductal gray (VIPAG) and its projections to the
rostral ventromedial medulla (RVM). Two types of neurons have been characterized in the RVM:
ON cells which are pronociceptive and OFF cells which are antinociceptive.

The aim of this thesis is first to characterize the role of each MLT receptor subtype in nociception
and later to investigate the putative relationship of the melatonergic system with the opioid system,
which is responsible for, among other functions, pain control and reward in the brain. We have
therefore explored the nociceptive responses of mice with genetic inactivation of melatonin MT:
(MT17), or MT2 (MT2 "), or both MT1/MT2 (MT1/MT2 ") receptor subtypes in the supraspinal
integrated response using the hot plate test (HPT), and in tonic/inflammatory nociception using
the formalin test (FT). Compared to wild type (WT) controls, mice lacking MT>, but not MTy,
receptors displayed a reduced nociceptive response in the HPT and in the second phase of the FT.

In agreement, the systemic administration of the MLT MT. partial agonist, UCM924, produced
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analgesic effects in controls and MT1™", but not in MT2”~ or MT1//MT2"", mice. Intriguingly,
the non-selective competitive opioid antagonist, naloxone, reduced the basal nociceptive threshold
only in MT2” mice, that also exhibited an increased expression of the endogenous opioid
proenkephalin Penk in the RVM, suggesting that the inactivation of the MT> receptor leads to a
constitutive upregulation of the opioid system.

In a chronic neuropathic pain model, the antiallodynic effects of UCM924 were prevented by the
pharmacological or genetic blockage of mu (MOR), but not delta (DOR), opioid receptors. In
congruence, the modulatory effect on ON and OFF cells of the RVM by microinjection of the
UCM924 in the VIPAG were blocked by non-selective and selective MOR, but not DOR,
antagonists. These findings identified a crucial role of MOR in the MT2-induced antiallodynia.
Immunohistochemical labeling revealed that MT receptors are localized in both excitatory and
inhibitory interneurons in the vIPAG, but not in the RVM, while MOR is expressed in both these
regions. Co-labelling of MT>-MOR in the VIPAG was sparse. Moreover, while the UCM924
antiallodynic effect and its modulatory responses on the ON-OFF cells involved the G protein-
gated inwardly rectifying potassium 1/4 (GIRK) channel, morphine did not. Repeated
administration of UCM924 reduced the antiallodynic effects and its modulatory responses on the
ON-OFF cells (tolerance), similar to the effects of morphine. Interestingly, while UCM924 lost its
antiallodynic and ON-OFF cells modulatory effects in neuropathic morphine-tolerant rats (cross-
tolerance), morphine still showed antiallodynic and ON-OFF cell modulatory properties in
neuropathic rats tolerant to UCM924. Preliminary data showed that UCM924 administration
increased the Penk mRNA level in the PAG of neuropathic mice. Altogether, these findings
demonstrated the distinct localization, the specific pathway of the MOR and MT: receptor, and the

MT. upstream position in the descending pathway compared to MOR and a possible involvement



of the enkephalin in MT»-induced antiallodynia. Finally, in contrast to the effects of opioids,
UCM924 did not result in behavioural reinforcing properties or alter dopamine neuron firing in
the ventral tegmental area (VTA). These findings suggest a safe profile for M T, partial agonists
regarding their potential abuse liability.

Together, these results demonstrated the critical role of the opioid system, and particularly of

MOR, in the MT»-induced analgesia, which does not involve rewarding properties.
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Résumé

La douleur est une sensation caractérisée par des perceptions inconfortables dans le corps. Elle
implique l'activation des systemes nerveux central et périphérique et peut étre aigué (de courte
durée) ou chronique (une sensation persistante pendant plus de trois mois). Bien que la douleur
soit une caractéristique physiologique des conditions de santé de notre corps et qu'elle ait
généralement une fonction d'adaptation, la douleur chronique est souvent débilitante, a un impact
sérieux sur la qualité de vie et engendre un fardeau économique important. La mélatonine (MLT)
est une neurohormone impliquée dans la régulation de nombreuses réponses physiologiques
différentes, y compris la douleur. La MLT agit principalement a la suite de I'activation de deux
récepteurs couplés aux protéines G, MT1 et MT», dont les roles différentiels dans les conditions de
douleur restent a définir précisément. Les médicaments analgésiques qui agissent au niveau
supraspinal, tels que les opioides et la MLT, modulent la transmission de la douleur via la voie
descendante du tronc cérébral, qui comprend la substance grise périaqueducale (VIPAG) et ses
projections vers la moelle ventromédiale rostrale (RVM). Deux types de neurones ont été
caractérisés dans la RVM: les cellules ON qui sont pronociceptives et les cellules OFF qui sont
antinociceptives.

Le but de cette these est, d'abord, de caractériser le réle de chaque sous-type de récepteur de la
MLT dans la nociception et, ensuite, d'étudier la relation putative du systeme mélatonergique avec
le systéme opioide, qui est responsable, entre autres fonctions, du controle de la douleur et de la
récompense dans le cerveau. La caractérisation des souris knockout (invalidées, KO) pour les
récepteurs MT1 (MT17/"), MT2 (MT27") ou les deux (MT17/-/ MT2 /") a permis d’évaluer la réponse

intégrée supraspinale (test de la plaque chaude, HPT) et celle tonique / inflammatoire (test de la
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formaldéhyde, FT). Par rapport aux groupe de de contréle (WT) et MT1/, les souris KO pour le
récepteur MT, /- ont présenté un une réponse nociceptive réduite dans le HPT et dans la deuxiéme
phase du FT. En accord, I'administration systémique de I’agoniste partiel pour le récepteur MT»,
UCM924, a produit des effets analgésiques chez les control et MT1 */-, mais pas chez les souris
MT2/~ouMTy -/ MT, /-, Curieusement, I'antagoniste opioide compétitif non sélectif, naloxone,
a réduit le seuil nociceptif basal uniquement chez les souris MT2 /", qui présentaient également
une expression accrue du gene pour l'opioide endogene proenképhaline, Penk, dans le RVM,
suggérant que l'inactivation du récepteur MT> méne a une régulation positive constitutive du
systéme opioide.

Dans un modeéle de douleur chronique neuropathique, les effets antiallodyniques de 'UCM924 ont
été antagonisees par le blocage pharmacologique ou génétique des récepteurs opioides mu (MOR),
mais pas delta (DOR). En congruence, I'effet modulateur sur les cellules ON et OFF du RVM a la
suite de la microinjection de 'UCM924 dans le VIPAG a été bloqué par des antagonistes non
sélectifs et sélectifs pour le MOR, mais pas pour le DOR. Ces résultats ont mis en évidence le réle
crucial de MOR dans les effets antiallodyniques produits par I’activation du récepteur MT2. Le
marquage immunohistochimique a révélé que les récepteurs MT2 sont localisés dans les
interneurones excitateurs et aussi dans les inhibiteurs dans le VIPAG, mais pas dans le RVM, tandis
que le MOR est exprimé dans ces deux régions du cerveau. Le co-marquage MT2-MOR dans le
VIPAG a montré un faible niveau de colocalization. De plus, I'effet antiallodynique UCM924 et
ses réponses modulatrices sur les neurones ON et OFF ont été antagonisés par le blogueur de
courant potassique rectifiant activé par les protéines G (GIRK),Tertiapin-Q (T-Q). Au contraire,
la T-Q n'a pas modifie I'effet de 1’agoniste MOR, morphine, sur la modulation des neurones ON

et OFF. L'administration répétée d'UCM924 a montré une diminution des effets antiallodyniques
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et modulateurs sur les cellules ON-OFF (tolérance), de maniere similaire a la morphine.
Cependant, lorsque les effets antiallodyniques et modulateurs sur les neurones ON et OFF de
I’UCM924 chez les rats neuropathiques tolérants a la morphine ont été¢ supprimés (tolérance
croisée), les effets antiallodyniques et modulateurs sur les neurones ON et OFF de la morphine
chez les rats neuropathiques tolérants a 'UCM924 sont restés inchangés. De plus, les données
préliminaires ont montré que I'administration d'UCM924 a augmenté le niveau d’/ARNm de la Penk
dans le PAG des souris neuropathiques. Dans I'ensemble, ces résultats démontrent que les
récepteurs MT2 et MOR ont une expression dans des régions distinctes du cerveau, qu’ils utilisent
des voies de signalisation spécifiques, que le récepteur MT> est en amont par rapport a MOR dans
la voie antinociceptive descendante, et, finalement, une probable implication des enképhalines
dans ’effet antiallodynique provoqué par la stimulation du récepteur MTo.

De plus, contrairement aux effets des opioides, 'UCM924 n'a pas montré 1’effet récompensant ni
celui d'altération des caractéristiques électrophysiologiques des neurones dopaminergiques dans
la zone tegmentale ventrale (ATV). Ces résultats suggeérent une faible probabilité pour les
agonistes partiels du récepteur M T2 en ce qui concerne leur implication d'abus potentiel. Ensemble,
ces résultats démontrent le réle critique du systéme opioide, et en particulier du MOR, dans

I'analgésie induite par le récepteur MT>, sans montrer des propriétés récompensant.
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Contributions to Original Knowledge

Prior to the studies in the present manuscript-based PhD thesis dissertation, studies on the analgesic
properties of melatonin focused on (i) the clinical application of this neurohormone, (ii) the
identification of the melatonin receptor subtypes involved in analgesia and (iii) suggested a role
for the opioid system in melatonin-induced analgesia.

In Chapter I, the background literature regarding melatonin, including its receptors and signaling,
were reviewed. Next, the antinociceptive pathway was presented, with a focus on the supraspinal
mechanisms of the descending pathway in chronic pain conditions and the preclinical gold
standard models of chronic pain. The role of the opioid system in pain was also discussed in this
chapter. Finally, the preclinical and clinical literature regarding the melatonergic system, and
particularly the melatonin MT. receptor, was discussed, with regards to its analgesic properties
and mechanism of action in the descending pathway.

In Chapter 11, the role of each melatonin receptor subtype (MT1 and MT2) was characterized using
a model for supraspinal nociception (hot plate test) and a tonic/inflammatory pain model (formalin
test) both in the light and dark phase. By employing transgenic mice lacking MT; and/or MT>
receptors, we determined that the disruption of the MT> receptor altered the nociceptive threshold.
Moreover, we identified a plausible explanation by showing that mice lacking MT2 receptors had
a tonic opioid activation which was pharmacologically suppressed by the opioid antagonist,
naloxone. This first manuscript is now published in the Journal of Pineal Research (Impact factor:
15.22; DOI: 10.1111/jpi.12671).

In Chapter Ill, | assessed, for the first time, the interaction between the melatonin MT2 receptor

and the opioid receptors. Previous work showed that melatonin analgesia was blocked by naloxone
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(Golombek et al. 1991; Lakin et al. 1981). Here, the critical role of the mu opioid receptor (MOR)
was identified in the descending antinociceptive pathway in a chronic neuropathic pain model in
rodents. By using behavioural, in vivo electrophysiological, immunohistochemical and molecular
methods, | have also demonstrated that MT> receptors are upstream in this pathway and that while
the MT> agonism provokes antiallodynia, it does not produce reward in animals. This second
manuscript is in preparation for submission to the journal, PAIN (Impact factor: 5.48).

Finally, in Chapter 1V, | integrated the results from my thesis as a whole, discussed important

limitations, and proposed future lines of research.
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Chapter I - Introduction and Objectives

1.1. Melatonin

Melatonin (MLT, N-acetyl-5-methoxytryptamine) is a natural compound which has been isolated
in a large number of organisms, including bacteria (Jiao et al. 2016), plants, animals, and humans
(Zhao et al. 2019). In animals, MLT plays a role in different physiological functions such as
circadian rhythms, sleep, mood regulation, appetite, anxiety, immune responses, cardiac functions
and pain modulation (Reiter, Tan, and Fuentes-Broto 2010). In humans, the major source of MLT
is the pineal gland, a neuro-endocrine gland, where MLT is synthesized by the pinealocytes.
Although the pineal gland is embryologically part of the brain, it is situated outside the blood brain
barrier, receiving only sympathetic projections as its main source of innervation (Cipolla-Neto and
Amaral 2018). The first precursor is L-tryptophan, which is then hydroxylated into 5-
hydroxytryptophan and then into serotonin (5-HT). 5-HT is then acetylated by aryl alkylamine N-
acetyltransferase and then converted into MLT by hydroxyindole O-methyltransferase (Zhao et al.
2019; Cardinali and Pévet 1998). The synthesis of MLT is controlled by the suprachiasmatic
nucleus (SCN) and is regulated by the photoperiod and neurotransmitters including noradrenaline
and GABA (Recio et al. 1996). Importantly, MLT secretion by the pineal gland follows a specific
circadian pattern. Darkness stimulates the pineal gland to secrete MLT, whereas exposure to light
inhibits its release into the bloodstream (Cipolla-Neto and Amaral 2018). Later, it crosses the
blood-brain barrier and enters the central nervous system (CNS) (Longatti et al. 2007). Once in
the bloodstream, MLT has a short half-life of 2—20 minutes in rats (Gibbs and Vriend 1981), while
in humans, the half-life of endogenous MLT is approximately one hour (Fourtillan et al. 2001;
Fourtillan et al. 2000). The level of MLT in the body is lower during the day (light phase) and
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reaches maximal levels during the night (dark phase) in both diurnal and nocturnal species. In
humans, plasma levels of MLT rise about 2 hours before habitual bedtime and remain elevated
during the night. For example, the average levels of circulating MLT in humans during daytime
and nighttime is approximately 10 and 60 pg/mL, respectively (Arendt 1988). MLT is mainly
metabolized by the liver where it is first hydroxylated into 6-hydroxymelatonin and then
conjugated with sulfate or glucuronic acid to finally be excreted (Kopin et al. 1961; Semak et al.

2008).

1.2. Melatonin receptors: distribution and signaling

MLT binds to two high-affinity (Ki = 0.1 nM) receptors named MT: (or MellA or
MTNR1A) and MT> (or Mel1B or MTNR1B) (Dubocovich et al. 2010), belonging to the seven
transmembrane G protein-coupled receptor (GPCR) family. In addition to these MLT receptors,
another low-affinity MLT binding site, termed MTs3, has been characterized as an ML T-sensitive
form of the human enzyme quinone reductase 2 (Nosjean et al. 2000), though it is not included in
the IUPHAR classification as a GPCR subtype for MLT (Mailliet et al. 2005). MLT receptors are
broadly expressed throughout the central nervous system and are also localized in many peripheral
tissues of mammals. The first studies addressing the localization of MLT receptors were done by
in-vitro quantitative autoradiography using the non-selective high-affinity radioligand 2-[*%*1]Mel
(Dubocovich and Takahashi 1987; Weaver, Rivkees, and Reppert 1989) or using real-time
guantitative reverse transcription-polymerase chain reaction (RT-PCR) (Mazzucchelli et al. 1996;
Sallinen et al. 2005). In rodents, MLT binding sites have been found in the median eminence,
pituitary, suprachiasmatic nucleus (SCN), anteroventral thalamic nucleus, and paraventricular

thalamic nucleus, and, less densely, in other brain areas such as the hippocampus, cerebellum,



parietal cortex, lateral habenula, amygdala, and striatum (Weaver, Rivkees, and Reppert 1989;
Weaver et al. 1993). In rodents, for instance, RT-PCR has detected MT1 and MT2 receptor mMRNAS
in the hippocampus, hypothalamus, vestibular nuclei, retina and pineal gland (Musshoff et al.
2002; Sallinen et al. 2005; Yerer, Delgado, and Aydogan 2010; Ahn et al. 2012). In humans, both
RT-PCR and autoradiography with [*?°I]Mel have detected the expression of MT1 and MT;
receptors in the cerebellum, hypothalamus, thalamus, cortex and hippocampus (Mazzucchelli et
al. 1996; Al-Ghoul, Herman, and Dubocovich 1998). Interestingly, MLT receptors have been
reported in regions implicated in pain regulation, such as the dorsal horn of the spinal cord, the
spinal trigeminal tract, and the trigeminal nucleus (Wan and Pang 1994; Zahn et al. 2003),
particularly in the lamina I-V and X of the spinal cord. Moreover, both MT; and MT> have been
found in the peripheral nervous system particularly in the dorsal root ganglions (DRGS) (Oliveira-
Abreu et al. 2018; Lin et al. 2017). Studies suggest that MT1 and MT2 receptors are distributed in
specific regions of the brain, which is in line with their distinct neurobiological effects (Klosen et
al. 2019; Ochoa-Sanchez et al. 2011; Lacoste et al. 2015). Using polyclonal antibodies (Lacoste et
al. 2015), we have identified in rats the presence of MT1and MT2 receptors in different brain
regions. While MT> receptors are widely expressed in the reticular thalamus, substantia nigra (pars
reticulata), supraoptic nucleus, the glutamatergic neurons of the ventral lateral periaqueductal grey
matter (VIPAG) (Lopez-Canul, Palazzo, et al. 2015), and the CA2 and CA3 areas of the
hippocampus (Ochoa-Sanchez et al. 2011), MT; receptors have been found in the retrosplenial
cortex, in the basal forebrain, medial habenula and SCN of the hypothalamus (Lacoste et al. 2015).
Moreover, using a “knock-in” strategy replacing MT1 or MT. coding sequences with a LacZ
reporter, Klosen and colleagues (Klosen et al. 2019) confirmed that MT: and MT. mRNAs are

mostly located in non-overlapping areas of the brain.



As mentioned above, MLT effects in the brain are mainly mediated by the activation of
two GPCRs, MT: and MT> (Reppert et al. 1995; Reppert, Weaver, and Ebisawa 1994). The
activation of these receptors promotes dissociation of G proteins into a and By dimer, which
interact with various molecules involved in the transmission of cell signaling. Using recombinant
human receptors, Reppert and colleagues confirmed that adenylate cyclase inhibition and the
production of CAMP via pertussis toxin (PTX) -sensitive G proteins is a signaling mechanism for
both MT. and MT> melatonin receptor types (Reppert et al. 1995). Notably, PTX sensitivity
indicates the involvement of G proteins in the Gi/Go family, which downstream in the pathway
activates inward-rectifier potassium channels (GIRKSs). Indeed, MT; stimulation opens inward-
rectifier potassium (Kir3 or GIRK) channels through a PTX-sensitive mechanism that may involve
By subunits of Gi (Nelson, Marino, and Allen 1996). Using recombinant human receptors,
adenylate cyclase (AC) inhibition has been confirmed as a signaling mechanism for both MT; and
MT. melatonin receptor types (Reppert et al. 1995). Moreover, the MT; receptor is coupled to
different G-proteins that mediate the AC inhibition by a PTX-insensitive G-protein (Gg/11) and
phospholipase C beta activation (Brydon et al. 1999; Reppert et al. 1995), and the MT> receptor
additionally inhibits the soluble guanylyl cyclase (GC) pathway (Petit et al. 1999). While the MT;
receptor activates protein kinase C (PKC) in the rat SCN (McArthur, Hunt, and Gillette 1997), the
MT receptor stimulates the activity of the human myometrial smooth muscle cells through the
PKC (Sharkey et al. 2009); these findings suggest an interaction of both MT1 and MT receptors
with the phospholipase C/diacylglycerol signaling pathway.

In sum, MT1 and MT> receptors seem to induce multiple and specific cellular responses
which, downstream, modulate unique physiological actions of MLT (Witt-Enderby et al. 2003),

leading to complementary or opposite effects (Doolen et al. 1998; Wan et al. 1999). For example,



MTj1, but not MT>, receptors regulate rapid eye movement (REM) sleep and its activation decreases
non-rapid eye movement (NREM) sleep, while MT. activation increases it (Comai, Ochoa-
Sanchez, and Gobbi 2013; Ochoa-Sanchez et al. 2011); MT: receptor activation induces
vasoconstriction whereas M T, receptor stimulation induces vasodilatation (Doolen et al. 1998); in
rats, MT: increases the body temperature, while MT, decreases it during the dark phase (Lopez-
Canul et al. 2019). Moreover, these receptors are independently involved in mood and anxiety
disorders: the MT: receptor is implicated in anhedonia/depression (Comai et al. 2015), whereas

MT: is implicated in anxiety (Comai et al. 2020; Ochoa-Sanchez et al. 2012).
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Chapter I - Figure 1. Signaling pathways activated by MT1 and MT2 melatonin receptors.
(A) Multiple signaling pathways for MT1 melatonin receptors coupled to Gai and Gag/11. (B)
Signaling pathways coupled to MT> melatonin receptor activation. PIP2, phosphatidylinositol
4,5-bisphosphate; PLC, phospholipase C; DAG, diacylglycerol; PKA, protein kinase A,
CREB, cAMP-responsive element binding protein; ER, endoplasmic reticulum; VDCC,
voltage-dependent Ca?* channel; BKCa, calcium activated potassium channel; FP, receptor for
prostaglandin F2a; PGF2a, prostaglandin F2a; IBMX, isobutylmethylxantine; ATP, adenosine
triphosphate; MLT, melatonin; GTP, guanosine triphosphate; GMP, guanosine
monophosphate. From Masana and Dubocovich (2001). Reprinted with permission from
AAAS.






MT1 receptor activation

MT?2 receptor activation

REM sleep

Increase duration

No effects

NREM sleep

Not investigated

Increase duration

Circadian Rhythm

deceleration of re-entrainment; *

phase advance when

administered at subjective dusk *

Not investigated

Pain

Not investigated

Analgesia

Vascular level

Vasoconstriction

Vasodilatation

Body temperature

Increase

Decrease

Chapter | - Table 1. Distinct pharmacological effects

activation of MT1 or MT2 receptors.

obtained following the selective

* pharmacological effect shown in vivo by MT; selective inverse agonists.

Not investigated: findings are yet too preliminary.



1.3. The opioid system

In the early 1970s, the three classical opioid receptors, mu (Oprm1/MOR), delta
(Oprd1/DOR) and kappa (Oprk1/KOR) (Pert, Pasternak, and Snyder 1973; Pert and Snyder 1973;
Simon, Hiller, and Edelman 1973), were identified. Later, the three families of endogenous
peptides derived from either proopiomelanocortin (POMC), proenkephalin (PENK) or
prodynorphin (PDYN) were also identified and cloned (Goldstein et al. 1979; Comb et al. 1982;
Nakanishi et al. 1979). These three gene families encode for precursors which in turn generate
several active peptides including B-endorphin (from POMC), met- and leu-enkephalin (from
PENK), dynorphins and neo-endorphins (from PDYN) (Kieffer and Gavériaux-Ruff 2002).
Notably, the endogenous opioid ligands exhibit different affinities for each opioid receptor. The
opioid receptors, similar to the MLT MT1 and MT receptors, belong to the GPCR with 7 a-helices
transmembrane domains (Befort et al. 1996) and the opioid peptides all contain the amino-terminal
sequence, Tyr-Gly-Gly-Phe, called the “opioid motif” (AKkil et al. 1998).

Autoradiographic and genetic studies have revealed that opioid receptors are broadly
expressed throughout the central nervous system (CNS) and in many peripheral mammalian
tissues (Kitchen et al. 1997; Wittert, Hope, and Pyle 1996). Generally, the mRNA expression of
opioid receptors substantially overlaps with the protein expression. However, in some brain
regions such as the olfactory bulb, cortex, and hippocampus, the mRNA is expressed but the
protein is not (Mansour et al. 1994). This finding suggests that presynaptic receptors are likely
transported to projection structures. The opioid peptide immunoreactivity distribution shows that
endogenous opioids are also largely expressed in the brain. However, conversely to the opioid
receptors, a substantial discrepancy between peptide immunoreactivity and cell body localization

has been found, suggesting that a significant amount of peptides are released by projection neurons



(Le Merrer et al. 2009). While the anatomical distribution of POMC-producing cells is relatively
limited within the CNS, peptides from prodynorphin and proenkephalin are distributed widely
throughout the CNS and are frequently found together (Le Merrer et al. 2009). Of note,
proenkephalin peptides are present in the areas of the CNS that are presumed to be related to the
perception of pain (i.e., laminae | and Il of the spinal cord, the spinal trigeminal nucleus, and the
periaqueductal gray), and to the modulation of affective behaviors (e.g., amygdala, hippocampus,
locus coeruleus and the frontal cerebral cortex) (Le Merrer et al. 2009; AKkil et al. 1998; Bagley

and Ingram 2020; Fricker et al. 2020).

1.3.1. The Mu opioid receptor (MOR)
Mu opioid receptors (MORs) are the most studied opioid receptors and numerous ligands have
been synthetized for therapeutic, research, or recreational purposes. Morphine is the most
commonly used clinical MOR agonist, prescribed for the treatment of moderate to severe pain as
capsules, syrup or injectable solution (Spetea et al. 2013). This alkaloid is extracted from Papaver
somniferum and its analgesic effect is due to the activation of MOR for which it has a good affinity
(Ki= 1.17 nM) (Volpe et al. 2011). Because of the appearance of a strong physical dependence,
abuse liability and tolerance during treatment with morphine, synthetic or hemi-synthetic alkaloids
were synthesized to obtain effective molecules in the treatment of pain with fewer side effects.
However, outcomes are generally unsuccessful as heroin has an even stronger addictive effects,
codeine can only be used for mild pain, and finally, oxycodone, a hemi-synthetic opiate which
initially seemed to be very promising, has triggered a new wave of opioid epidemics in North

America during the last decade (Control and Prevention 2011).
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MOR anatomical localization

MORs are expressed throughout the central and peripheral nervous systems. In the brain, MOR
density is variable depending on brain structures (Le Merrer et al. 2009; Mansour et al. 1994). Of
note, MORs are abundantly expressed in all the supraspinal areas of the pain circuit including
insular cortex, amygdala, hypothalamus, PAG, RVM and dorsal horns of the spinal cord (Mansour
et al. 1994; Mansour et al. 1988; Arvidsson et al. 1995) and are expressed in the dopaminergic
mesocorticolimbic circuitry (Kitchen et al. 1997) which is composed of neurons of the ventral
tegmental area (VTA) projecting to forebrain structures including the amygdala, nucleus

accumbens and frontal cortex (Nieh et al. 2013).

MOR pharmacology and signaling

As mentioned above, MORs belong to the superfamily of GPCRs, and are generally coupled to a
monomeric subunit ai/o and a dimeric Gy complex. When an agonist binds to the opioid receptor,
it causes a change in conformation that causes the dissociation of the Ga subunit from the Gy
dimer. At this point, Ga and Gy interact with different effectors, regulating the cell activity. The
ai/o activation inhibits the effector adenylyl cyclase (AC), resulting in inhibition of cAMP
production (Bernstein and Welch 1998). Downstream, the stimulation of MORs reduces the
presynaptic depolarization-dependent release of neurotransmitters through the inhibition of the N-
type Ca?* channels. The stimulation of MOR postsynaptic receptors produces hyperpolarization
by the activation of K* channels and inhibition of L-type Ca?* channels, through the release of the
Gy dimer leading to the production of IP3, which releases intracellular Ca?*, and diacylglycerol
(DAG), which activates PKC (Williams, Christie, and Manzoni 2001). In this way, opioids
promote the inhibition of neuronal transmission and therefore, the transmission impulses generated

by noxious stimuli (Vaughan and Christie 1997; Chieng and Christie 1994a). Moreover, the Gy
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complex (after its uncoupling from the Ga unit) plays a crucial role in the diversification of the
signal transduction activated by opioids, as well as for other GPCRs. The G protein-coupled
inwardly-rectifying potassium (GIRK or Kir3) channels are activated from direct interaction with
GPy dimers after stimulation of GPCRs (Wickman et al. 1994; Raveh, Riven, and Reuveny 2009).
This event is considered part of the inhibiting mechanism of opioid nociceptive transmission, since
missense mutations (Patil et al. 1995) or null mice (Mitrovic et al. 2003) of GIRK2 or GIRK3
(Marker et al. 2002) prevent morphine's ability to prolong avoidance behavior in the hot plate test,
a response that involves supraspinal integration. The thalamus and limbic cortex are likely the
nuclei of supraspinal GIRK-mediated analgesia, since both of them express GIRK2-3 subunits
(Del Burgo et al. 2008; Fernandez-Alacid et al. 2011) as well as opioid receptors (Le Merrer et al.
2009). On the contrary, the midbrain PAG seems less involved because in this area, opioid
receptors act mostly at presynaptic levels, decreasing neurotransmitter release via phospholipase
A2, arachidonic acid and 12-lipoxygenase activation, which in turn modulate voltage-dependent
potassium channels (Vaughan and Christie 1997; Vaughan et al. 1997). In addition, knock out
mice for GIRK1 or GIRK2 subunits (Marker, Stoffel, and Wickman 2004) or GIRK blocker
tertiapin-Q pretreatment (Marker et al. 2005) reduced the responses to intrathecal administration
of opioid agonists in the tail flick test. These findings are in keeping with an immunohistological
study from the same group which identified the colocalization of GIRK1 or GIRK2 subunits with
MORs in interneurons of lamina Il of the spinal cord (Marker et al. 2006). Conversely, GIRK3
seems to not be involved in spinal mechanisms of opioid analgesia (Marker, Stoffel, and Wickman
2004), in agreement with immunostaining results showing expression in the dorsal horn of spinal

cord (Marker, Stoffel, and Wickman 2004).
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For many vyears, it was considered that the opioid receptors were exclusively coupled to the
inhibitory pertussis toxin (PTX) - sensitive Ga i/o proteins. Indeed, MOR, DOR and KOR can
couple to five different isoforms of Gai/o (ail-3 and ooA-B), thereby regulating a signal
transduction with different effectors such as adenylate cyclase (AC 1, 5, 6, 8), ion channels and
the protein kinase mitogen-activated (MAP) kinase pathway (Williams, Christie, and Manzoni
2001). However, it was also demonstrated that DOR (Allouche, Polastron, and Jauzac 1996) and
MOR/DOR dimer (Fan et al. 2005) may transduce the inhibitory signal through PTX-insensitive
G protein, like Gaz protein, which is the only type of the Gai insensitive to PTX because of the
missing residue of cysteine in the carboxy-terminal portion, which is the site for the ADP-
ribosylation catalyzed by PTX. Gaz is expressed in nervous tissue and it is co-expressed with the
opioid receptors in neuronal cell lines; it is also coupled with the MOR in the PAG where it
mediates supraspinal analgesia.

Although it is still controversial, it has also been suggested that opioids may modulate some events
such as tolerance and dependence via the Gas subunit. Some recent findings showed that a subset
of MOR co-immunoprecipitated with Gos enhanced by morphine exposure in Chinese hamster
ovary (CHO) cell culture and ex vivo (Chakrabarti, Regec, and Gintzler 2005; Chakrabarti and

Gintzler 2007).
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Chapter | - Figure 2. Anatomical distribution of opioid receptors (A) and peptides (B) in
the rodent brain.

Amb, nucleus ambiguus; AD, anterodorsal thalamus; AL, anterior lobe, pituitary; AON,
anterior olfactory nucleus; Arc, arcuate nucleus, hypothalamus; BLA, basolateral nucleus,
amygdala; BNST, bed nucleus of the stria terminalis; CeA, central nucleus, amygdala; ClI,
claustrum; CL, centrolateral thalamus; CM, centromedial thalamus; CoA, cortical nucleus,
amygdala; CPu, caudate putamen; CrbN, cerebellar nuclei; DMH, dorsomedial hypothalamus;
DMR, dorsal and medial raphe; DTN, dorsal tegmental nucleus; En, endopiriform cortex; Ent,

entorhinal cortex; FrCx, frontal cortex; G, nucleus gelatinosus, thalamus; G/VP, globus
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pallidus/ventral pallidum; HbL, lateral habenula; HbM, medial habenula; HPC, hippocampus;
IL, intermediate lobe, pituitary; IP, interpeduncular nucleus; LC, locus coeruleus; LD,
laterodorsal thalamus; LG, lateral geniculate, thalamus; LH, lateral hypothalamus; LRN,
lateral reticular nucleus; MD, mediodorsal thalamus; Me, median eminence; MEA, median
nucleus, amygdala; MG, medial geniculate; MM, medial mammillary nucleus; MV, medial
vestibular nucleus; NAc, nucleus accumbens; NL, neuronal lobe, pituitary; NRGC, nucleus
reticularis gigantocellularis; NTS, nucleus tractus solitarius; OCx, occipital cortex; PAG,
periaqueductal gray; PCx, parietal cortex; Pir, piriform cortex; PN, pontine nucleus; PnR,
pontine reticular; PO, posterior thalamus; POA, preoptic area; PPTg, pedunculopontine
nucleus; PrS, presubiculum; PV, paraventricular thalamus; PVN, paraventricular
hypothalamus; RE, reuniens thalamus; RN, red nucleus; RM, raphe magnus; SON, supraoptic
nucleus; SN, substancia nigra; SNT, sensory trigeminal nucleus; STN, spinal trigeminal
nucleus; TCx, temporal cortex; Th, thalamus; Tu, olfactory tubercle; Tz, trapezoid nucleus;
VL, ventrolateral thalamus; VM, ventromedial thalamus; VMH, ventromedial hypothalamus;
VPL, ventroposterolateral thalamus; VTA, ventral tegmental area; ZI, zona incerta. From Le
Merrer et al. (2009). Reprinted with permission.
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Chapter | - Figure 3. Signal transduction induced by mu opioid receptor (MOR)
activation.

Generally, all three opioid receptor subtypes (MOR, DOR, KOR) can activate these pathways.
Specific ligands can direct opioid receptors signaling or trafficking to one or more of these
events (biased agonism or ligand-directed signaling). By = G protein -y subunit; cAMP =
cyclic adenosine monophosphate; ERK = extracellular signal-regulated kinase; JNK = c-jun
N-terminal kinase; MAPK = mitogen-activated protein kinases; P = phosphorylation. From Al-

Hasani and Bruchas (2011). Reprinted with permission.
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1.4. Pain and its circuits

In 2020, the International Association for the Study of Pain (IASP) proposed a new definition of
pain. Pain is: “An unpleasant sensory and emotional experience associated with, or resembling
that associated with, actual or potential tissue damage” (Raja et al. 2020). Pain is essential to the
proper functioning of the body and it has a protective role in warning body to prevent tissue
damage. If tissue damage is unavoidable, a set of excitability changes in the peripheral and central
nervous system establish a profound but reversible pain hypersensitivity in the inflamed and
surrounding tissue. Although it is convenient to frame pain in anatomical, physiological and
pharmacological terms, it should be noted that many other factors are involved and a multi-

factorial approach is required to achieve analgesia.

1.4.1. The Nociceptive Ascending Pathways
From a physiological point of view, the integration of painful stimuli in the body takes place in
several steps. At the peripheral level, primary afferent nociceptors (mechanoreceptor,
thermoreceptor, chemoreceptor) detect the intense, potentially harmful stimuli and transmit the
pain message through two types of fibers: myelinated Ad and unmyelinated C fibers (for a review
see: Meyer et al. 2006). Ad fibers transmit the primary hyperalgesia, which is intense, localized,
and proportional to the application and quickly stopped by reflexes (for example, withdrawal of
the affected area in case of burns). Ad fibers differ from Ap fibers since the latter have a larger
diameter, a fast stimulus conduction and respond to innocuous mechanical stimulation such as a
light touch. Small diameter C fibers transmit the secondary hyperalgesia that lasts longer, has a
slower integration and is poorly localized. Nociceptive afferent fibers project to specific areas
(called “laminae”) of the dorsal horn of the spinal cord in an organized manner. Myelinated Ad

fibers project to lamina | and deeper lamina V, low-threshold Ap fibers project to laminae I11-V
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and unmyelinated C fibers synapse onto superficial laminae I-11. Projecting neuronal axons within
dorsal horn laminae contact the supraspinal centers through the ascending nociceptive pathways:
the spinothalamic and the spinoreticularthalamic tracts (Basbaum et al. 2009). The former
transmits the stimulus to the somatosensory cortex via the thalamus and is involved in the sensory-
discriminative aspect of pain such as location and intensity. The spinoreticularthalamic tract
projects to the reticular formation in the medulla and pons, to the thalamic nuclei, and then to the
somatosensory cortex and is relevant to less localized pain. Recently, a third pathway of the
ascending pathway involving the projections form the parabrachial nucleus of the dorsolateral pons
was investigated. This tract connects the brainstem to the cingulate and the insular cortex through
the amygdala, a critical region for the affective component of the pain experience (Janak and Tye

2015; Corder et al. 2019).

1.4.2. The Nociceptive Descending pathway
Alongside with the ascending circuits, the descending control of nociception also plays a pivotal
role in determining the transmission and the experience of both acute and chronic pain. This “top-
down” modulatory pathway involves multiple brain regions such as the hypothalamus, the
amygdala, the anterior cingulate cortex, the midbrain PAG, the midline nucleus raphe magnum
and the medulla (Heinricher and Fields 2013). These areas mediate both inhibitory and facilitatory
control of pain which means they can reduce or enhance the nociceptive sensation of pain
(Heinricher and Fields 2013). The descending pathway is the pharmacological target of many
analgesic drugs, including opiates, cannabinoids, nonsteroidal anti-inflammatory drugs (NSAIDs)
and serotonin/noradrenergic reuptake blockers. The more studied site of this central is the PAG-
RVM system. The PAG receives inputs from the hypothalamus, the limbic area of the amygdala,

and spinomesecephalic areas. In turn, the PAG projects to the RVM which sends its axons to the
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dorsal horn of the spinal cord through the dorsal lateral funiculus (DLF) (Fields, Barbaro, and
Heinricher 1988; Fields, Malick, and Burstein 1995). Using electrophysiological studies coupled
to a noxious stimulation (tail-flick), Fields and colleagues identified three different neuronal
subpopulations in the RVM: ON cells, OFF cells and Neutral cells (Fields et al. 1983). While the
ON cells increase their firing rate just before the tail-flick, the OFF cells are tonically active and
silence their firing prior to the initiation of the noxious stimulus. Neutral cells were not modulated
by the noxious stimulation (Fields et al. 1983). Both ON and OFF cells project to the spinal cord
and this opposite effect is consistent with the bidirectional facilitatory/inhibitory role of the

descending system (Fields, Malick, and Burstein 1995; Vanegas, Barbaro, and Fields 1984).

1.4.3. ON, OFF and Neutral cells in the RVM
ON and OFF cells have also been studied from a pharmacological point of view. When opioids
are systemically or locally administrated into the PAG or the RVM, the activity of the OFF cells
is increased, leading to analgesia (Jensen and Yaksh 1989; Fang et al. 1989; Cheng, Fields, and
Heinricher 1986; Heinricher, Cheng, and Fields 1987). Conversely, opioids micro-injected into
these areas reduce the ON activity (Cheng, Fields, and Heinricher 1986; Jensen and Yaksh 1989).
Moreover, in vivo electrophysiological evidence showed that opioids produce analgesia through
the disinhibition of OFF cells (Heinricher et al. 1994), suggesting that MOR is localized at the
presynaptic level. Of note, the GABAA selective antagonist bicuculline also leads to similar
antinociceptive effects, suggesting that MOR is presynaptically expressed on GABA-releasing
inputs (Heinricher and Tortorici 1994). In contrast, the ON cell subpopulation is directly inhibited
by opioids, indicating that MOR is expressed at the somatodendritic level (Pan, Williams, and
Osborne 1990; Heinricher, Morgan, and Fields 1992). Subsequent in vitro patch clamp studies

confirmed that opioids can modulate the PAG-RVM descending pathway by both post- and
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presynaptic cellular mechanism. The former occurs through a direct disinhibition of GABA
interneurons via postsynaptic MOR in PAG and RVM, producing an increase in inwardly
rectifying K* conductance (Pan, Williams, and Osborne 1990; Vaughan et al. 2003; Chieng and
Christie 1994a). In the latter, the activation of GABAergic presynaptic MOR in PAG and RVM
disinhibits PAG-RVM outputs (Vaughan and Christie 1997; Chieng and Christie 1994b), likely
through a voltage-dependent K* channel modulation linked to a phospholipase A2/arachidonic
acid cascade (Vaughan et al. 1997). Some studies pointed out that the presynaptic inhibition of
glutamatergic excitatory inputs to ON cells might contribute to the opioid analgesic effect both in
PAG (Connor et al. 1999) and RVM (Finnegan et al. 2004). However, compelling evidence
supports the hypothesis that MOR agonists produce analgesia thought the disinhibition of OFF
cells in these brain structures (Heinricher, Morgan, and Fields 1992; Heinricher and Tortorici
1994; Heinricher et al. 1994; Vaughan and Christie 1997; Vaughan et al. 1997; Vaughan et al.
2003). Eventually, a large amount of OFF and neutral cells (but also ON cells, although with less
magnitude) have been found positive to GAD67 immunoreactivity (Winkler et al. 2006), a marker
for inhibitory GABAergic neurons.

Based on early studies (Yeung, Yaksh, and Rudy 1977; Behbehani and Fields 1979; Wiklund et
al. 1988), Bashaum and Fields proposed the “GABA disinhibition” hypothesis of analgesia
(Basbaum and Fields 1984). According to it, tonically active GABAergic interneurons are
localized within the PAG and RVM, release the neurotransmitter GABA, which activate GABAAa
receptors to inhibit spinally projecting output neurons. Importantly, the ‘lateral inhibition” model
presumes that outputs from the PAG to the RVM are solely excitatory glutamatergic projections
(Basbaum and Fields 1984). Opioids (and cannabinoids) in PAG and RVM produce

antinociception removing the inhibitory control of local GABAergic interneurons in the
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descending pathway. Later, in vivo neuropharmacological studies indirectly confirmed this
hypothesis (Moreau and Fields 1986; Heinricher, Morgan, and Fields 1992; Heinricher et al. 1994;
Tortorici and Morgan 2002). More direct observations using transgenic mice and
electrophysiological recordings support the GABA disinhibition hypothesis. MOR agonists
directly inhibit GABAergic neurons in VIPAG (Vaughan et al. 2003), but not descending projection
neurons (Osborne et al. 1996), suggesting that MOR sensitive neurons do not project to the RVM,
and are therefore likely to be GABAergic interneurons. A recent study using GAD67-GFP
retrogradely labelled transgenic mice in PAG-RVM confirmed opioid antinociception is due to
MOR-mediated inhibition of fast-spiking, GABAergic interneurons in VIPAG (Park et al. 2010).
Although the ‘lateral inhibition’ is the predominant model to explain supraspinal opioid analgesia,
some evidence suggest that inhibitory and excitatory neurons constitute two distinct and parallel
pathways. Using immunohistochemistry and anterograde/retrograde labelling of PAG and spinal
cord to RVM, it has been demonstrated that a large part of PAG fibers projecting to GAD67-
immunoreactive reticulospinal neurons in the RVM were also GAD67-immunoreactive (Morgan
et al. 2008), suggesting that outputs from PAG to RVM are not only excitatory but also inhibitory.
Moreover, in vivo electrophysiological studies support the “parallel inhibition-excitation”
hypothesis. In a first study, Cleary, Neubert, and Heinricher (2008) compared the onset of the ON
and OFF cell firing changes before the nociceptive tail-flick response and they found that the pause
of OFF cell firing precedes the increase in firing (burst) of ON cells. This finding is directly in
contrast with the “lateral inhibition” model, in which ON cells are presumed to be GABAergic
interneurons which tonically inhibit OFF cells. Therefore, ON cell bursts should occur
immediately prior to the pause in OFF cell firing. Further studies showed that the activation of ON

cells can promote nociception without requiring inhibition of OFF cell activity (Heinricher and
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McGaraughty 1998; Neubert, Kincaid, and Heinricher 2004) and other studies demonstrated that
both ON and OFF cells distinctly project to the dorsal horn of the spinal cord (Fields, Malick, and
Burstein 1995). Altogether, these findings suggest that the descending analgesic pathway is more
complex than previously supposed. Future work will need to address these issues by using more
direct approaches.

ON and OFF cell populations are also activated by the neuropeptide cholecystokinin (CCK)
through CCK2 receptors (Heinricher, Morgan, and Fields 1992; Heinricher et al. 1994).
Interestingly, Zhang and colleagues demonstrated that 80% of RVM neurons co-express MOR and
CCKZ2, facilitate pain and might correspond to ON cells (Zhang et al. 2009).

The possible role of neutral cells is still debated. This cellular population do not respond during
nocifensor withdrawal or acute inflammation (Xu et al. 2007) and their firing rate is not altered
after local microinjection of opioids, cannabinoids, or CCK at doses that affect ON and OFF cell
activity (Meng et al. 1998; Heinricher, McGaraughty, and Tortorici 2001). Despite the evidence
of a lack of responsiveness of neutral cells in the nociception descending control, it has been
speculated that neural cells can become ON or OFF cells in chronic pain conditions, since an
increase in ON- and OFF-like cells and a decrease in neutral-like cells has been reported in a
chronic inflammatory pain model, compared to naive animals (Miki et al. 2002). Furthermore, a
subpopulation of neutral cells is serotoninergic (Potrebic, Fields, and Mason 1994), whereas

neither ON nor OFF cells are 5-HT positive (Gao and Mason 2000, 2001; Winkler et al. 2006).

1.4.4. Serotonergic and noradrenergic system in the descending pain pathway
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Although the contribution of serotonin (5-HT) in the brainstem control of nociception transmission
is still debated, a considerable number of studies demonstrated that the 5-HT neurons of the RVM
are part of a pathway that is functionally distinct but anatomically interactive with the opioid-
mediated pain modulatory circuit. Stimulation of the PAG promotes the release of 5-HT in the
spinal cord (Cui et al. 1999), intrathecal injection of 5-HT agonists produce antinociception (Yaksh
and Wilson 1979; Alhaider, Lei, and Wilcox 1991), while 5-HT antagonist injections block the
stimulation-induced antinociception from the RVM (Jensen and Yaksh 1984). Also, the spinal
dorsal horns receive serotonergic projections from the nucleus raphe magnus a region located
between the PAG and the RVM (Kwiat and Basbaum 1992). In adult rats, around 20% of RVM
neurons express 5-HT (Potrebic, Fields, and Mason 1994; Moore 1981), although 5-HT was found
only in neural cells which are not affected by opioids. Conversely, in young rats, spinally-
projecting serotonergic RVM neurons showed postsynaptic inhibition by both MOR and KOR
selective agonists (Marinelli et al. 2002). Using selective ablation of 5-HT neurons in the RVM,
Wei and colleagues showed that the descending 5-HT projections from the RVM are an important
contributor to pain facilitation in inflammatory or neuropathic pain states, but they are not involved
in opioid-induced descending inhibition in acute pain (Wei et al. 2010). These findings suggest
that the role of the 5-HT system in the descending pain transmission might depend on neural
development and the pain chronicization. 5-HT has dual effects since it can have both excitatory
and inhibitory actions on dorsal horn neurons (Mason 2001) and this depends on the 5-HT receptor
subtype activated. It has been demonstrated that while 5-HT7 receptors are inhibitory, 5-HT3
receptors are facilitatory in the descending pain pathway (Dogrul, Ossipov, and Porreca 2009).
Indeed, the 5-HT7 receptor is expressed in the dorsal root ganglion and on primary afferent fibers

and on GABAergic interneurons in the dorsal horn of the spinal cord (Doly et al. 2005). These
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findings are in agreement with the capability of a 5-HT7 receptor antagonist at the spinal level to
nullify the antinociceptive effect of morphine administered into the RVM (Dogrul, Ossipov, and
Porreca 2009). Yet, while 5-HT7 antagonists induced mechanical hypersensitivity in capsaicin-
induced hyperalgesia in mice, 5-HT7 agonists blocked it (Brenchat et al. 2009). When 5-HT3 is
pharmacologically antagonized, the hyperalgesia induced by CCK microinjected into the RVM is
blocked (Dogrul, Ossipov, and Porreca 2009).

Emerging preclinical evidence suggests the contribution of the noradrenergic system, more than
the serotonergic one, to the antinociceptive descending pathway (Pertovaara 2006; Wigdor and
Wilcox 1987). The electrical stimulation of both the PAG and RVM increased the norepinephrine
neurotransmitter (NE) and the analgesia induced by electrical stimulation was blocked by
adrenergic antagonists (Cui et al. 1999; Barbaro, Hammond, and Fields 1985). Neither the PAG
nor RVM contain noradrenergic neurons, but they form synapses with some noradrenergic
structures involved in pain modulation, including the locus coeruleus (LC) and A7 nucleus (Bajic
and Proudfit 1999; Yeomans and Proudfit 1990; Holden and Proudfit 1998; Cameron et al. 1995),
which in turn project to the spinal cord (Heinricher and Fields 2013). Local intra-PAG
iontophoresis of the selective a2-adrenergic agonist clonidine reduced noxious responses in the
dorsal horn neurons (Budai, Harasawa, and Fields 1998), and a2-adrenergic activation suppressed
nociceptive transmission in the spinal cord through presynaptic mechanism, inhibiting the
excitatory neurotransmission from primary afferences, as well as through postsynaptic sites (Pan,
Li, and Pan 2002; Kawasaki et al. 2003). In comparison, the function of the al-adrenergic role in
pain transmission is less clear. While a1-adrenergic receptors enhance responses of dorsal horn
neurons to noxious inputs (Budai, Harasawa, and Fields 1998), its spinal stimulation can also

induce behavioural antinociception (Howe, Wang, and Yaksh 1983), likely through postsynaptic
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depolarization of GABAergic dorsal horn neurons (Gassner, Ruscheweyh, and Sandkihler 2009).
A recent study, using an optogenetic approach combined with in vivo electrophysiology, revealed
a basolateral amygdala (BLA)-prefrontal cortex (PFC)-periaqueductal gray (PAG)-spinal cord
circuit which determines the development of mechanical and thermal allodynia in neuropathy by

decreasing the serotoninergic and noradrenergic modulation of spinal signals (Huang et al. 2019).

1.5. Descending pathway and chronic pain

A large body of preclinical literature shows that descending facilitation is increased in chronic pain
and putative pain facilitatory cells play an important role in this state. However, why this
mechanism co-occurs with the clinical aspects of pain chronicization remains unclear. During
inflammation and nerve injury conditions, the balance of ON and OFF cells shifts to marked
preponderance of ON cells (Palazzo et al. 2011; Kincaid et al. 2006; Gongcalves, Almeida, and
Pertovaara 2007). However, some intriguing differences in ON-OFF cell equilibrium and
physiological characterization have been found among the different models of chronic pain.

In chronic inflammation arthritis, both ON- and OFF-cell spontaneous activity was modestly
increased and, while no change in the threshold for withdrawal to noxious heat was displayed, the
responses of both ON- and OFF-cells to noxious pinch were decreased (Pinto-Ribeiro et al. 2008).
Furthermore, in a model of monoarthritic ankle, innocuous stimulation produced early increases
in c-fos expression in the RVM, but not at the spinal level, whereas c-fos expression was increased
in RVM neurons after a noxious pinch, and associated with decreased expression at the level of
the dorsal horn (Pinto, Lima, and Tavares 2007). This c-fos neuronal activation at the supraspinal
level (RVM) is in line with the ongoing activity of both ON- and OFF-cells in chronic

inflammation (Pinto-Ribeiro et al. 2008). Interestingly, descending modulation undergoes time-
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dependent changes after complete Freund's adjuvant (CFA) injection in the rat hind paw, with an
initial decrease and a subsequent increase in the neuronal excitability in the RVM (Terayama et
al. 2000). This enhanced descending facilitation seems to be mediated by an upregulation of
excitatory N-Methyl-d-aspartate (NMDA\) receptors (Terayama et al. 2000).

Descending facilitation has an important role also in chronic neuropathic pain. Indeed, both ON
and OFF cells developed responses to non-noxious mechanical stimuli (mechanical allodynia), and
increased responses to noxious heat and mechanical stimulation (thermal and mechanical
hyperalgesia) at an ipsilateral-injured paw (Goncalves, Almeida, and Pertovaara 2007; Carlson et
al. 2007). In a spared-nerve injury (SNI) model, an increase of the pinch-induced burst activity of
the ON cells and of the pause duration of OFF cells was observed (Palazzo et al. 2011). Moreover,
naloxone-precipitated opioid withdrawal has been found to be associated with enhancement of ON
cell activity and hyperalgesia (Bederson, Fields, and Barbaro 1990; Kim, Fields, and Barbaro
1990); the latter is suppressed by RVM microinjection of lidocaine (Kaplan and Fields 1991).
These outcomes suggest that supraspinal sites can contribute to either development or maintenance
of chronic pain states (for a review see Urban and Gebhart 1999).

Porreca and colleagues (2001; Burgess et al. 2002) proposed an elegant experiment to demonstrate
the importance of ON cell activity to neuropathic pain. Using the MOR agonist, dermorphin,
conjugated to the cytotoxin ribosome-inactivating protein saporin, they selectively destroyed the
RVM ON cells which express MOR at somatodendritic level (Pan, Williams, and Osborne 1990;
Heinricher, Morgan, and Fields 1992). In this group of rats, both behavioural and biochemical
neuropathy responses, but not normal nociceptive ones, were suppressed. Similar results were
obtained after the selective ablation of CCK2-positive neurons in the RVM (Zhang et al. 2009).

Also, microinjection of CCK into the RVM increased the behavioural responses (Kovelowski et
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al. 2000; Xie et al. 2005), enhanced the ON cell activity (Heinricher and Neubert 2004) and the
nociceptive effect was reversed by the lesion of the DLF (Kovelowski et al. 2000; Xie et al. 2005).
Intra-RVM injection of a CCK antagonist blocked both the tactile allodynia and thermal
hyperalgesia in L5-L6 spinal nerve spinal nerve ligated (SNL) animals (Kovelowski et al. 2000).
The role of the DLF in maintaining neuropathy has also been demonstrated. When this fiber tract
is ipsilaterally lesioned with respect to the injured nerve, the thermal hyperalgesia and tactile
hypersensitivity were suppressed without modifying the physiological nociceptive response in
sham-operated rats (Burgess et al. 2002; Ossipov et al. 2000). Moreover, intra-RVM injection of
lidocaine reversed the increased pain behaviors in neuropathic rats (Burgess et al. 2002;
Kovelowski et al. 2000; Pertovaara, Wei, and Hamaldinen 1996). Interestingly, microinjection of
lidocaine in the RVM evoked reward in two nerve-injured pain models (both SNI and SNL),
showing the contribution of the descending facilitation to tonic-aversive aspects of pain (King et
al. 2009).

Several studies showed that (pro)nociceptive alterations in the spinal cord are linked to the
activation of descending facilitation in neuropathy. After capsaicin injection peripheral nerve
injury models, an increase of the release of calcitonin gene-related peptide (CGRP), a neuropeptide
involved in pain, was observed as well as upregulation of the dynorphin in spinal cord (Burgess et
al. 2002; Gardell et al. 2004; Gardell et al. 2003). Other findings suggest that pronociceptive spinal
dynorphin is upregulated in neuropathy and is required for the maintenance, but not initiation, of
chronic neuropathic pain (Wang et al. 2001; Xu et al. 2004). In agreement with what is detailed
above, dynorphin upregulation and increased CGRP release are abolished after DLF lesion or
dermorphin-saporin injection into RVM, confirming the pivotal role of descending facilitation in

chronic neuropathic pain (Burgess et al. 2002; Gardell et al. 2004; Gardell et al. 2003). Recently,
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Lai and colleagues (2006) showed that spinal dynorphin activates bradykinin receptors, increasing
intracellular calcium and that the blockade of the spinal bradykinin receptor also reverses persistent
neuropathic pain only when dynorphin is upregulated, as in neuropathic conditions.

Altogether, these findings suggest that multiple changes at the supraspinal pain control centers
promote the imbalance between inhibition and facilitation during chronic pain. This neuronal
plasticity at medullary sites appears to be specific for inflammation compared to nerve injury and

it likely occurs to reorganize the pain system as an ongoing chronic pain state.
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Chapter I - Figure 4. Pain processing pathways.

A: Ascending pathway. Noxious stimuli are signaled simultaneously via fast-conducting Af-

fibres and slow-conducting primary afferent nociceptors (Ad- and C-fibres, PAN). PAN

terminals contact second order neurons in specific laminae of the dorsal horn of the spinal cord.
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The second order neurons then cross over to contralateral side, forming the ascending
spinothalamic tract which terminate in the medulla and midbrain up to the thalamus. The
thalamus transmits the information to the insular and somatosensory cortex, as well as other
cortical regions (i.e. cingulate cortex) involved in different aspects of the pain experience

including the affective component. B: Descending pathway. This top—down pathway can be

activated by both environmental stimuli and certain motivational states. Several areas in the
limbic forebrain including the anterior cingulate (ACC) and insular cortex, the central nucleus
of the amygdala and the hypothalamus (H), project to the periaqueductal grey (PAG). In turn,
the PAG projects into the rostral ventromedial medulla (RVM) in the brainstem, modulating
ON and OFF cells to exert either inhibitory (green) or facilitatory (red) control of nociceptive
signals at the spinal dorsal horn. A separate pathway involving serotonergic neurons in the
RVM (yellow) can also modulate pain in a state-dependent manner. From Fields (2004).

Adapted with permission from Springer Nature Reviews Neuroscience.
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Chapter I - Figure 5. Opioid receptor contribution in the PAG-RVM pathway.

Mu opioid receptors (MOR) are located on y-aminobutyric acid (GABA) presynaptic terminals
at OFF cells and the somadendritic postsynaptic region of ON cells. Both cell classes are
excited by glutamatergic terminals (glut) that arise from different input neurons. MOR agonists
(e.g. morphine) produce anti-nociceptive effects by inhibiting ON cells and disinhibiting OFF
cells. PAG, periaqueductal grey. From Fields (2004). Adapted with permission from Springer

Nature Reviews Neuroscience.
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1.6. Overview of gold standard models to study pain in preclinical research

Different experimental paradigms have been employed to investigate the analgesic effect in
animals. However, challenges and limitations in their applications have been observed due to the
complexity of the phenomenon of pain (Mogil 2009). Nociceptive pain is assessed by both
spontaneous and evoked behaviours. Acute pain (lasting seconds to hours) is more readily
measured by spontaneous behaviours (nocifensive actions including licking and flinching), or by
injured paw stimulation. Chronic pain (lasting from weeks to months) is instead most easily
measured by evoked stimulation (thermal, mechanical, or chemical).

The most used and validated acute pain tests include the hot plate (Hunskaar, Berge, and Hole
1986), tail flick, and von Frey (Bennett 2001; Lopez-Canul, Comai, et al. 2015). They are used to
measure stimulus-evoked pain in both animals with chronic pain and controls. The hot plate evokes
spinally integrated behaviours (Hunskaar, Berge, and Hole 1986; Posa et al. 2015), while the tail-
flick withdrawal is both spinally and supraspinally modulated (Bennett 2001). The von Fey test
measures the mechano-tactile sensitivity to touch in the hind paw using filaments of increasing

thickness (Bennett 2001).

1.6.1. Preclinical model of inflammatory and neuropathic pain
Inflammatory pain: a localized inflammatory reaction is induced in these models in response to a
noxious chemical that elicits tissues irritation, as described below.
Formalin injection. The cross-linking agent formalin activates transient receptor potential cation
channel A1 (TRPA1) (McNamara et al. 2007). A 2.5% to 5% formalin injection in the hind paw
dose-dependently produces lifting, licking, favouring, and flinching/shaking of the injured paw.
Two distinct periods of high licking activity have been observed in this short-term inflammatory

pain model: the early phase lasting 5-10 min, resulting from direct chemical activation of
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nociceptive primary afferents and in which inflammatory processes are not relevant; the late phase
lasting from 20 to 30 min after formalin injection which is correlated to an authentic inflammatory
response which can therefore be inhibited by anti-inflammatory drugs (Hunskaar and Hole 1987;
Lopez-Canul, Comai, et al. 2015; Sufka et al. 1998).

Capsaicin injection. Capsaicin activates transient receptor potential vanilloid 1 (TRPV1) and in a
dose-dependent fashion, producing mechanical allodynia, heat hyperalgesia and neurogenic
inflammation (Gilchrist, Allard, and Simone 1996; Palazzo et al. 2010).

Carrageenan intraplantar injection. A 1% to 2% carrageenan produces a unilateral inflammation
in the injected hind paw that starts a few hours after the administration and lasts for 10 days or
more. In this condition, the T-cell mediated immune response is altered, decreasing the latency of
the response to a thermal or mechanical stimulus, resulting in hyperalgesia and allodynia
conditions (Kirchhoff et al. 1990).

Complete Freund’s adjuvant (CFA). CFA is a suspension of heat-killed Mycobacterium that
generates a unilateral inflammatory condition in the injected hind paw which lasts for days or
weeks, producing thermal hyperalgesia and mechanical allodynia. CFA injection produces robust
infiltration of immune cells in the tissue which dose-dependently elicits extensive damage to toe

and ankle joints, resulting in a pronounced oedema (Stein, Millan, and Herz 1988).

Chronic neuropathic pain is ongoing and can be caused by damage or disease affecting any part of
the nervous system which involves the somatosensory system. It can be measured as spontaneous
pain (not dependent on peripheral stimuli) or peripherally-evoked pain.

Chronic constriction injury (CCI). This model of peripheral mononeuropathy is associated with
behavioural signs of spontaneous pain including excessive licking, limping of the injured side paw,

autotomy, and avoidance of placing weight on the ipsilateral paw. Tactile and heat hyperalgesia,

32



chemical hyper-reactivity, and cold allodynia develop within a week and persist for at least 7 weeks
after the surgery (Bennett and Xie 1988; Dowdall, Robinson, and Meert 2005).

L5/L6 spinal nerve ligation (SNL). This model is induced by unilateral ligation of the L5 and L6
branches of the spinal nerves. Stable mechanical allodynia, as assessed by manual von Frey
filaments, is observed from week 1 up to week 7 post-surgery (Kim and Chung 1992; Lopez-
Canul, Palazzo, et al. 2015).

Spared nerve injury (SNI). In the SNI model of peripheral neuropathy a partial denervation of the
sciatic nerve occurs by lesioning the tibial and common peroneal nerve branches, leaving the sural
nerve intact. SNI produces a robust, reliable and long-lasting (months) neuropathic pain-like
behaviour (mechanical and cold allodynia, and thermal hyperalgesia) as well as the possibility of
studying both injured and non-injured neuronal populations in the same spinal ganglion (Decosterd
and Woolf 2000; Lopez-Canul, Palazzo, et al. 2015).

Streptozotocin (STZ)-induced diabetes. This model is commonly employed to study mechanisms
of painful diabetic neuropathy and to assess potential therapies. A low dose STZ is known to
induce experimental diabetes mellitus in rats through a preferential toxicity for pancreatic 3 cells.
Different behaviours reflective of neuropathic pain are exhibited in this animal model, including
tactile allodynia and thermal hyperalgesia (Courteix, Eschalier, and Lavarenne 1993).
Oxaliplatin (OXA)-induced neuropathy. Chronic exposure to the anticancer drug oxaliplatin
produces acute but reversible neurotoxicity particularly in peripheral sensory nerves in humans.
Neuropathy can be induced in animals by multiple doses of oxaliplatin for more than four
consecutive weeks (Ghirardi et al. 2005; Ling, Authier, et al. 2007; Mannelli et al. 2012) or with
a single injection of oxaliplatin with different doses, inducing varying levels of mechanical and

cold allodynia and tactile and thermal hyperalgesia (Ling, Coudoré-Civiale, et al. 2007).
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Formalin-induced neuropathy. A subcutaneous injection of formalin (1.25 %) in the dorsal surface
of the hind paw of mice produces a significant decrease in both mechanical and thermal thresholds
in the injected and contralateral paw that persists for 3 and 7 days, respectively, after formalin
administration (Luongo et al. 2013). Similarly, different concentrations of formalin (1-5%) have
been shown to induce long-lasting hypersensitivity in rats (Ambriz-Tututi et al. 2011; Fu, Light,
and Maixner 2001; Fu et al. 1999). In particular, a single hind-paw injection of 5% formalin
induces microglial activation in the spinal cord (Fu et al. 1999), which is responsible for the
maintenance of chronic pain (Clark et al. 2007). Moreover, 2% (Braz and Basbaum 2010) and 5%
(Tsujino et al. 2000) formalin were also found to enhance the activating transcription factor 3
(ATF3), a marker of nerve injury, in neurons of the dorsal root ganglia and spinal cord. Recently,
Salinas-Abarca et al. (2017) observed that 2% and 5%, but not 1%, formalin injections produce
long-lasting hypersensitivity with a pharmacological and molecular pattern that resembles

neuropathic pain induced by L5/L6 SNL.
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1.7. Melatonin and its receptors in the neurobiology of pain

At the beginning of the 1970s, some experimental evidence showed that MLT was able to reduce
the nociceptive response to noxious stimuli. During the dark phase, when plasma levels of MLT
are higher, mice were less susceptible to nociceptive stimuli (Morris and Lutsch 1969; Lutsch and
Morris 1971). Ablation of the pineal gland abolished differential nociceptive thresholds dependent
on the phase of the day (Lakin et al. 1981). Later studies demonstrated that intraperitoneal (i.p.),
intracerebroventricular (i.c.v.) and intravenous (i.v.) injections of exogenous MLT produced dose-
dependent antinociception in several supra-spinal (Lakin et al. 1981; Ying and Huang 1990; Xu et
al. 1996) and spinal (Yu et al. 2000; Wang et al. 2006; Xu et al. 1996; Naguib et al. 2003) acute
pain models. Noseda et al. (2004), reported that intrathecally (i.t.) MLT could depress synaptic
potentiation (wind-up) in the spinal cord, likely through hyperpolarization of dorsal horn neurons
directly induced by melatonin stimulation, and/or via intracellular interaction with an NMDA
receptor-dependent nitric oxide pathway (Laurido et al. 2002).

Of note, the antinociceptive effects of MLT are blocked by the competitive and non-selective
MT1/MT2 receptor antagonist luzindole (Yu et al. 2000; Wang et al. 2006; Noseda et al. 2004), but
also by the opioid receptor antagonist naloxone (Lakin et al. 1981; Yu et al. 2000; Wang et al.
2006), suggesting the involvement of the opioid system in MLT-induced analgesia. In agreement
with this hypothesis, Kasap and Can (2016) recently showed that agomelatine, a non-selective
MT1/MT2 receptor agonist and a serotonin 5-HT2c antagonist, was effective in reducing the
response to mechanical, thermal, and chemical nociceptive stimuli. These effects were also
prevented by pretreatment with the MOR antagonist naloxonazine, the DOR antagonist
naltrindole, and the KOR antagonist nor-binaltorphimine (Kasap and Can 2016). Some other

evidence showed that MLT and endogenous opioids modulate one another. MLT induces the
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release of beta-endorphine in mouse pituitary cell cultures (Shavali et al. 2005), gamma-
endorphine increases the plasmatic level of MLT (Geffard et al. 1981), and morphine induces ML T
release from the pineal gland (Esposti et al. 1988). Altogether, this evidence suggests a cross-talk
between the melatonergic and opioid systems which can occur at intracellular and/or extracellular
levels. Further studies are thus needed to clarify this interaction.

Recently, it has been demonstrated that a single dose of agomelatine dose-dependently reduced
mechanical hypersensitivity in STZ and CCI chronic pain models (Chenaf et al. 2016);
agomelatine also displayed a marked anti-hypersensitivity effect in the OXA model after daily
administration for two weeks. These findings suggest that the anti-hypersensitivity effect of
agomelatine involved 5-HT>c and the melatonergic system, since its effects were markedly
reduced by the MT1/MT> receptor antagonist, S22153 (Chenaf et al. 2016). They also proposed
that the downstream signalling or other indirect mechanisms involving ap-adrenergic receptors
might be involved, given that the effects of agomelatine were inhibited by intrathecal injection of
the selective a2- receptor antagonist, idazoxan (Chenaf et al. 2016). Furthermore, another group
reported that MLT attenuated repetitive morphine-induced hyperalgesia and tolerance by
PKC/NMDA activities in the spinal cord (Song, Wu, and Zuo 2015).

Few studies have indicated the involvement of the GABAergic system in MLT-induced
antinociception. Golombek et al. (1991) demonstrated that MLT’s antinociceptive effects were
blocked by the GABAA receptor antagonist, flumazenil. Moreover, six day pretreatment with MLT
prevented the tolerance to analgesia induced by the KOR agonist U50-488H in mice, and this effect
was abolished by flumazenil (Dhanaraj, Nemmani, and Ramarao 2004).

Some other evidence suggests that MLT is also effective in reducing acute and chronic

inflammatory pain. MLT reduced paw oedema and inflammatory mediators such as oxyradicals,
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nitric oxide (NO) and peroxynitrite in a rat model of acute local inflammation (Costantino et al.
1998). MLT also exerted anti-inflammatory and antinociceptive properties after carrageenan
injection, reducing NO and malondialdehyde (Bilici, Akpinar, and Kiziltunc 2002; Hernandez-
Pacheco et al. 2008), the inducible isoform of NO synthase (Cuzzocrea et al. 1997), and the release
of prostaglandins (Cuzzocrea et al. 1999). Furthermore, acute administration of MLT reduced the
pathological NO increase in the brain and spinal cord tissues in a postherpetic neuralgic paradigm,
probably through the modulation of the L-arginine-NO-cGMP pathway (Deng et al. 2015). The
authors also claimed that the analgesic effect of MLT involved both M T, and opioid receptors, but
further studies are needed to validate this hypothesis.

MLT demonstrated antiallodynic and anti-hyperalgesic effects in the capsaicin-induced secondary
allodynia and lipopolysaccharide-induced secondary hyperalgesia models. In the first model, MLT
dose-dependently inhibited the nociceptive response (Mantovani et al. 2003) and limited both the
intensity and duration of secondary mechanical allodynia (Tu, Sun, and Willis 2004). Of note,
naloxone abolished MLT’s antinociceptive effect (Mantovani et al. 2003). In the second model,
intra-plantar MLT injection reduced hyperalgesia and blocked the inflammatory response
(Raghavendra, Agrewala, and Kulkarni 2000). In the formalin test, MLT decreased the licking
response particularly in the second phase of the test which involves prostaglandins recruitment
(Hernandez-Pacheco et al. 2008; Lopez-Canul, Comai, et al. 2015; Ray et al. 2004). Acute
administration of MLT decreased the mechanical and thermal hyperalgesia induced by CFA
injection in the orofacial pain model, and modified the secretion of specific tissue
neuroimmunomodulators associated with pain and inflammation such as the brain-derived

neurotrophic factor (BDNF), nerve growth factor (NGF), and interleukin 6 (Scarabelot et al. 2016).
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Furthermore, MLT has been shown to reverse hyperalgesia induced by repeated morphine
exposure in the neonatal period in the medium- and long-term in rats (Rozisky et al. 2016).

Eventually, several studies reported analgesic effects of MLT in different neuropathic pain models
including the CClI nerve injury (Zeng et al. 2008), the SNI (Lopez-Canul, Palazzo, et al. 2015), the
partial ligation of the sciatic nerve (Ulugol et al. 2006), L5-L6 ligation (Ambriz-Tututi and
Granados-Soto 2007; Lopez-Canul, Palazzo, et al. 2015), and the STZ-induced hyperalgesia and

allodynia (Arreola-Espino et al. 2007).

1.7.1. Clinical investigations of analgesic effects of melatonin
A large body of clinical literature has demonstrated the therapeutic efficacy of MLT in functional
pain disorders including chronic back pain (Kurganova and Danilov 2016), fiboromyalgia (Citera
et al. 2000; Hussain et al. 2011; de Zanette et al. 2014), irritable bowel syndrome (IBS) (Song et
al. 2005; Lu et al. 2005; Saha et al. 2007; Chojnacki et al. 2013), headaches (Gagnier 2001; Peres
et al. 2006; Miano et al. 2008; Bougea et al. 2016), and postoperative pain (Seet et al. 2015;
Marseglia et al. 2015).
MLT has been shown to improve the analgesic efficacy in combination with either Artra (a
combination of 500 mg of glucosamine hydrochloride and 500 mg of chondroitin sulfate),
diclofenac, or Artra plus diclofenac in the treatment of low back pain by reducing pain intensity
both at movement and in the resting state (Kurganova and Danilov 2016).
A potential involvement of MLT in the physiopathology of fibromyalgia is debated, since clinical
results are not consistent concerning its therapeutic efficacy. While some studies reported no
significant differences in serum MLT levels between females affected by fibromyalgia and healthy
volunteers (Klerman et al. 2001), Wikner et al. (1998) found lower MLT levels in the serum of

women with fibromyalgia during the dark phase. According to an open randomized study, 3 mg
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MLT improved sleep quality and decreased the number of painful trigger points during the day in
patients affected with fibromyalgia (Citera et al. 2000). The effect of MLT in combination with
antidepressants has been investigated in fibromyalgia patients. In a double-blinded placebo-
controlled study, Hussain et al. (2011) reported that the combination of 20 mg/day of the selective
serotonin reuptake inhibitor (SSRI), fluoxetine, with 3 or 5 mg/day of MLT for 4 weeks decreased
anxiety, pain, stiffness, and depressive symptoms compared to fluoxetine or MLT alone. In a
second randomized double-dummy controlled study, 63 female patients suffering from
fibromyalgia were randomized into three groups, treated with either 10 mg MLT, 25 mg
amitriptyline, or a combination of the two (25 mg amitriptyline plus 10 mg MLT) before sleep for
6 weeks. The results indicated that MLT alone or associated with amitriptyline was more effective
than amitriptyline alone in improving pain symptoms (de Zanette et al. 2014). Recently, a clinical
study showed a reduction of MLT synthesis in female participants with fibromyalgia and a positive
correlation between increased 6-sulfatoxymelatonin secretion and fibromyalgia clinical symptoms
(Caumo et al. 2019), suggesting a link between disruption in MLT secretion and pain syndrome.

Besides the pineal gland, MLT is synthesized in other peripheral tissues such as the gastro
intestinal (GI) tract, in which it exerts both excitatory and inhibitory effects on gut motility (Harlow
and Weekley 1986; Bubenik and Dhanvantari 1989). Although the exact mechanism by which
MLT regulates GI motility remains unclear, research suggests that it may be related to an
interaction between MLT and Ca?*-dependent K*-channels (Storr, Schusdziarra, and Allescher
2000) or to MLT-induced blockade of nicotinic channels (Barajas-Lopez et al. 1996). In
randomized double-blind clinical trials, MLT at the dose of 3 mg for two weeks (Song et al. 2005;
Lu et al. 2005; Saha et al. 2007) and at the dose of 3 to 5 mg for six months (Chojnacki et al. 2013),

significantly decreased abdominal pain and extra bowel symptoms in IBS patients.
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The pathophysiological role of MLT in migraine and headache and its potential therapeutic
benefits have also been investigated (for a review see: Peres et al. 2006). Some evidence supports
the hypothesis that headaches, migraines, and cluster headaches are, at least in part, related to
circadian rhythm disorders since MLT administration decreases the frequency and intensity of
headache episodes as well as normalizes the circadian rhythms often impaired in these conditions
(Peres 2005; Peres et al. 2006; Vogler et al. 2006). The anatomical localization of MLT receptors
in the trigeminal ganglion and the trigeminal nucleus of mammals may support this hypothesis
(Weaver, Rivkees, and Reppert 1989). While 3 mg (Peres et al. 2004; Miano et al. 2008) and 4 mg
(Bougea et al. 2016) MLT administered before bedtime prevented migraines and chronic tension-
type headaches, 2 mg MLT (as slow-release formulation) failed to replicate these results
(Alstadhaug et al. 2010). In keeping with this, agomelatine showed to decrease the frequency and
the duration of migraine attacks (Tabeeva, Sergeev, and Gromova 2011).

MLT’s efficacy in the management of post-surgical pain and related anxiety is still debated. In
randomized double-blinded studies, MLT was ineffective in the treatment of intraoperative and
postoperative pain in laparoscopic cholecystectomy (Andersen et al. 2014) and cataract surgery
(Khezri, Oladi, and Atlasbaf 2013), and did not improve postoperative sleep or pain after total
knee arthroplasty compared to placebo (Kirksey et al. 2015). Conversely, other studies indicated
that preoperative MLT administration (6 mg) decreased anxiety levels before abdominal surgery
(Radwan et al. 2010) and cataract surgery (Khezri, Oladi, and Atlasbaf 2013) compared to
gabapentin and placebo. Furthermore, MLT significantly reduced both anxiety and pain levels
compared to placebo during blood withdrawal in children (Marseglia et al. 2015). Interestingly, in
a randomized controlled trial, MLT did not significantly improve pain and anxiety compared to

placebo following the extraction of wisdom teeth, but it showed a positive analgesic and anxiolytic
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effect in female patients, suggesting a possible sexual dimorphism (Seet et al. 2015). Indeed,
Schwertner et al. (2013) reported efficacy for MLT in the treatment of endometriosis-associated
chronic pain in a double-blind trial. Stefani et al. (2013) demonstrated that sublingual
administration of MLT dose-dependently induces an analgesic effect on the thermal and pressure
pain threshold in healthy volunteers. However, in a double-blind, placebo-controlled, three-arm
crossover study, 10 or 100 mg i.v. of MLT failed to provide any analgesic, anti-hyperalgesic, or
skin-related anti-inflammatory effects compared to placebo (Andersen et al. 2015).

Summarizing, the efficacy of MLT's analgesic effects was tested in different acute and chronic
pain conditions using distinct criteria, drug doses, protocols of administration, and in populations
differing in sex and age. Albeit the sample size in some of these studies was small (less than 20
individuals per group), MLT was able to improve or relieve pain conditions in most of them. For
all of these reasons, large and randomized double-blind studies are warranted to clarify the

potential analgesic use of MLT in acute and chronic pain conditions.

1.7.2. Role of the melatonin MT2 receptor in pain states

A considerable number of studies support the hypothesis that the analgesic effects of MLT are
mostly mediated by MT. (for a review see: Ambriz-Tututi et al. 2009; Posa et al. 2018). Yu et al.
(2000) were the first to suggest that the analgesic properties of MLT were mediated by MT:
receptors. They found that MLT dose-dependently increased the pain threshold in the hot water
tail-flick test, which was reversed by i.c.v. injection of luzindole. However, luzindole is a relatively
non-selective MT1 and MT> antagonist, since its affinity for MT, compared MTj receptors is only
16 to 26-fold greater (Dubocovich et al. 1997).

Further studies using different pain paradigms and full selective MT> antagonists such 4P-PDOT

and K-185 have clarified the involvement of MT> receptors in pain (Ambriz-Tututi and Granados-

41



Soto 2007; Deng et al. 2015; Huang et al. 2020; Lin et al. 2016; Lopez-Canul, Comai, et al. 2015;
Lopez-Canul, Palazzo, et al. 2015; Tu, Sun, and Willis 2004).

In a capsaicin-induced hyperalgesia rat model, 4P-PDOT co-administered with either MLT or the
non-selective MT1/MT> agonist 6-chloromelatonin blocked a decrease in tactile allodynia (Tu,
Sun, and Willis 2004). 4P-PDOT also prevented MLT’s dose-dependent reduction of flinching
behaviour induced by the injection of 5% formalin into the hind paw (Yoon et al. 2008).

In 2007, two papers by Granados-Soto’s group reported mechanical antiallodynic effects of MLT
that were blocked by the selective MT> receptors antagonists, 4P-PDOT (Ambriz-Tututi and
Granados-Soto 2007)and K-185 (Arreola-Espino et al. 2007). Oral administration of MLT reduced
allodynia in a rodent model of neuropathic pain induced by L5-L6 spinal nerve ligation, and this
effect was blocked by either i.t. injection or oral administration of 4P-PDOT, the first suggesting
a spinal involvement of MT> receptors. In addition, the authors showed that the non-selective
opioid antagonist naltrexone blocked the antiallodynic effect of MLT, and intriguingly, that the
co-administration of sub-effective doses of both 4P-PDOT and naltrexone were also able to reduce
MLT-induced spinal antiallodynia (Ambriz-Tututi and Granados-Soto 2007). In neuropathic
diabetic rats, pre-treatment with K-185 attenuated the flinching response during phase 1 and 2 of
the formalin test and the tactile antiallodynic effect induced by MLT (Arreola-Espino et al. 2007).
Moreover, naltrexone and naltrindole, but not 5’-guanidinonaltrindole (a selective KOR
antagonist), also blocked MLT antiallodynic effects (Arreola-Espino et al. 2007). These findings
support the hypothesis that the antinociceptive effects of MLT are likely mediated by MT> and
opioid receptor activation, though the neurobiological interaction between MT, and opioid
receptors has not yet been elucidated. Moreover, it has been shown that MLT administration not

only has an analgesic effect, but it also increases the RNA expression of DORs and MT> receptors
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at the level of the hippocampus, the spinal cord, and the hypothalamus in a model of post-herpetic
neuralgia (Deng et al. 2015). These antinociceptive effects were blocked by pretreatment with 4P-
PDOT (Deng et al. 2015).

A recent study investigated the contribution of MLT-associated epigenetic modifications in an
SNL model in rats (Lin et al. 2016). Together with the induction of tactile allodynia, neuropathy
decreased the expression of the phosphatase 2A (PP2Ac) subunit and enhanced histone deacetylase
4 (HDAC4) phosphorylation and its cytoplasmic accumulation, leading to the suppression of
hmgbl gene transcription, which in turn resulted in a selectively increased expression of high-
mobility group protein B1 in the ipsilateral dorsal horn. MLT reversed this process, increasing
PP2Ac expression, HDAC4 dephosphorylation and its nuclear accumulation, restoring HDAC4-
mediated hmgbl suppression, and thus inducing antinociception. Pre-treatment with 4P-PDOT
prevented all these behavioural and molecular effects (Lin et al. 2016). MLT treatment prevents
the development of neuropathic pain in a lysophosphatidylcholine (LPC)-induced median nerve
demyelination neuropathy model via the suppression of glial mitogen-activated protein kinases
(MAPKSs) activation and the production of pro-inflammatory cytokines. Notably, all these effects
were blocked by pre-treatment with 4P-PDOT, but not S26131 (a selective MT: antagonist) or
prazosin (a selective M T3z antagonist) (Huang et al. 2020).

With the recent availability of selective MT2 receptor partial agonists (UCM765 and UCM924)
(Rivaraetal. 2007), our laboratory has investigated the possible analgesic properties of these novel
compounds in paradigms of neuropathic, acute and inflammatory pain (Lopez-Canul, Comai, et
al. 2015; Lopez-Canul, Palazzo, et al. 2015). These compounds have an optimal hydrophilic—
lipophilic balance (LogP of 2.64) (Ochoa-Sanchez et al. 2011), leading to a high brain penetrance.

Our data indicated that acute subcutaneous injections (s.c.) of both UCM765 and UCM924 dose-

43



dependently increased the temperature of the first hind paw lick in the hot-plate test, and their
antinociceptive effects at 20 mg/kg were comparable to that of acetaminophen (M. Lopez-Canul
et al., 2015). These two compounds also decreased the total time spent licking the hind paw
injected with formalin during both phase 1 and 2 of the formalin test in a dose-dependent manner,
and their effect at 20 mg/kg was comparable to that of ketorolac (Lopez-Canul, Comai, et al. 2015).
Importantly, the antinociceptive effects of UCM765 and UCM924 in both the hot plate and the
formalin test were prevented by pre-treatment with 4P-PDOT (Lopez-Canul, Comai, et al. 2015).
We also investigated UCM924 in two neuropathic pain models (the L5-L6 spinal nerve ligation
and the spared nerve injury) in rats (Lopez-Canul, Palazzo, et al. 2015). We found that s.c. injection
of UCM924 dose-dependently produced a prolonged (7 hours) antiallodynic effect. Moreover, 20
mg/kg UCM924 induced an antiallodynic effect comparable with that of 100 mg/kg gabapentin,
but unlike gabapentin, without producing any motor coordination impairment in the rotarod test
(Lopez-Canul, Palazzo, et al. 2015). Investigating the possible analgesic mechanism of action of
MT, partial agonists in the descending antinociceptive pathways, we found that MT> receptors
were expressed in glutamatergic neurons of the VIPAG (Lopez-Canul, Palazzo, et al. 2015). In vivo
electrophysiology recordings combined with the tail flick test showed that intra-vIPAG
microinjection of UCM924 dose-dependently inhibited the firing activity of pronociceptive ON
cells and enhanced the firing rate of antinociceptive OFF cells in the RVM. These
electrophysiological effects were blocked by pre-injection of 4P-PDOT into VIPAG (Lopez-Canul,
Palazzo, et al. 2015). It is important to note that MOR and DOR are also expressed in the VIPAG
and RVM (Le Merrer et al. 2009; Commons, Van Bockstaele, and Pfaff 1999), suggesting a
possible interaction between opioid and MT. receptors that requires further investigation. Thus,

the expression of both receptors in these crucial regions modulating the descending pain
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transmission may explain the previous finding demonstrating that the analgesic effects of MLT are
blocked by both MT, and opioid receptors antagonists (Ambriz-Tututi and Granados-Soto 2007;
Arreola-Espino et al. 2007; Lakin et al. 1981; Wang et al. 2006; Yu et al. 2000). Taken together,
these preclinical findings demonstrate that MT. receptors play an important role in the
pathophysiology of pain and confirmed that the analgesic properties of MLT are more likely
mediated by MT, receptors. No human studies have yet been conducted using selective MT>

receptor agonists.
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Chapter | - Figure 6. Schematic illustration of the nociceptive descending pathway and
the analgesic mechanism resulting from activation of M T2 receptors.

Top-left box: MT2 receptors are expressed in glutamatergic neurons of the ventrolateral
periaqueductal grey (VIPAG). Bottom-left box: Pharmacological activation of MT. receptors
by selective partial agonist UCM924 activates OFF cells and inhibits ON cells of the RVM,
leading to analgesia. PAG, periaqueductal grey; RVM, rostral ventromedial medulla. From

Posa et al. (2018). Adapted with permission.
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1.8. Objectives and hypotheses

The overall goal of my thesis is to investigate the role of the MLT receptors in the pain transmission
with a particular focus on supra-spinal pathways.

Chapter Il constitutes the first manuscript of the dissertation and it explores the distinct role of
each melatonin receptor subtype in acute and tonic/inflammatory conditions. A first objective was
to determine whether the genetic deletion of the MT1, MT, or both MT+/MT> receptors alters the
nociception threshold of WT and mutant mice. Moreover, we aimed to identify if the nociceptive
threshold was also modulated across the light/dark cycle in WT and MT2” mice. Additionally, we
tested whether the genetic inactivation of MTa, but not MTj, receptors prevent the antinociceptive
properties of the MT> partial agonist, UCM924. Eventually, we tested whether the inactivation of MT,
receptors modulates the endogenous opioid activity in two brain structures of the descending
antinociceptive pathway. Overall, it was hypothesized that the lack of MT», but not MT1, receptors
would exhibit a decreased response to thermal and chemical noxious stimuli during the light phase.
Furthermore, the genetic inactivation of MT> receptors would lead to a positive modulation of the
endogenous opioid system in brain areas involved in pain transmission.

The second goal was to investigate the interaction between the MT2 receptor and the opioid system
in chronic neuropathic pain condition, in order to elucidate the role of the opioid receptors in MLT
MT>-induced antiallodynia. The third chapter (second manuscript) of this dissertation will focus
on this aspect. Therefore, we assessed whether the blockage or the genetic deletion of MOR or
DOR blocks the mechanical antiallodynic effect of the MT> partial agonist, UCM924. We also
characterized, for the first time, the specific role of MOR and DOR in the PAG in preventing the
modulation of ON and OFF cell in the RVM. It was predicted that MOR blockage would abolish
two effects of UCM924, antiallodynia and ON-OFF cell modulation. Moreover, we tested whether
MT. receptor blockage would abolish the effects of MOR. Therefore, we evaluated the

47



development of tolerance to the antiallodynic effects induced either by UCM924 and morphine
and the eventual cross-tolerance between these two agonists. Also, we determined the expression
of MT> receptors in excitatory and inhibitory neurons of the PAG and RVM and their possible co-
localization with MOR in the PAG. These experiments allowed the up-stream determination of
MT> receptors compared to MORs in the PAG-RVM descending pathway. Finally, we aimed to
rule out the reward properties of UCM924 and compared them to those induced by morphine.

Given the capability of MLT to induce endogenous opioid release in in vitro pinealocyte culture
(Shavali et al. 2005), in the chapter 111, we sought to measure the effect of UCM924 treatment in
the mMRNA expression of the endogenous opioid enkephalin (Penk) in the PAG and RVM of
neuropathic mice. In Annex to chapter 11, for the first time, we studied the modulatory effects of

acute administration of UCM924 on dopaminergic neuronal firing and burst activity in the VTA.

48



Chapter Il

Running Head: MT1 and MT_ receptors in pain

Nociceptive responses in M T2 receptor knockout mice compared to

MT: and double MT1/MT2: receptor knockout mice

Luca Posal?*, Martha Lopez-Canul**, Laura Rullo®, Danilo De Gregorio?, Sergio Dominguez-
Lopez'*, Matthew Kaba Aboud?!, Francesca Felicia Caputi®, Sanzio Candeletti?, Patrizia
Romualdi®, Gabriella Gobbi'?

Journal of Pineal Research. 2020; 69(3):e12671. doi: 10.1111/jpi.12671

! Neurobiological Psychiatry Unit, Department of Psychiatry, McGill University Health Center,
McGill University, Montreal, QC, Canada.

2 Alan Edwards Centre for Research on Pain, McGill University, Montreal, QC, Canada.

3 Department of Pharmacy and Biotechnology, Alma Mater Studiorum-University of Bologna,
Bologna, Italy.

“These authors contributed equally to this work.

Correspondence to be directed to: Fax: 514-398-4866
Gabriella Gobbi, MD, PhD Abstract: 181 words
Neurobiological Psychiatry Unit Introduction: 261 words
Dept. of Psychiatry Material&Methods: 851
McGill University Results: 983

1033 Pine Avenue West Discussion: 1288 words
Montreal, Q.C. Canada H3A 1Al Figures: 5

Email: gabriella.gobbi@mcgill.ca Number of references: 7

Phone: 514-398-1290

49



2.1 Abstract

Melatonin, a neurohormone that binds to two G-protein coupled receptors MT1 and MT», is
involved in pain regulation, but the distinct role of each receptor has yet to be defined. We
characterized the nociceptive responses of mice with genetic inactivation of MT1 (MT17), or MT:
(MT27), or both MT1/MT2 (MT17/MT>") receptors in the hot plate test (HPT), and the formalin
test (FT). In HPT and FT, MT1” display no differences compared to their wildtype littermates
(CTL), whereas both MT27 and MT1”/MT2”" mice showed a reduced thermal sensitivity as well
as a decreased tonic nocifensive behavior during phase 2 of the FT in the light phase. The MT;
partial agonist UCM924 induced an antinociceptive effect in MT1” but not in MT2” and MT1™
IMT2"" mice. Also, the competitive opioid antagonist naloxone had no effects in CTL, whereas it
induced a decrease of nociceptive thresholds in MT2”" mice. Our results show that the genetic
inactivation of MT>, but not MT: receptors, produces a distinct effect on nociceptive threshold,
suggesting that the MT2 melatonin receptor subtype is selectively involved in the regulation of

pain responses.

Keywords

Pain, melatonin, MT; receptor, MT> receptor, knockout mice
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2.2 Introduction

Melatonin (MLT) is a neurohormone synthesized by the pineal gland during the dark period of the
circadian light/dark cycle. It acts mostly through two G protein-coupled receptors, MT1 and MTo,
showing a high affinity for both receptors (Ki = 0.1 nM). MLT plays a role at both central and
peripheral levels, affecting circadian rhythms, sleep®, mood*®, cardiovascular and immune
systems’®, and pain sensation®. Several animal studies have suggested that MLT may have
analgesic properties'®. In patients, MLT alleviates pain conditions including migraine*!?,
fibromyalgia'®*®, and irritable bowel syndrome!®8, Despite this evidence, it is still unknown how
the two primary receptors of MLT regulate this analgesic effect.

Recent studies suggested an antinociceptive role of MT, receptors in response to
acute/inflammatory®? and chronic pain conditions?>* since the analgesic properties of MLT
were blocked by the MT; selective antagonist 4P-PDOT%21:23-26 These results were corroborated
by the observation that the MT. selective partial agonists N-2-[(3-meth-
oxyphenyl)phenylamino]ethylacetamide (UCM765)?" and its analogue N-2-[(3-bromophenyl)-(4-
fluorophenyl)amino]ethylacetamide ~ (UCM924)?"  produce analgesia in acute and
tonic/inflammatory pain models®®, as well as in chronic neuropathic pain conditions, through the
modulation of the brainstem descending antinociceptive pathways?.

However, MLT’s analgesic mechanism of action also involved the activation of GABAa229
dopamine D2?°, 5-HT,a 2°, alphaz-adrenoceptors?®?®, and opioid®?>? receptors. Here, we
examined the response to the thermal and chemical nocifensive stimuli in wild type (CTL), and in
three different mutant mice MT1”, MT2” and MT17/MT2"", attempting to better understand the
role of each MLT receptor subtype in the regulation of nociception. In addition, we investigated

the possible involvement of the endogenous opioid system in MT2"- mice nociceptive responses.
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2.3 Materials and methods

Experimental procedures were approved by the Animal Care Committee of McGill University,
QC, Canada (protocol#7181) and were conducted following the Canadian Council guidelines on
Animal Care as well as the Ethical Guidelines for Investigation of Experimental Pain in Conscious

Animals of the International Association for the Study of Pain.

Animals

Adult male mice (PND 60-120, 25-32 g) with C3H/HeN genetic background and with a functional
mutation for MT; receptors (MT17), or MT2 receptors (MT2""), or both MT1 and MT receptors
(MT1"/ MT2") and their wild-type littermates (CTL) were used in our study. Mutant mice were
generated as previously described®®3L, The colonies were initially kindly provided by Dr. Weaver
(Univ. of Massachusetts, USA) and latter a novel colony was purchased from Jackson Laboratory
(Bar Harbor, Maine, US; stock #010488) generated through cryo-recovery of embryos containing
the Mtnr1b™P™ mutations (donating investigator Dr. Weaver). Upon arrival, mice were fully
backcrossed onto the C3H/HeN background (Charles River, QC, Canada) in order to generate
dominant (MT2*"*) and recessive (MT2"") homozygotes mice. Experiments were conducted using
MT.2" mice and their wild type littermate (CLT) at the 3-4 generation. Animals were housed in
groups of 2-5 per cage, in temperature (21+2°C) and humidity (~55%) controlled rooms, and a 12
h light/dark cycle (light on: 7:00; light off: 19:00) with free access to food and water. Experiments
were conducted during the light phase between 12:00h and 17:00h (light phase) or 0:00h and 5:00h
(dark phase). All experiments were conducted by experimenters who were blind to drug treatments

and genotypes.
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Hot plate test

The HPT was performed using an electronically controlled hot-plate (Ugo Basile, Italy)®. The
initial temperature was set at 37 °C with a near linear increase in temperature of 3 °C per min. The
temperature causing a fast-hind paw lick was recorded as the nociceptive endpoint. Typically,
animals had their first hind paw lick occurring at a temperature lower than 52°C; this temperature
was then set as the experiment endpoint®. After each session, the plate was cleaned with a wet
cloth, and a fan was then used to cool the plate rapidly. No habituation to the test apparatus was

done in order to avoid any learning effects®%,

Formalin test

The FT was conducted as previously described®. Mice were placed in the experimental chamber
30 min before the experiment for habituation. Then, animals were gently restrained while the
dorsum of the hind paw was subcutaneously injected with 50 ul of 1% formalin with a 30-G needle.
Mice were immediately returned to the experimental chambers and nociceptive behaviour was
observed for 60 min. Mirrors were placed behind the chamber to enable unhindered observation.
Nociceptive behaviour was quantified as the cumulative time the animal spent licking, flinching,
or shaking the injected hind paw?®. As previously reported®*¢, formalin-induced licking behaviour
was biphasic: the initial acute phase (0—10 min) was followed by a relatively short quiescent

period, which was then followed by a prolonged tonic response (15-60 min).

Gene expression
Total RNA was extracted as previously described®’. Briefly, periaqueductal gray (PAG; —3.6 to

—4.9 mm from Bregma) and rostral ventromedial medulla (RVM; —5.8 to —6.0 mm from Bregma)
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were punched from freshly dissected brain slices according to Paxinos mouse atlas®®, immediately
frozen on dry ice and stored at —80 °C. RNA integrity was checked by 1% agarose gel
electrophoresis, and the concentrations were measured by using the Nanodrop 1000 system
spectrophotometer (Thermo Fisher Scientific). RNA samples with OD260/0D280 ratio > 1.8 and
< 2.0 were subsequently subjected to DNAse treatment and reverse transcribed with the GeneAmp
RNA PCR kit (Life Technologies). The relative abundance of each mRNA of interest was assessed
by real-time gRT-PCR using the Syber Green gene expression Master Mix (Life Technologies) in
a Step One Real-Time PCR System (Life Technologies). All data were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the endogenous reference gene. Relative
expression of different gene transcripts was calculated by the Delta-Delta Ct (DDCt) method and
converted to relative expression ratio (2 °PY) for statistical analysis°. The following primers were
used (5°-3’): Gapdh  forward TGCGACTTCAACAGCAACTC and  reverse
CTTGCTCAGTGTCCTTGCTG; Penk forward TTCAGCAGATCGGAGGAGTTG and reverse

GAAGCGAACGGAGGAGAGAT. Results are presented as fold changes in mRNA levels.

Drugs

N-2-[(3-bromophenyl)-(4-fluorophenyl)amino]ethylacetamide (UCM924; MT: receptor: pKi=
6.76; MT2 receptor: pKi= 9.27; 20 mg/kg)**?" , and naloxone (2 mg/kg) (Sigma-Aldrich, Oakville,
ON, Canada) were all dissolved in a vehicle (veh) composed of 70% dimethylsulfoxide (MP
Biochemicals, Solon, OH, USA) and 30% saline. The dose of UCM924 was chosen according to
our recent study®®. Drugs were injected subcutaneously (s.c.-in 0.2 ml volume) 30 min before

behavioural tests.
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Statistical analyses

Statistical analysis was carried out using GraphPad Prism (version 8.0.1; Inc., San Diego, CA).
Data were expressed as mean + S.E.M. After testing for assumptions of normality distribution and
homogeneity of variance, one-way ANOVA was used to compare the nociceptive threshold of the
4 genotypes. Student’s t-test was used to analyze the UCM924 analgesic effect and to compare the
relative Penk gene expression. To compare the effect of naloxone two-way ANOVA was used.
When appropriate, the Tukey test for post-hoc comparison was performed. Statistical values

reaching P<0.05 were considered significant.

2.4 Results

Inactivation of MT> receptor decreases acute thermal nociception in the HPT
We first determined whether the MT1", MT2"" and MT1"/MT2"" mice had different baseline
responses in the HPT. One-way ANOVA of the temperature inducing the first hind paw lick
indicated a significant effect of genotype (F3.113=10.89, P<0.001) (Fig. 1A). MT2"-and MT,"/MT2
" mice showed an increased threshold temperature compared to CLT (P<0.001 and P=0.0035,
respectively). The threshold temperature was also higher in MT2” compared to MT:”" mice
(P=0.0012). MT17 mice did not display any significant difference in the threshold temperature
compared to CTL mice (P=0.4707).

Inactivation of MT, receptor decreases tonic nociception in the FT
The time course of the nociceptive response of the four genotypes to formalin injection is reported
in Figure 1B. The area under the curve (AUC), quantified from the two distinct phases of the FT
(Phase 1 and Phase 2), were analyzed separately. In the Phase 1 (corresponding to 0-10 min, also

called nociceptive phase), no differences were observed in the AUC responses of the four
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genotypes (Fs,32=0.085, P=0.967) (Fig. 1C). Differently, in the AUC of the Phase 2 (corresponding
to the 15-60 min, also called tonic phase) we observed a significant effect of the genotype
(F336=15.94, P<0.001) (Fig. 1D). While MT1” mice did not display any significant difference in
the total time spent licking the hind paw compared to CTL (P=0.935), both MT2"and MT1"/MT2
" mice showed a decrease in the total time spent in licking behaviour in comparison with CTL and

MT17 (P<0.001 for both genotypes) animals.

MT." mice nociceptive response across the light/dark cycle

Several studies reported that pain sensitivity varies during the light/dark cycle following the
circadian rhythm of melatonin®284°, We thus performed the experiments during the light/inactive
and dark/active phase. In the HPT, the pain sensitivity (express as AUC) was significantly different
during the dark/active phase (genotype: F139 = 13.44, P=0.0007; phase: F1,39 = 4.897, P=0.0328;
interaction: F139 = 4.897, P=0.0328). At night, the pain threshold was increased compared to the
light phase in CTL (P=0.0008), but not in MT2"" mice (P= 0.7448) (Fig.2A). In phase 1 of the FT,
the two-way ANOVA showed a main effect of the circadian phase (P=0.0077). Moreover,
Student’s t-test confirmed a decrease of the nociceptive behaviour only in CTL mice (t16=3.757,
P=0.0017), suggesting that the light/dark pattern for this behavioural response was lost in their
MT, " littermates (Fig. 2B-C).

During phase 2 of the FT the MT2” mice displayed a significant increase of the AUC during the
night compared to the light phase (genotype: F 131 = 11.71, P=0.0018; interaction genotype x

phase: F1,31=17.36, P=0.0002), confirmed by post-hoc comparation (P <0.001) (Fig. 2B and D).
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Deletion of MT2 receptors prevents the antinociceptive properties of the MT2 partial
agonist UCM924
Hot Plate test
Next, to confirm that the MT receptor modulates nociceptive responses, we administered the MT»
selective partial agonist UCM924 (20 mg/kg, s.c.) 30 minutes, 1 hour and 4 hours before the HPT
(Figure 3A-D). Since we observed a different baseline in the hot plate test, each genotype group
was analyzed separately.
As we previously reported®®, treatment with UCM924 produced an analgesic effect in CTL
animals (F1,57= 35.43, P<0.001; Fig. 3A), as well as in MT1” mice (F1.41=32.66, P<0.001) (Fig.3B).
UCM924 treatment had no effect in MT2” and MT:"/MT2” mice (P=0.643 and P=0.814,
respectively) (Fig 3C-D). Notably, we did not observe differences in the nociceptive responses to

vehicle administration in any genotypes across time (see Fig.2).

Formalin test

We also tested whether the effects of UCM924 administration in the formalin test are modified by
the genetic availability of MT> receptors (Fig.4A-D-G-J). We administered UCM924 (20 mg/kg,
s.c.) 30 minutes before injecting formalin in the hind paw of the mice. UCM924 decreased the
AUC responses of phase 1 (t19=3.622, P=0.0018, Fig.4B) and phase 2 (t19=6.55, P<0.0001, Fig.
4C) in CTL and in MT1”" mice (phase 1: t13=2.40, P=0.0323; phase 2: t1,=4.225, P=0.0012, Fig.
4E-F), but not in MT,"" (phase 1: t17=0.265, P=0.794; phase 2: t16=0.959, P=0.351, Fig. 4H-1) and

MT1”/MT2" mice (phase 1: t17=0.435, P=0.671; phase 2: t14=0.796, P= 0.796, Fig. 4K-L).

MT> inactivation increases endogenous opioid tonic activity
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Based on the data shown above, we hypothesized that the decreased response to nociceptive stimuli
in the mice lacking the MT2 receptor could be related to hyper-activation of the opioid system.
Thus, we hypothesized that naloxone would increase the nociceptive response in MT2” mice by
suppressing tonic opioid activation. In the HPT, while no change was observed in the threshold
temperature in CTL after the injection of 2 mg/kg of naloxone, in MT2” mice, naloxone treatment
decreases the temperature of the first hind paw lick (treatment: F14,=36.07, P<0.001; interaction
treatment x genotype: F14>=14.13, P<0.001). However, naloxone was able to decrease the
nociceptive thermal threshold in MT>” (P<0.001), but not in CTL mice (Fig. 5A).

In the FT naloxone treatment uncovered similar results, and the experiment time course is shown
in Figure 5B. No differences were found in phase 1 due to genotype or treatment (Fig 5C). On the
contrary, in phase 2, the overall time spent licking the formalin-injected hind paw was increased
in MT2" mice treated with naloxone compared to veh. However, naloxone treatment did not
modify licking behavior in CTL mice (genotype: F132 = 48.75, P<0.001; treatment: F1,3 = 18.86,
P<0.001; interaction: F13,= 13.87, P<0.001). Post hoc comparisons confirmed that naloxone
increased the total AUC in MT2” (P<0.001) (Fig. 5D).

Based on these findings, we then hypothesized that MT,”mice have an increased opioid tone. We
thus investigated the relative gene expression of the endogenous opioid enkephalin (Penk) in
periaqueductal grey (PAG) and rostral ventromedial medulla (RVM), two crucial regions of the
descending antinociceptive pathway. A significant increase of the Penk mRNA levels was found
in the RVM (ts=2.586, P=0.0323) of MT>”" mice compared to CTL but not in PAG (ts=0.9411,

P=0.374), as shown in Figure 5E-F.

2.5 Discussion
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Here we reported for the first time the nociceptive behavioral response of mice lacking MLT MTy,
MT> and both MT1/MT receptors, using two well established paradigms of acute (HPT) and tonic
(FT) pain. Our data show that MT,”-and MT1"/MT2"", but not MT17", mice exhibited an increased
thermal threshold in the HPT and a decrease in the nociceptive overall time in the tonic phase of
the FT, thus suggesting that the MT2 receptor plays a significant role in pain modulation, especially
during the light/inactive phase. Moreover, this increased pain threshold in MT2” mice was
reversed after treatment with a low dose (2 mg/kg) of the non-selective opioid antagonist naloxone.
A considerable number of studies have characterized the antinociceptive properties of exogenous
and endogenous MLT in several spinal?®4142 and supra-spinal®234%4! acute pain models. Previous
studies from our laboratory have investigated the pharmacological effects of melatonin MT>
ligands in pain conditions'®?!. We found that the selective M T, partial agonists UCM765 and
UCM924 produce a dose-dependent anti-nociceptive effect in both behavioural paradigms
described above. Importantly, these effects were completely blocked by the selective MLT MT
receptor antagonist 4P-PDOT, suggesting a modulatory role of M T receptors in acute and chronic
pain. MT> receptors are expressed in the periaqueductal grey (PAG)?+*3, an area of the brainstem
descending antinociceptive pathways. Intra-PAG injection of MT partial agonists, as well as
MLT, silences the pronociceptive ON neurons and activates the anti-nociceptive OFF neurons of
the rostroventral medulla (RVM)?, similarly to other classes of analgesic drugs**¢. The HPT
measures the integrated response to an acute nociceptive stimulus where the scored behavioral
responses are supraspinally organized?. In keeping with a previous study about MLT and MT;
partial agonists analgesic properties'®, here we confirmed that M T partial agonists decrease the
central thermal sensitivity. Furthermore, we found that the genetic inactivation of the MT> receptor

leads to an increased thermal threshold. One may ask why the MT> inactivation produces the same
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effects as pharmacological doses of a non-selective (MLT) or selective MT> partial agonists. It
cannot be ruled out that the MT,”" mice have a neurodevelopmental adaptive response to pain, as
confirmed by the elevated opioid tonic activation, observed here with the naloxone challenge and
with the increase of the enkephalin precursor Penk mRNA (see below).

The injection of formalin in the paw causes an immediate and intense increase in the spontaneous
activity of C afferent fibers (phase 1, 0-10 min) and evokes a distinct quantifiable pain behavior
35.36:47.48 On the other hand, the 2" late phase (15-60 min) of the FT describes a tonic response
that combines an increased excitability (wind up) of neurons in the dorsal horns of the spinal cord
(sensitization)**! and an inflammatory reaction (prostaglandin synthesis) in the peripheral
tissue336:48,

The FT in transgenic mice shows that the role of the MT> receptor might be less relevant in phase
1, since no differences were found in this phase among the four genotypes. However, the selective
MT partial agonist UCM924 (20 mg/kg) decreased the licking behavior in the early phase of the
FT, confirming our previous results'® about the antinociceptive effect of the M T2 agonists.

In phase 2 only MT2" and MT1”/MT2” mice showed a decreased pain sensitivity. It is known that
the tonic noxious stimulation is produced by an increase in the excitability of spinal cord neurons
(wind up)®. Like the HPT, the opioid tonic activation in the RVM of MT2" mice might explain
this phenotype. In fact, the spinal cord receives afferents from the RVM®2 and the overexpression
of the enkephalin precursor Penk mRNA may reduce the sensitivity to pain in the late phase of the
FT. Nevertheless, the anti-inflammatory role of MLT may play a role in this phase®. MLT reduces
edema and inflammatory mediator levels, such as peroxynitrite>*, the inducible isoform of NO
synthase®>*, and the release of prostaglandins®, likely through the activation of NO-cGMP-

protein kinase G-K* channels pathway®’. UCM924 (20 mg/kg) decreased licking behavior in CTL
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and MT1”" mice in the late phase of the FT. Again, this confirms our previous results in rats 3, and
the anti-inflammatory properties may also contribute to the analgesia produced by MT; agonists
in the phase 2 of the FT.

A reduced response to the noxious stimulus was detected during the night in CTL mice in HPT
and the early phase of FT; this light/dark pattern was absent in MT>” mice. These results are in
agreement with previous studies®?440, reporting that wild type mice exhibited an increased pain
threshold in the HPT during the night, when the endogenous MLT level are higher (0-2)*.

Still, during the second phase of the FT, MT2" mice displayed a reduced nociceptive response
compared to CTL during the light/inactive, but a normalization of this response occurred during
the dark phase.

In agreement with previous literature®°, our data show that in CTL animals, a low dose of
naloxone alone did not modify the pain threshold either in the HP or the FT. However, naloxone
can block the analgesic effect of morphine in the HPT and in phase 1 and 2 of the FT*8%°,
confirming its competitive and selective antagonism properties. In MT2” mice, naloxone
decreased the pain sensitivity in HPT and phase 2 of FT, suggesting that the lack of MT receptors
induces a tonic activation of the opioidergic system in the CNS which is blocked by naloxone
injection. We hypothesized that this opioid tonic activation could be linked to an overexpression
of endogenous opioid ligands in some brain areas involved in the modulation of pain*4®*, Recently,
Minett and colleagues®® demonstrated that mice lacking sodium channel Nav1.7 displayed a
congenital insensitivity to pain and upregulation of Penk mRNA in sensory neurons, which were
reversed by naloxone. Indeed, we confirmed that the enkephalin precursor Penk mRNA is
upregulated in RVM, a key structure of the brainstem antinociceptive pathway. These findings

support the hypothesis that the genetic deletion of M T receptors (a target for antinociception), but
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not MTi, may be counterbalanced by an increased opioidergic tonic activity due to an
overexpression of the endogenous opioid enkephalin in RVM.
A few studies have suggested the involvement of the opioid system in MLT-induced

analgesia9,10,22,24,28,63,64

. In particular, the mu and delta opioid receptors (MOR and DOR
respectively) are highly expressed in the RVM®-8% and the activation of these receptors modulates
ON and OFF cells of the RVM #>8:67 similarly to MLT and the UCM924. Interestingly, Takada
and colleagues®® demonstrated that the expression of MOR mRNA follows a circadian pattern,
where MOR is more expressed during the late light phase (14-20) and less during the dark phase
(2-8). Thus, the increased sensitivity during the night in MT2”~ mice might be related to the scarce
availability of MOR in these areas of the descending antinociceptive pathway.

Our study affirms the distinct and unique function of each MLT receptor, as previously
demonstrated in sleep®°, circadian rhythms’®, anxiety>?, depression*, and vascular activity >,
These findings corroborate the hypothesis that the MT. receptor, but not MTy, plays a specific role
in nociception, thus representing a potential target for therapeutics to treat pain conditions,
particularly during the inactive phase (day), when MT receptors are more abundant in the brain™.
Altogether, our data indicate that the lack of functional MT> receptors leads to decreased pain
sensitivity in an acute (HPT) and a tonic (FT) model of pain during the light phase, which was
reversed by a low dose of competitive opioid antagonist naloxone. We proposed that in the MT2™"
conventional knockout mice, the lack of the MT> endogenous tone might activate neuronal
compensatory mechanism through an increased Penk mRNA levels in RVM, leading to an
upregulation of endogenous opioid enkephalin at the central level. Future research into the
potentially regulatory and interactive mechanism between MT> receptors and opioid transmission

in nociception is warranted.
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Chapter 1l - Figure 1. MT2" and MT1"/MT2" mice responses to the thermal and

chemical nociceptive stimuli compared to CTL and MT1” mice.

(A) MT2" and MT17/MT2" showed an increased threshold to thermal stimulus compared to
CTL and MT17 mice in the HPT. Data are expressed as mean + SEM (n= 25-30 each group).
**P < 0.01, ***P < 0.001 vs. CTL; ## P < 0.01 vs MT1”. One-way ANOVA followed by
Tukey post-hoc test. (B) Time course of formalin test in CTL, MT1”", MT2", and MT1"/MT2"
" mice (n = 11-7 each group). Data are expressed as mean + SEM (n= 10-7 each group). (C-D)
MT27 and MT17/MT2"7 showed a reduced cumulative time spending licking/flinching in
phase 2, but not in phase 1, of the FT compared to CTL and MT1”" mice. Data are expressed
as mean = SEM (n= 10-7 each group). ***P < 0.001 vs. CTL; ### P < 0.001 vs MT1™". One-
way ANOVA followed by Tukey post-hoc test.
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Chapter 11 - Figure 2. Circadian rhythmicity of nociceptive response in MT27 mice.

(A) During the dark phase (7 pm — 7 am) CTL mice, but not MT>”", displayed a decreased
response to thermal noxious stimulus (n = 13-8 each group). (B) Time course of formalin test
in CTL and MT2” mice (n = 11-7 each group). (C) CTL, but not MT>”", mice showed a reduced
cumulative time spending licking/flinching in phase 1 of the FT at night. (D) The sensitivity
during the phase 2 of the FT was decreased in CTL mice at night (trend), while M T2 exhibited
an increased response to the chemical pain stimulus during the dark phase. All data are
expressed as mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. CTL light; ### P < 0.001
vs MT27 light; two-way ANOVA followed by Tukey post-hoc test. && P < 0.01 light vs dark

after Student’s t-test.
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Chapter Il - Figure 3. Antinociceptive effect of UCM924 in the Hot Plate Test.

UCM924 (20mg/kg, s.c.) increased the latency to the first nociceptive response in CTL (A)
and MT.7 (B), but not in MT2"- (C) and MT1/MT," (D) mice. Data are expressed as mean =+
SEM (n = 13-8 each group). ***P < 0.001 main effect of the treatment. Two-way ANOVA.
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Chapter Il - Figure 4. Antinociceptive effect of UCM924 in the Formalin Test.

UCM924 (20mg/kg, s.c.) decreased the cumulative nociceptive response in phase 1 and 2 in
CTL (A-C) and MT1” (D-F), but not in MT2" (G-I) and MT."/MT2" (J-L) mice. Data are
expressed as mean £ SEM (n=12-7 each group). *P< 0.05, **P< 0.01, ***P< 0.001 vs vehicle.

Student’s t-test.
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Chapter Il - Figure 5. Opioidergic involvement in the reduced nociceptive sensitivity of
the MT2" mice.

Systemic naloxone (2 mg/kg, s.c.) reduced thermal and chemical pain thresholds of MT2"" mice
but has no effect in CTL. (A) Naloxone decreased the latency to the first nociceptive response
in MT2", but not in CTL mice in the HPT. Data are expressed as mean + SEM (n= 15-8 each
group). **P<0.01 vs CTL veh; ###P<0.001 vs MT,” veh. Two-way ANOVA followed by
Tukey post-hoc test. (B-D) Naloxone increased the cumulative time spending licking/flinching
in phase 2 of the FT in MT2™", but not in CTL mice. Data are expressed as mean + SEM (n=
10-7 each group). ***P<0.001 vs CTL veh; ##P< 0.001 vs MT2" veh. Two-way ANOVA
followed by Tukey post-hoc test.

Reverse transcriptase—-PCR (RT-PCR) analysis of Penk mRNA expression in PAG and RVM
relative to Gapdh mRNA levels in CTL and MT," mice. (E-F) Increased expression of Penk
mRNA was observed in MT>”" mice compared to CTL in RVM, but not in PAG. Data are
expressed as mean £ SEM (n=5 each group). *P< 0.05 vs CTL. Student’s t-test.
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Connecting Statement to Chapter Il

In Chapter Il we established that the genetic inactivation of the MT> receptor leads to a reduced
nociceptive sensitivity and that this phenomenon was linked to increased tonic activation of the
opioid system at the supraspinal level.

Intriguingly, some evidence suggests a possible interaction between opioid and MT> receptors.
Both MT> and opioid receptors are expressed in periaqueductal gray (PAG), a crucial area of the
antinociceptive descending pathway. Also, microinjection into the PAG of MT, and opioid
receptor agonists produce antiallodynia. and both MT> and opioid agonists modulate the ON and
OFF cells of the rostral-ventromedial-medulla (RVM), a downstream area of the antinociceptive
descending pathway which receives axonal projections from the PAG.

Thus, the experiments described in Chapter I11 sought to determine whether the mu (MOR) or
delta (DOR) opioid receptors have a functional role in the inhibitory and facilitatory modulation
at the supraspinal level, induced by MT, agonism.

Although other studies have demonstrated an involvement of the opioid system in melatonin
analgesia, this was the first study to characterize the interaction between the MT2 receptors and
MOR and MOR endogenous ligand in the neuronal circuit of the descending pathway and to
suggest an eventual mechanism of action by which M T agonism induces its antiallodynic effects.

Moreover, we sought to investigate the rewarding properties of MT> partial agonist.
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3.1 Abstract

The research on novel analgesics that stimulates the opioid system without addiction liability
remains a priority. In neuropathic rodents, the selective melatonin MT2 agonist UCM924 (20
mg/kg, subcutaneously) produced antiallodynia, which was nullified by the pharmacological or
genetic blockade of the mu opioid receptor (MOR), but not the delta opioid receptor (DOR).
Electrophysiological recordings in the rostral-ventromedial medulla (RVM) revealed that the
typical reduction of the firing activity of pronociceptive ON cells, and the enhancement of the
firing of the antinociceptive OFF cells induced by the microinjection of UCM924 into the
ventrolateral periaqueductal gray (VIPAG) were blocked by MORs antagonism. Interestingly,
MORs and MT2 receptors are differentially expressed in the neurons of the brainstem descending
antinociceptive pathway and the stimulation of these two GPCRs differently involves the signaling
pathway of G protein coupled inwardly rectifying potassium (GIRK) channels. Moreover, the
systemic administration of UCM924 increased the proenkephalin (PENK) mRNA level in the PAG
of neuropathic animals. Finally, the intravenous self-administration test demonstrated that
UCM924, unlike morphine, did not produce reinforcement. The melatonin MT> receptor agonists

may represent a novel class of opioid-modulators without abuse liability.
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3.2 Introduction

Neuropathic pain is a chronic condition affecting 7-10% of population representing a major health
problem[75]. The available therapeutics to treat pain have moderate efficacy and present several
side effects limiting their long-term use. Particularly, opioids, whose long-term use can induce
physical dependence, abuse, and overdose are the cause of the so-called “opioid crisis” in North-
America[31; 35] leading to the death of 100 people a day in the US alone[11]. Consequently, drug-
discovery aimed at finding alternative analgesic drugs with reduced side effects is a priority for
medical research. While several studies have attempted to synthesize and characterize novel
opioid-derived drugs without tolerance and addiction potential[48] or biased opioid agonists[56],
little has been done in exploring the potential effects of G protein coupled receptors (GPCRS)
ligands[81] which could indirectly stimulate opioid receptors.

Melatonin is a neurohormone that binds two GPCRs, MTy: and MT,, widely expressed in
mammalian brains. Clinical studies have shown that melatonin displays analgesic properties in
chronic conditions such as low back pain, fibromyalgia and migraine[79].. Moreover, a plethora of
animal studies has demonstrated that the effect of melatonin in chronic neuropathic and
inflammatory conditions[60] is likely mediated by the MT> receptor[2; 43; 46; 47], as its analgesic
effects are prevented by the pretreatment with selective M T, antagonist 4P-PDOT[43; 47; 74]. The
MT receptors are expressed in the ventro-lateral periaqueductal gray (VIPAG)[39; 47], an area of
the brainstem descending antinociceptive pathways, projecting to the rostral-ventromedial medulla
(RVM), which in turn projects to the dorsal horns of the spinal cord[27], a network involved in
chronic pain states and in opioid-induced analgesia[27; 57]. The selective melatonin MT> partial
agonist  N-{2-([3-bromophenyl]-4-fluorophenylamino)ethyl}acetamide =~ UCM924  shows

antiallodynic properties in neuropathic pain models by modulating the ON and OFF neurons of
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the RVM[47], similarly to other classes of analgesic drugs acting at the central level, including
opiates like morphine[34] and cannabinoids[52]. Although some studies suggest that melatonin’s
analgesic effects can be blocked by naloxone[1; 40], it is still unknown whether the analgesic
mechanism of the MT> receptor agonists is directly or indirectly mediated by opioids. In this study
we investigate 1) the pharmacological interaction between the MT2 and mu (MOR) or delta (DOR)
opioid receptors; 2) the interaction between MOR and MT receptors in the ON and OFF neurons
in the antinociceptive PAG-RVM pathway and their specific downstream effect on K* channels
using in vivo electrophysiology; 3) the cellular localization of MORs and MT. receptors at the
level of PAG-RVM pathway; 4) the potential cross-tolerance between the MT> receptor agonist
UCM924 and morphine; 5) the effect of the administration of UCM924 on the endogenous opioid
gene expression in the PAG-RVM circuit; 6) the potential abuse liability of the UCM924 compared

to that of morphine using intravenous self-administration.

3.3 Materials and methods

3.3.1 Animals and animal care

Male Sprague Dawley rats (Charles River, Quebec, Canada) weighting 140-160 g at the beginning
of the experiments were used for pain behavioural studies and for electrophysiological recordings
coupled to mechanical paw pinch response. Male mice lacking mu MOR™ [51], or delta opioid
DOR™ [30] receptors (20-25 g, PND 5-8 weeks) and the corresponding mice with the same genetic
background (WT) were generated by homologous recombination as previously described. Male
MOR-mCherry knock-in mice (20-25 g, PND 5-8 weeks) expressing the mu opioid receptor fused
at its C-terminus to the red protein mCherry were generated by homologous recombination[22], as

well as male CaMKIla-[21; 75] and GAD65-tdTomato[5] knock-in mice (20-25 g, PND 5-8
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weeks) expressing the red fluorescent tdTomato protein. All these transgenic mice were used for
confocal immunohistochemistry. All animals (except those used for self-administration
experiments) were housed in standardized animal facilities under a 12-hour light/dark cycle (lights
were on at 7 AM) with ad libitum access to food and water. All the experiments (except those used
for self-administration experiments) were conducted between 9:00 and 18:00 hours.

For self-administration experiments, thirty-eight male Sprague Dawley rats (225-250 g; Charles
River Laboratories, St Constant, Qc) were individually housed in a climate-controlled colony room
under a 12-h reverse light/dark cycle (lights off at 8:30 am). Experiment 1 included 18 rats;
experiment 2 included 20 rats. Starting 3 days after their arrival, the rats were restricted to 25 g/day
of standard laboratory chow. This moderate food restriction regimen is commonly used in rodent
drug self-administration studies and it achieves 80-85% of free-feeding body weight[7; 25; 29;
52]. All rats gained weight over days. Self-administration sessions occurred during the dark phase
of the animal circadian cycle.

All surgeries and experimental procedures were performed during the light phase. Experimental
protocols were approved by the Animal Ethics Committees of McGill University (protocol #7181)
and the Université de Montréal (CDEA 17-095) and followed ethical guidelines of IASP for
investigation of experimental pain in conscious animals and the Canadian Institutes of Health
Research guidelines for animal care and scientific use. Animals were randomized into treatment
groups before any behavioral assessment was performed. All experiments, except self-

administration studies, were conducted by experimenters who were blind to drug treatments.
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3.3.2 Pain Animal models

Spared nerve injury was performed according to the method of Decosterd and Woolf[17]. Animals
were anesthetized with 3% isoflurane/100% O2 inhalation and maintained on 2% isoflurane/100%
02. The sciatic nerve was exposed at mid-thigh level distal to the trifurcation and the 3 peripheral
branches (sural, common peroneal, and tibial nerves) of the sciatic nerve were exposed. Both tibial
and common peroneal nerves were ligated and transected together. Incisions were closed using
vicryl sutures, and animals were allowed to recover for 14 days at the time point of maximal
mechanical/thermal allodynia. Animals exhibiting motor deficiency or health issues were excluded
from testing (less than 5%). Mechanical and cold allodynia were absent in healthy (pre-surgery)
animals, and the mechanical or thermal withdrawal threshold in rodents before SNI (pre-surgery)

was very close to the set cut-offs.

Mechanical allodynia

On day 15 after surgery, animals were placed in a test chamber (elevated mesh platform in an
enclosure) separated by opaque grey dividers and allowed to acclimatize for 30 to 40 minutes (rats)
or 60 to 90 min (mice). Von Frey filaments (Stoelting, Wood Dale, IL) were used to measure the
50% paw withdrawal threshold using the up-and-down method reported by Chaplan et al. [13]. A
series of calibrated filaments, for rats [Stoelting, Wood Dale, IL, ranging from 3.61 (0.407 g) to
5.18 (15 g) bending force] and mice [Stoelting, ranging from 2.83 (0.07 g) to 4.31 (2 g) bending
force] were applied to the midplantar surface (sural portion) of the hind paw. Lifting of the paw
indicated a positive response and prompted the use of the next weaker filament, whereas absence
of paw withdrawal after 5 seconds indicated a negative response and prompted the next filament
of increased weight. This paradigm continued for 4 more measurements after the initial change of

the behavioral response or until 5 consecutive negative or 4 consecutive positive responses.
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Cutoffs were set at 15 g (for rats) and 2 g (for mice). 50% paw withdrawal threshold were
calculated using the formula proposed by Dixon et al.[20]. Animals without allodynia were
excluded. After the determination of the basal response, allodynia was assessed at 0.5, 1, 2, 3, 4,
5,6, 7,and 8 hours (for rats) and 1, 2, 3, 4, 5, 6, 7 (for mice) post-administration for each treatment

described below.

Cold plantar essay

Cold allodynia was assed as previously described by Brenner et al[8]. Briefly, %" thick pyrex
borosilicate glass (Corning Inc., NY) was used. Mice were acclimated on the glass plate in
transparent plastic test chamber separated by separated by opaque grey dividers for 60 to 90 min.
In order to prepare the cold probe, fresh dry ice was crushed into a fine powder using a hammer
and stored at —80°C. To shape the probe, a blade was used to cut the top off a 3 mL BD syringe
(Franklin Lakes, NJ), and a BD needle tip was used to make 3 holes on each side of the syringe to
prevent gas buildup inside the syringe body. The powdered dry ice was packed into the modified
syringe and the open end of the syringe was held against a flat surface while pressure was applied
to the plunger to compress the dry ice into a flattened, dense pellet 1 cm in diameter. Awake mice
were tested by extending the shaped dry ice pellet and pressing it to the glass underneath the
hindpaw using a consistent pressure applied to the syringe plunger. The mid plantar portion of the
injured paw was targeted ensuring that the paw was accurately touching the glass surface. A
stopwatch was used to measure the withdrawal latency. Withdrawal was defined as any vertical or
horizontal movement of the paw away from the cold glass. An interval of at least 3 minutes was
allowed between trials on any single paw. These intervals were chosen to allow enough time for
the average mouse to return to a resting state after stimulation. A least 2 measurements were made

per timepoint and the average of the measurements were calculated. Cutoff was set at 20 seconds
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to avoid any tissue damage. Trials where the animal did not withdraw in under 20 seconds were

repeated.

3.3.3 Drug administration

For subcutaneous (s.c.) and intra-vIPAG single administrations, MT> partial agonist N-{2-([3-
bromophenyl]-4-fluorophenylamino)ethyl}acetamide UCM924[64] was dissolved in a vehicle
(\Veh) as previously described[48]. Naloxone, naltrindole, CTOP, TQ (Cederlane, Burlington, ON)
and morphine (Sigma-Aldrich, Dorset, UK) were dissolved in vehicle solution. A final volume of
0.4 mL in rats and 0.2 mL in mice was injected for s.c. administration and 1 pL was injected for
intra-vIPAG administration. All the antagonists were administrated 10 min before UCM924,
except for experiment described at section 3.7 where naloxone or Veh was s.c. injected 2.5 h post
UCM924 administration. For tolerance experiments, rats were injected once a day with UCM924
(or Veh) or twice a day with morphine (or Veh) for 8 days. For gene expression experiments,
UMC924 was injected subcutaneously (s.c. in 0.2 ml volume) 3 hours before mice were
euthanized. For i.v. self-administration rats received UCM924 (0.01-1 mg/kg/infusion), morphine

(0.5 mg/kg/infusion) or Veh.

3.3.4 Intra-vIPAG cannulation and microinjection

Neuropathic rats received ventrolateral periaqueductal grey guide cannulation and intra-vIPAG
microinjections. Animals were anesthetized using 3% isoflurane/100% O2 inhalation and
maintained on 2% isoflurane/100% O2 and mounted into a stereotaxic apparatus. The skull was
exposed and stainless steel guide cannula (4 mm below pedestral; 20 gauge; Plastics One,
Roanoke, VA, USA) directed toward the vIPAG using coordinates from the atlas of Paxinos and
Watson 65 (A: 7.8 mm and L: 0.5 mm from bregma and V: 4.5 mm below the dura). The cannula

was secured to the skull with dental cement to a stainless-steel screw). A paired dummy cannula

82



was inserted into the guide cannula to prevent contamination. Animals recovered on a heating pad
and carprofen (10 mg/kg, s.c.) was administrated immediately post-cannulation and every 24 h
post-surgery for 2 days. Cannulations were performed 7 days post to SNI. Microinjections were
performed using a 25-gauge needle (Plastics One) that extended 2 mm beyond the paired guide
cannula into the vVIPAG. Drugs or Veh were administered using a 5 pl Hamilton syringe in an
automated syringe pump (Braintree Scientific, Inc., Baintree, MA, US) over a period of 60
seconds. The total microinjection volume was 1 pl. The injection cannula was left in position for
2 min. All cannulae were double-checked after microinjection of 0.2 ul of pontamine sky blue dye
through the cannula. Rats with microinjection site outside of the VIPAG were excluded from the

study.

3.3.5 Invivo electrophysiology

In-vivo electrophysiology coupled to mechanical pinch

The guide cannula implantation into the VIPAG was performed as described above except for the
anesthesia. Rats were instead anesthetized with ethyl-urethane 1.2 g/kg i.p., placed in a stereotaxic
apparatus (David Kopf Instruments, Tujunga, CA), and a hole was drilled through the skull
according to the coordinates from rat brain atlas of Paxinos and Watson [60] (2.8-3.3 mm caudal
and 0.4-0.9 mm lateral to lambda and 8.9-10.7 mm depth from the surface of the brain). Anesthesia
was confirmed by the absence of nociceptive reflex reaction to a tail or paw pinch and of an eye
blink response to pressure. In order to maintain a full anesthetic state during the experiments,
supplemental doses of ethyl-urethane (10% of the initial dose, i.p.) were administered if required.
Body temperature was maintained at 35 to 36.5°C using a thermal pad (Yellow Springs Instrument

Co, Yellow Springs, OH).
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In the RVM, ON cells were identified based on their burst of activity, and OFF cells were identified
by the firing pause when a nociceptive mechanical stimulation (hind-paw pinch) was applied.
Anesthesia was adjusted so that hind paw flicks were elicited with a constant latency of <6 seconds.
The mechanical stimulation was delivered by a nociceptive pinch on the rat’s injured paw for
approximately 5 seconds. Pinches were elicited every 5 minutes for at least 15 minutes before the
microinjection of the drugs or Veh into the VIPAG.

Extracellular single-unit recordings were performed using single-barreled glass micropipettes
pulled from 2-mm Stoelting (Wood Dale, IL) capillary glass on a Narashige (Tokyo, Japan) PE-
21 pipette puller. The micropipettes were preloaded with fiberglass strands to promote capillary
filling with 2% pontamine sky blue dye in 3 M NaCl. The micropipette tips were broken down to
diameters of 1 to 3 um to reach an electrode impedance of 2 to 5 MQ. Single-unit activity was
recorded as large-amplitude action potentials captured by a software window discriminator,
amplified by an AC Differential MDA-3 amplifier (BAK Electronics, Inc., FL), post amplified and
band-pass filtered by a Realistic 10 band frequency equalizer, digitized by a CED 1401 interface
system (Cambridge Electronic Design, Cambridge, United Kingdom), processed online, and
analyzed off-line using Spike2 software version 5.20 for Windows PC. The first 30 seconds
immediately after detecting the neuron was not recorded to eliminate mechanical artifacts due to

electrode displacement.

Recording of RVM ON and OFF neurons
Once a neuron was identified from its background activity, we optimized spike size before the
treatments and included only those neurons with a constant spike configuration and which could

clearly be discriminated from activity in the background throughout the experiment.
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The spontaneous single-spike activity of the neuron was then recorded for at least 5 minutes before
Veh injection. The neuronal responses before and after intra-vIPAG drug or Veh microinjections
were measured and expressed as spikes per second (Hz). The RVM neural activity was expressed
as mean = SEM of the spikes/s by averaging the ongoing cell firing recorded 50 seconds before
hind paw flick trials (which were performed every 15 minutes). ON cells included in the data
analysis were those with spontaneous activity. Paw flick—related ON cell burst was calculated as
mean + SEM of the spikes in the 10 s interval starting from the beginning of the increase in cell
frequency (which was at least the double of its spontaneous activity). Finally, the duration of the
OFF cell pause was expressed as mean + SEM of the time elapsing between the pause onset and
the first spike after the hind paw flick. Once the recordings were terminated, pontamine sky blue
dye was injected iontophoretically by passing a constant positive current of 20 pA for 5 minutes
through the recording pipette to mark the recording site. Then, rats were decapitated and their
brains were extracted and frozen at —20°C. Subsequent localization of the labeled site was made
by cutting 20-pum-thick brain sections using a microtome (Leica CM 3050 S), and the electrode

placement was identified with a microscope (Olympus U-TVO.5 x C-3).

3.3.6 Immunohistochemistry

Tissue preparation and immunohistochemistry

Mice were anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and perfused intracardiacally
with 50 ml of freshly prepared, ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB) pH
7.4 for 15 minutes at 10mL/min using a peristaltic pump. Brains were dissected and post-fixed for
24 h at 4 °C in 4 % PFA solution, cryoprotected at 4 °C in a 30 % sucrose, PB 0.1 M pH 7.4
solution, embedded in OCT (Optimal Cutting Temperature medium, Thermo Scientific), frozen

and kept at —80 °C. 30-um thick brain coronal sections containing the PAG and RVM were
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collected using a cryostat (CM3050, Leica) and kept floating in PB 0.1 M pH 7.4. 30-um thick
sections were incubated in blocking solution (PB 0.1 M pH 7.4, 0.5 % Triton X100 (Sigma, St.
Louis, MO, USA) (PBST), 10% donkey serum (Abcam, ab7475) for 2 h at room temperature (RT).
Sections were then incubated for 48 hours at 4 °C in the blocking solution with appropriate primary
antibodies: rabbit polyclonal anti MT> (Alomone, AMR-032, dilution 1:250), rat monoclonal anti
m-cherry (Invitrogen, M11217, dilution 1:1000), mouse monoclonal anti-parvalbumin (PV)
(Millipore, MAB1572, dilution 1: 10,000). After 3 washes with PB 0.1 M pH 7.4, 0.5 % Triton
X100 buffer, sections were incubated for 2 hours at RT with appropriate donkey AlexaFluor-
conjugated secondary antibodies: anti-rabbit Alexa 488 (Invitrogen, A-21206, dilution 1:800),
anti-rat Alexa 594 (Invitrogen, A-21209, dilution 1:800, and anti-mouse Alexa 647 (Invitrogen,
A-31571, dilution 1:800). Sections were washed three times with PB 0.1 M pH 7.4, 0.5 % Triton
X100 and incubated with Neurotrace 435/455 blue Nissl (molecular probes N214791, dilution
1:100) for 30 minutes. After three washes, slices were mounted on gelatin-coated slides and

coverslips added with mounting medium (DPX Mountant, Sigma #06522).

Image acquisition

Images of PAG and RVM were collected with a confocal microscope (Carl Zeiss, LSM 710).
Acquisitions were performed using X20; 0.80 NA dry objective and zoom values ranging from 0.6
to 1.2 were used for high magnification and images were acquired with the LCS (Leica) software.
Confocal acquisitions in the sequential mode (single excitation beams: 405, 488, 594 and 647 nm)
to avoid potential crosstalk between the different fluorescence emissions were also used to validate
double and triple colocalization. Neurons (cells positive for the specific neuronal marker
Neurotrace blue Nissl) expressing a given fluorescent marker were counted using Fiji ImagelJ

software cell counter plugin. Colocalization between the green fluorescence expression (MT2), the
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red MOR-mCherry, or calcium/calmodulin-dependent protein kinasella red fluorescent protein-
labelled (CaMKIlo-tdTomato) or glutamic acid decarboxylase red fluorescent protein-labelled
(GADG65-tdTomato)or blue fluorescence (PV) associated with expression of the neuronal marker
was determined manually and blindly for each slice using Fiji ImageJ software. Counting was
performed in the well-described area of the VIPAG (Bregma: —4.60 mm to —4.72 mm). At least 3

slices from 4 animals were counted.

3.3.7 Gene expression

Total RNA was extracted as described elsewhere[10]. Briefly, periaqueductal gray (PAG; —3.6 to
—4.9 mm from Bregma) was punched from freshly dissected brain slices according to Paxinos &
Franklin mouse atlas[59], immediately frozen on dry ice and stored at —80 °C. RNA integrity was
checked by gel electrophoresis, and the concentrations were measured by using the Nanodrop 1000
system spectrophotometer (Thermo Fisher Scientific). RNA samples with OD260/0D280 ratio >
1.8 and < 2.0 were subsequently subjected to DNAse treatment and reverse transcribed with the
GeneAmp RNA PCR kit (Life Technologies). The relative abundance of each mRNA of interest
was assessed by real-time gRT-PCR using the Syber Green gene expression Master Mix (Life
Technologies) in a Step One Real-Time PCR System (Life Technologies). All data were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the endogenous reference
gene. Relative expression of different gene transcripts was calculated using the Delta-Delta Ct
(DDCt) method and converted to relative expression ratio (2—DDCt) for statistical analysis[46].
The following primers were used (5°-3): Gapdh forward TGCGACTTCAACAGCAACTC and
reverse CTTGCTCAGTGTCCTTGCTG; PENK forward TTCAGCAGATCGGAGGAGTTG and

reverse GAAGCGAACGGAGGAGAGAT; POMC forward GAACAGCCCCTGACTGAAAA
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and reverse ACGTTGGGGTACACCTTCAC. Results are presented as fold changes in mRNA

levels.

3.3.8 Intravenous Self-administration

Self-administration Apparatus

Self-administration occurred in standard operant chambers (Med Associates, St Albans, VT)
following our standard protocol[68]. At the start of each session, the house light was turned on and
both levers were inserted into the cage. Pressing the inactive lever had no programmed
consequences. Pressing the active lever delivered food (a 45-mg, banana flavoured, grain-based
food pellet; VWR, Montreal, QC), intravenous UCM924 (0.001-1 mg/kg/infusion), intravenous
morphine (0.5 mg/kg/infusion), or intravenous vehicle [a 70% dimethylsulfoxide (DMSOQO) and
30% saline solution], when schedule requirements were met. The dose of morphine was chosen
according to the literature[78], and that of UCM924 was chosen according to its pharmacokinetics;
indeed, UCM924 20 mg/kg s.c. corresponds to ca 100 ng/ml in the plasma (see Fig. S8). Upon
reward delivery and during the ensuing 20-s timeout-period (see below), both levers were retracted
and the light above the active lever was illuminated. This stimulus served as the discrete drug (or
food)-associated cue. After the timeout-period, the levers were reinserted into the cage to signal
reward availability. Four infrared photocells aligned horizontally at the bottom of each cage
measured locomotor activity during sessions. 3.33-RPM syringe pump motors delivered

intravenous solutions over 5 s at a rate of 30.26 pl/s.

Surgery and acquisition of food self-administration behaviour
Rats were implanted with a homemade catheter into the jugular vein, as in Samaha et al[68].
Briefly, an indwelling catheter was implanted into the jugular vein of rats anaesthetized with

isoflurane (5% for induction and 2-3% for maintenance; CDMV, Saint-Hyacinthe, QC, Canada).
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The other end of the catheter was set to exit between the scapulae. At the time of surgery, rats
received a subcutaneous injection of 5 mg/kg carprofen (Rimadyl; 50 mg/mL; CDMV) and an
intramuscular injection of 0.02 mL of a penicillin solution (Procillin; 300 000 1U/mL; CDMV).
Catheters were flushed on alternate days with either 0.1 mL physiological saline or a solution
containing 0.2 mg/mL Heparin (Sigma-Aldrich, Oakville, ON, Canada) and 2 mg/mL of the
antibiotic Baytril (CDMV). Rats recovered in their home cages for 7 days prior to further
manipulation. Thereafter, all rats were trained to lever-press for food pellets under a fixed ratio 3
(FR3) schedule of reinforcement. Once rats took > 20 pellets/session for two consecutive sessions
they were assigned to self-administer intravenous vehicle, UCM924, or morphine, as described

below.

UCMB924 and morphine self-administration

In Experiment 1, we determined whether UCM924 had reinforcing effects. To this end, rats were
assigned to self-administer vehicle (n = 4), or UCM924 [0.01 (n=4),0.1 (hn=5)or1 (n=5)
mg/kg/infusion) during daily, 1-h sessions. The rats first self-administered under FR3 for 10
sessions. During each session, each infusion was delivered over 5 s and was followed by a 20-s
timeout period. Because we observed no reliable self-administration behaviour under these
conditions (i.e., no difference from vehicle), we gave the rats 5 more sessions where they could
now self-administer UCM924 under a less effortful schedule of reinforcement, FR1. In Experiment
2, we compared the reinforcing efficacy of UCM924 to that of morphine. Rats were assigned to
self-administer UCM924 (0.1 mg/kg/infusion) or morphine (0.5 mg/kg) during daily 2-h sessions
under FR3, for 10 sessions. In Experiment 2, we also compared incentive motivation for UCM924
versus morphine. To this end, 1 day after the last FR3 session, we allowed the rats to respond for

UCM924 (0.1 mg/kg) or morphine (0.5 mg/kg) under a progressive ratio schedule of reinforcement
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(PR) during a single session. Under PR, response requirements increased according to the
following formula (5 e(inection number x 02)y_5 " vie]ding the following ratio progression 1, 2, 4, 6, 9,
12, 15, 20, 25, 32, 40, 50, 62, etc. 68. Drugs were injected over 5s. Sessions ended when 1 h
clapsed since the last infusion or after 5 h. The total number of infusions self-administered prior to

this point was used as a measure of incentive motivation for drug.

3.3.9 Pharmacokinetics study

Three SD rats were s.c. injected with 20 mg/kg of UCM924 (diluted in 70% DMSO and 30%
saline) and blood was collected after 0.5, 1, 2, 4 and 8 hours after injection. For plasma samples
an aliquot of 30 L sample was protein precipitated with 300 pL IS, the mixture was vortex-mixed
for 1 min and centrifuged at 4000 rpm for 20 min, 4°C. 80 pL supernatant was then mixed with
160 pL water with 0.1% FA, vortex-mixed 10 min and centrifuged for 10 min at 4000 rpm, 4°C.
1 pL sample was injected for LC-MS/MS analysis (LC-MS/MS-AJ, Triple Quad 5500).
Calibration curve: 1-3000ng/mL for UCM924 in male SD rat plasma. Internal standards: 100
ng/mL labetalol & 100 ng/mL liclofenac & 100 ng/mL tolbutamide in CAN. Data were analyzed

using Phoenix WinNonlin 6.3.

3.3.10 Statistical Analysis
Mechanical allodynia time-course and electrophysiological recordings were analyzed by repeated
measures or mixed-model two-way ANOVA (after testing for normality distribution and
sphericity) followed by the Tuckey post hoc comparison. Areas under the curve (AUC) were
analyzed by one-way ANOVA. Welch’s correction was used, when required. Student’s t-test was
used to analyze the UCM924 effect on the relative POMC and Penk gene expression. Group
differences in lever-pressing behaviour during FR3 and FR1 sessions were analyzed using three-

way ANOVA (group x gession X lever type; session and sever type as within-subjects variables).
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Repeated measures two-way ANOVA followed by the Tuckey post hoc comparison was used to
analyze group differences in either the number of self-administered infusions during FR3 and FR1
(group x session; session as a within-subjects variable) or locomotor activity over time during each
session (group x time; time as a within-subjects variable). Group differences in responding to drug
under PR were assessed using a two-tailed unpaired t-test. All data are expressed as mean + S.E.M.
Statistical values reaching P<0.05 were considered significant. Statistical analyses were performed
using Graphpad Prism v8.3.1 (GraphPad Software, San Diego, CA, US) or SPSS v24 (IBM Corp,
Armonk, NY, US). Tuckey or Dunnett post hoc comparisons was used for pair-wise comparisons
when interaction was significant. Detailed results of statistical tests are reported in the

supplementary table.

3.4 Results

3.4.1 MT2-mediated antiallodynic effect is nullified by MOR, but not by DOR, blockage

We first determined the contribution of the opioid system to the MT2-mediated antiallodynic effect
in SNI rats. We tested UCM924 that is a selective MT> partial agonist belonging to the class of N-
(substituted-anilinoethyl)amides[65] with no affinity for opioid receptors[47]. The subcutaneous
administration of UCM924, at the dose of 20 mg/kg, reversed the tactile allodynia in neuropathic
animals (Fig.1A-B), as previously demonstrated[48]. We therefore tested whether the non-
selective opioid antagonist naloxone, the selective MOR antagonist CTOP and the DOR antagonist
naltrindole counteracted UCM924’s effect. Systemic administration of naloxone (1mg/kg) prior to
UCM924 nullified the UCM924-induced antiallodynic effect in SNI rats across 8 hours
(interaction: F27,207=12.36, P<0.001; naloxone+UCM924 vs UCM924 P<0.05 Fig. 1A). The area

under the curve (AUC) analysis confirmed that the overall UCM924 effect was prevented by
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naloxone pre-treatment (F323=28.28; P<0.001; naloxone+UCM924 vs UCM924 P<0.001, Fig.1B).
Importantly, low dose of naloxone (1 mg/kg) alone did not affect the paw withdrawal threshold
baseline, as previously reported [38; 62] (Fig.LA-B). To explore the selective effect of UCM924
in the PAG, UCM924 (10ug) was injected intra-vIPAG where it showed an antiallodynic effect
(Fig.1C-H). This across-time effect was nullified in animals pretreated with naloxone (interaction:
F1500=8.36, P<0.001; naloxone+UCM924 vs UCM924 at 1h P<0.01; AUC: F318=12.36, P<0.01;
naloxone+UCM924 vs UCM924 P<0.001; Fig.1C-D), with CTOP (interaction: Fi595=9.09,
P<0.001; CTOP+UCM924 vs UCM924 at 1h P<0.01; AUC: F319=9.03, P<0.001;
CTOP+UCM924 vs UCM924 P<0.01; Fig.1E-F), but not with naltrindole (interaction:
Fi5105=5.55, P<0.001; naltrindole+UCM924 vs UCM924 at 1h P=0.36; AUC: F324=9.06,
P<0.001; naltrindole+tUCM924 vs UCM924 P=0.07; Fig.1G-H). Moreover, the analysis
comparing the AUC of the three antagonists naloxone, CTOP and naltrindole together confirmed

it (Fig.S1).

3.4.2 MT2-mediated antiallodynic effect is nullified in MOR™-, but not in DOR™~ mice

In order to better clarify the role of DOR in MT.-mediated antiallodynia, we treated SNI MOR ™~
and DOR™~ mice with the MT2 agonist UCM924. We found that UCM924 produced a significant
mechanical antiallodynic effect in WT (time x treatment F7, 110= 13.40, P<0.001; UCM924 vs Veh
at 2-5h P<0.001, Fig.2A) and DOR ™" (time X treatment F7, 95 = 31.78, P<0.001; UCM924 vs Veh
at 2-5h P<0.001, Fig. 2B), but not in MOR ™" (time x treatment F7 ¢ = 0.802, P=0.588; Fig. 2C)
mice across time. These results were confirmed when comparing all the three strains in the AUC
(treatment x genotype F245=97.26, P<0.001; WT UCM924 vs MOR UCM924 P<0.001; Fig. 2D).
Interestingly, a similar outcome was found in the cold allodynia test[8]. Indeed, UCM924

significantly reduced the SNI-induced cold allodynia, measured as thermal response threshold
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increase, in WT (time x treatment F7, og = 48.06, P<0.001; UCM924 vs Veh at 2-5h P<0.001,
Supplementary Fig. S2A) and DOR ™™ mice (time x treatment F7 g4 = 44.75, P<0.001; UCM924 vs
Veh at 2-5h P<0.001, Fig. S2B), but not in MOR ™~ mice (time x treatment F7,112 =2.07, P=0.052)
(Fig. S2C). These results were confirmed when comparing all the three strains in the AUC
(treatment x genotype F2 42 = 86.39, P<0.001; WT UCM924 vs MOR UCM924 P<0.001; Fig.

S2D).

3.4.3 Naloxone and CTOP block the activation of ON and OFF neurons induced by the
MT?2 partial agonist UCM924

We next explored the relationship between MORs and MT2 receptors in the modulation of the ON
and OFF cells[26; 27], the two main populations of neurons in the PAG-RVM circuit implicated
in pain modulation. ON cells increase their firing just prior the occurrence of reflexes induced by
noxious stimulation, playing a pronociceptive role. OFF cells undergo a characteristic pause just
before the nocifensive reflex, and their activation promotes antinociception[28; 35]. UCM924
microinjection into the VIPAG (Fig.3A) decreases the firing rate of the pronociceptive ON cells
(Fig.3B top left -C-E-G) and enhances that of the antinociceptive OFF cells (Fig.3B top right-D-
F-H) as previously determined[48]. Intra-vIPAG naloxone pre-treatments abolished the UCM924-
induced decrease in the frequency of the spontaneous activity (interaction Fze117=3.72 P<0.001;
naloxone+UCM924 vs UCM924 at 30-60 min P<0.001; Fig. 3C) and in the mechanical pinch burst
of firing (Fig.S3A) in the ON cells. CTOP pretreatment also abolished the effects of UCM924
(interaction Fze,117=3.87, P<0.001; CTOP+UCM924 vs UCM924 at 30-60 min P<0.001; Fig.3E)
and in the mechanical pinch burst (Fig.S2C) in the ON cells. Together, naloxone and CTOP
prevented the enhanced firing of the OFF cells (naloxone+tUCM924 vs UCM924 interaction:

Fse,117= 3.10, P<0.001; CTOP+UCM924 vs UCM924, interaction: Fss117= 4.67, P<0.001; Fig.3D,
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F, respectively) and the reduction of the OFF cell pause duration (Fig.S3 B-D) promoted by
UCM924. In agreement with the behavioural data, the naltrindole neither altered the modulation
of the firing activity induced by UCM924 (naltrindole+UCM924 vs UCM924 at 0-60 min, P=n.s.,

Fig.3G-H), nor the burst and pause of ON and OFF cells (Fig.S3E-F, respectively).

3.4.4 MT2 receptors and MORs are expressed in different areas and neurons of the PAG-
RVM descending pathway

To explore the neurobiological mechanisms underlying the antinociceptive effects in the PAG-
RVM circuit, we investigated the localization of MT. receptors using SNI transgenic MOR-
mCherry[23], calcium/calmodulin-dependent protein kinasello. red fluorescent protein-labelled
(CaMKlIIa-tdTomato)[75], glutamic acid decarboxylase red fluorescent protein-labelled (GAD65-
tdTomato) mouse[5] and the GABAergic-associated calcium-binding protein, parvalbumin
(PV)[3; 12; 32].

Our previous immunohistochemical results showed that the MT> receptor[40; 48] and MOR-
mCherry[22] are both expressed in the VIPAG. MT> receptors have been found in GADG65-
tdTomato™ cells of the VIPAG (Fig. 4A), and specifically this co-localization was observed in PV
inhibitory interneurons (Fig. 4A,C). Using knock-in transgenic mice lines CaMKIIa-td tomato, we
also confirmed that M T2 receptors co-localize with CaMKIla, an excitatory neuronal promoter in
the adult forebrain[21; 75] (Fig. 4B). Moreover, while MOR-mCherry signal was revealed in PV*-
inhibitory neuronal cell bodies in the RVM, MT: receptor immunoreactivity was instead absent
(Fig.4C-D).

We then quantified the percentage of neurons positive for somatic MT, and MOR-mCherry. While
we counted 2.16+0.32% of MT> receptors in the total neural cell body population of the VIPAG

(17/768), 1.19+0.18% of MOR were quantified over the total vVIPAG neural population (9/768)
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(Fig.4C). The co-localization MT2"/MOR-mCherry* neurons were only 0.20+0.02 % of the total
VIPAG neurons (2/768) (Fig.3C). Specifically, among the population of MOR-mCherry* in the
VIPAG 17.14+2.62% co-labeled with MT." expressing neurons (2/9), and among the MT>" neurons
9.44+4.24% co-labeled with MOR-mCherry* in the VIPAG (2/16) (Fig.4C).

Altogether, these data suggest that MT, and MOR are differentially expressed in distinct neuronal

populations of the PAG and in distinct brain areas.

3.4.5 UCM924-, but not morphine-induced antiallodynia and ON-OFF cell modulation
involve postsynaptic G protein-coupled inwardly-rectifying potassium channels
(GIRKS) in VIPAG

Next, we investigated whether MT, receptors and MORs modulate the G protein-coupled

inwardly-rectifying potassium channels GIRK1/4 channel, which is coupled to the inhibitory Gi/o

family. We tested the effects of the GIRK1/4 blocker tertiapin-Q (T-Q) in behavioral and

electrophysiological experiments in the VIPAG. Intra-vIPAG 1uM pre-administration of T-Q

antagonized the antiallodynic effect of UCM924 across time (interaction: Fis5120=9.89, P<0.001;

T-Q+UCM924 vs UCM924 P<0.01; AUC: F324=11.62, P<0.001; T-Q+UCM924 vs UCM924

P<0.001, Fig.5A-B respectively). Notably, a similar dose of T-Q was showed to have no effect in

decreasing the pain threshold in neuropathic animals when injected i.c.v.[73]. Furthermore, T-Q

administration prior to UCM924 abolished the UCM924-induced decrease in both spontaneous

activity (interaction: Fzs130=2.98, P<0.001; TQ+UCM924 vs UCM924 at 25-60 min, P<0.01;

Fig.5C) and pinch-induced burst (Fig.S4A) in the ON cells. T-Q also blocked the increase in the

firing activity of the OFF cells (interaction: Fss132=3.95, P<0.001; TQ+UCM924 vs UCM924 at

15-60 min P<0.001 Fig.5D) and the reduction in the OFF cell pause (Fig.S4B) promoted by

UCMO924. Conversely, intra-PAG T-Q did not block the effects of 5ug MOR agonist morphine on
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firing of ON neurons[14] (interaction: Fze132=6.77, P<0.001; T-Q+morphine vs morphine, P=n.s,
Fig.5E) and burst (Fig.S4C) nor was the firing of OFF cells[14] (interaction: Fzs72=9.09, P<0.001;
T-Q+morphine vs morphine, P=n.s; Fig.5F) and the pause (Fig.S4D) when T-Q was injected prior
to morphine. These latter findings confirmed previous results[37; 55]. Taken together, these data
show that MOR and MT: activate different signaling pathways and GIRK1/4 channels contribute

to the electrophysiological and behavioral effects of MT. receptor.

3.4.6 Cross tolerance between MT:2 receptor and MOR agonists

Acute morphine administration has antiallodynic effects after repeated administration of UCM924

One of the main side-effects of opioids is the induction of tolerance to their analgesic effects[24;
50]. To test whether repeated administration of UCM924 induces tolerance and if a cross-tolerance
between UCM924 and morphine occurs, we administered UCM924 (20mg/kg, s.c., once a day for
9 days) or Veh to SNI rats and tested at day (D) D1, D3, D5, D7 and D9. The antiallodynic effects
of UCM924 were attenuated over time (interaction: Fso376=6.24, P<0.001; D1 vs D9 P<0.01at 3-
6 h; AUC: Fs52023=20.09, P<0.001; D1 vs D7, P=0.018 and D1 vs D9, P=0.001; Fig.6A-B), as
expected for GPCR agonists; however, at D9, UCM924 still produced a significant antiallodynic
effect compared to vehicle (Veh vs D9 P=0.025, Fig.6B). Intriguingly, morphine (5mg/kg) at day
10 (D10) in D9-UCM®924-tolerant rats had an antiallodynic effect comparable to that reached in
rats treated with VVeh for 9 days (interaction: F12,0=38.97, P<0.001; D9-UCM924+Morph vs D9-
Veh+ Veh at 30-180 min P<0.001; AUC: F27.8=217.9, P<0.001; D9-UCM924+Morph vs D9-
Veh+Veh P<0.001, Fig.6C-D). In agreement with these behavioral findings, electrophysiological
recording showed that a single dose of morphine (5ug), but not UCM924 (10ug), injected into the
VIPAG was effective in reducing the ON cells firing across time in D9-UCM924-tolerant rats

compared to Veh (interaction: F24,84=5.67, P<0.001; D9-UCM924+Morph vs D9-UCM924+Veh
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P<0.05 and D9-UCM924+UCM924 vs D9-UCM924+Veh P= n.s.; Fig.6E) and their burst
magnitude (Fig.S5A). Similarly, morphine, but not UCM924, microinjected in the VIPAG
increased the OFF cells’ firing (interaction: F24,01=1.68, P=0.043; Fig.6F), and decreased the OFF

cells’ pause (Fig.S5B) compared to Veh.

Acute UCM924 administration does not produce antiallodynic effects after repeated
administration of morphine

Chronic morphine administration leads not only to the development of tolerance to their analgesic
effects[24], but also disrupts the physiological modulation of ON and OFF cells in the RVM[74],
which become unresponsive. To better elucidate the reciprocal interaction and cross-tolerance
between the MT> receptor and MOR in a neuropathic pain condition, we administered UCM924
or Veh in rats treated with repeated morphine (5mg/kg, twice a day, s.c.,) or vehicle injections for
9 days, and tested at D1, D3, D5, D7 and D9. After a 9 day treatment with morphine SNI rats
developed a complete tolerance[56] to its antiallodynic effect (interaction: Fso234=14.43, P<0.001;
D1 vs D9 P<0.01 at 30-120 min; AUC: Fs1925=102.6, P<0.001; D1 vs D9 P<0.001, Fig. 6G-H).
Also, UCM924 (20mg/kg) administrated at D10 in morphine-tolerant rats lost its antiallodynic
effect compared to D9-Veh treated rats (interaction: Fie,120=10.34; P<0.001; D9-Morph+UCM924
vs D9-Veh+UCM924 at 1-6h P<0.01; AUC: F,,16=157.3, P<0.001; D9-Morph+UCM924 vs D9-
Veh+UCM924 P<0.001, but D9-Morph+UCM924 vs D9-Veh P<0.05 Fig.6l-J).
Electrophysiological recordings showed that UCM924 microinjected into the vIPAG at D10 did
not reduce the ON cells’ firing activity in morphine-tolerant animals (interaction: F2484=0.89,
P=0.608; Fig.6K) and burst magnitude (Fig.S5C), nor modulate the firing of OFF cells (interaction:

F24,117=0.145, P=n.s.; Fig. 6L) and decrease the OFF cell pause (Fig.S5D).

97



These data suggest that a normal functioning of the MORs is necessary for the MT, agonism to
provide antiallodynic properties and confirm their upstream position in the descending pathway

compared to MORs.

3.4.7 PENK mRNA expression after M T2 partial agonist UCM924 administration

Based on the above findings and previous work suggesting that melatonin increases the release of
endogenous opioids[4; 71], we questioned whether MT»-induced anti-allodynia is mediated by
opioid endogenous ligands and whether the MT> activation by UCM924 increases the synthesis of
B-endorphin precursor pro-opiomelanocortin  (POMC) and/or the enkephalin precursor
proenkephalin (PENK). Systemic administration of naloxone (1mg/kg) 2.5 h post UCM924
administration reversed the UCM924-induced antiallodynic effect in SNI animals (interaction: Fie,
112 = 20.27, P<0.001; UCM924 + Veh vs. UCM924 + Nalo P<0.01 at 3h Fig. 7A). The AUC
analysis confirmed that the overall UCM924 effect was antagonized by naloxone post-treatment
(F2,15 =41.51, P<0.001; UCM924+veh vs. UCM924+Nalo P<0.001, Fig.7B).

Next, we measured the relative gene expression of the POMC and PENK mRNA in the PAG.
While a significant increase of the PENK mRNA levels was found in SNI animals treated with 20
mg/kg of UCM924 compared to veh (t7=3.80, P=0.0067), no change in POMC mRNA level was
detected (ts=0.25, P=0.8110) in the PAG. Interestingly, in the PAG of SNI mice the PENK mRNA
level was increased compared to sham animal (ts=2.65, P= 0.038), confirming previous findings
in a chronic inflammatory pain model[82]. Together, these data show that the MT> receptor
activation stimulates the PENK transcription in the PAG and that endogenous opioid ligands play

a crucial role in MT2-induced anti-allodynia.

3.4.8 Lack of reliable intravenous self-administration induced by MT2 receptor agonist

UCM924
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Opioids, including morphine, have rewarding effects [19; 39]. It was thus important to investigate
this side effect for the M T receptor partial agonists. To determine whether UCM924 has intrinsic
reinforcing efficacy, in Experiment 1 we allowed rats to press a test lever to self-administer vehicle
or different doses of UCM924 (0.01, 0.1 or 1mg/kg/infusion). These doses were chosen based on
the pharmacokinetics showed in Fig S5. Rats first lever-pressed for UCM924 (or Veh) under FR3
and then FR1. Fig.5 illustrates the average number of active lever presses (Fig.5A), inactive lever
presses (Fig.5B) and self-administered injections (Fig.5C) during these sessions. Across UCM924
doses and schedules of reinforcement, lever-pressing behaviour was similar in the UCM924 and
vehicle groups (Figs.5A-B; Group x Lever type x Session: FR3 sessions, F27,126=0.67, P=0.88; FR1
sessions, Fi1256=1.15, P=0.34). In addition, neither the UCM924 nor vehicle groups discriminated
between the active and inactive levers (Figs.5A-B; Lever type x Group: FR3 sessions, F31=2.08,
P=0.15; FR1 sessions, F314=0.73, P=0.54). Finally, across UCM924 doses and schedules of
reinforcement, the number of self-administered infusions was similar to vehicle (Fig.5C; main
effect of Group: FR3 sessions, F314=1.80, P=0.19; FR1 sessions, F314=0.96, P=0.43; Session X
Group effect: FR3 sessions, F27,126=0.66, P=0.89; FR1 sessions, F1256=1.08, P=0.39). Locomotor
activity during the self-administration sessions was also similar in the UCM924 and vehicle groups
in session 1 (Fig.5D; Group x Time interaction effect: FR3 session, Fs3154=1.11, P=0.33),
suggesting no locomotor effects induced by UCM924. Post-hoc analyses are in Supplementary
table. Thus, when tested under a range of doses and across two different fixed ratio schedules of
reinforcement, the rats did not self-administer UCM924 more than a vehicle solution, and
UCMO924 did not influence locomotor activity. Altogether, these findings indicate that at the doses

tested, UCM924 has no motor effects or intrinsic reinforcing properties in rats.

99



3.4.9 Reliable intravenous self-administration induced by morphine, but not MT2
receptor agonist UCM924
In Experiment 2, we compared UCM924 (0.1mg/kg) and morphine (0.5mg/kg) self-administration

behavior, first under FR3 (10 daily 2-h sessions) and then under progressive ratio (PR; one
session). Fig.5 shows lever-pressing behavior and self-administered infusions in morphine
(Fig.5G) and UCM924 rats (Fig.5H). The morphine rats pressed significantly more on the active
versus inactive lever (F1,18=73.52, P<0.001), indicating that the rats reliably discriminated between
a lever that produced morphine injections and a lever that did not. The UCM924 rats pressed just
as often on the active than on the inactive lever (F118=1.12, P=0.30). Moreover, the morphine rats
pressed more often on the active lever than the UCM924 rats did (P<0.001). The morphine rats
also earned more infusions than the UCM924 rats did (session x group effect: Fg162=3.82,
P<0.001). We also measured locomotor activity during each self-administration session. Figs. 5I-
K show average locomotor counts in the morphine and UCM924 groups on the first, 5th and 10th
self-administration session, respectively. During each of these sessions, the morphine rats showed
more locomotor activity compared to UCM924 rats (Main effects of Group; All P’s<0.05). The
morphine rats also showed more locomotor activity on the 10th than on the 1st self-administration
session (P<0.05). Post-hoc analyses are in Supplementary table.

This finding indicates that these rats developed psychomotor sensitization. In contrast, the
UCM924 rats maintained low and unchanging levels of locomotion throughout the 10 self-
administration sessions.

The absence of discrimination between the active and inactive levers in the UCM924 group also
reproduced the effect seen in Experiment 1, where a different cohort of rats also failed to show
lever discrimination when allowed to lever press for 0.1 mg/kg/infusion UCM924. The data in

Experiment 2 further shows that morphine self-administration evokes psychomotor sensitization.
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Psychomotor sensitization is thought to reflect neuroplasticity underlying the increased drug-
wanting characteristic of addiction[66]. Thus, while rats reliably self-administered morphine and
developed robust psychomotor sensitization, rats did not self-administer UCM924. This indicates

that compared to morphine, UCM924 does not have reinforcing effects in rats.

3.4.10 Incentive motivation for morphine is higher than for UCM924

Fig.5 shows the number of self-administered UCM924 versus morphine infusions under a PR
schedule of drug reinforcement. The morphine rats took more infusions than the UCM924 rats did
(Fig.5L; t1s=-3.46, P<0.01) and pressed more on the active lever than the UCM924 rats did (Group
x Lever: F1,18=7.69, P<0.05; Figs.5M-N) during the PR test. In other words, the rats were willing
to work much harder to obtain 0.5mg/kg/infusion morphine than 0.1mg/kg/infusion UCM924.

Thus, rats showed significantly greater incentive motivation for morphine than for UCM924.

3.5 Discussion

The results presented here showed that the antiallodynic effects of the melatonin MT> agonist
UCM924 are mediated by the opioid system, specifically MOR, but unlike morphine, it is not self-
reinforcing, which suggests no abuse liability. The antiallodynic effects of M T2 agonist are blocked
by the MOR, but not DOR, antagonist CTOP; similarly, CTOP blocks the ability of UCM924 to
decrease pronociceptive ON cells firing and increase antinociceptive OFF cells firing.
Immunohistochemical data suggest that the MT> receptor is upstream of the MOR, and are mostly
localized in the glutamatergic and GABAergic neurons of the PAG, while the MOR is modestly
present in the neuronal soma in the VIPAG and are also expressed in the RVM. The fact that in

morphine tolerant animals the UCM924 no longer showed its antiallodynic properties, but not
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vice-versa, confirms the upstream position of the MT. receptor and that MT> receptor agonists
need functional MOR for their therapeutic effects.

Despite considerable drug-discovery efforts[54], therapeutics for chronic neuropathic pain remain
scant, and novel effective therapies without addiction liability are needed to manage untreatable
pain. Previous studies have shown that exogenous and endogenous melatonin provides analgesic
effects with the involvement of the opioid systems. Notably, melatonin increases the release of
beta-endorphin[4; 71], and the naloxone blocks the melatonin-induced analgesia in the hot
plate[34; 41] and tail-flick tests[80]. In addition, the opioid antagonist naltrexone blocks the
melatonin-induced mechano-allodynia in a spinal nerve ligation model[1]. Here, we showed that
non-selective naloxone and MOR-selective CTOP antagonists blocked both the antiallodynic
effect and the central modulation of ON and OFF cells in the PAG-RVM descending
antinociceptive circuit. In agreement with a previous study[2], we also found that naltrindole has
a limited effectiveness in blocking the effect of UCM924. Of note, at the dose used in this study
(1ug intra-PAG), naltrindole is a selective DOR antagonist in vivo[9]. Indeed, this finding was
confirmed by electrophysiological recordings with 1jg naltrindole and the allodynic tests in DOR"
" mice. Although DORs have a great potential for the treatment of chronic pain[33; 63], the MT-
induced antiallodynic effect at supraspinal level seems to be more linked to the MOR.

We confirmed that the MT> receptor is expressed in neurons of the vIPAG[40; 48], but not in the
RVM. We found that MT. receptors are expressed in both excitatory and inhibitory neuronal cell
bodies in the VIPAG (~2.16%), while 1.19% of MORs have been found in somatodendritic
neuronal population. On the other hand, our findings confirmed that MORs are expressed in the
PAG and RVM[15; 23; 42; 84], corroborating our hypothesis that MT> receptors are localized

upstream of MORs. UCM924’s, but not morphine’s, antiallodynic effect and its capability to
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modulate ON and OFF cells are antagonized by T-Q, suggesting the involvement of GIRK1/4 to
promote MT> antiallodynia at supraspinal level. These findings are in line with previous results,
showing that supraspinal morphine analgesia was not directly mediated by GIRK in chronic pain
conditions[37; 73]. It has been shown that the GABAE&R agonist baclofen induces a post-synaptic
inhibition through GIRK in the VIPAG[45], leading to analgesia[6; 43]. This effect can stimulate
excitatory synapses activating antinociceptive OFF cells. In parallel, the MT2-induced inhibition
of glutamatergic cells activated by noxious stimuli directly contributes to the decrease of
pronociceptive ON cell firing. Although inhibition of glutamatergic neuronal activity or activation
of GABAergic neuronal activity potentiates nociception[70], previous studies suggested that
presynaptic inhibition of glutamatergic transmission onto ON cells in PAG can contribute to
analgesia[16]; MT2 receptor activation on glutamatergic neurons may play this role.

Nevertheless, GABA-disinhibition has been proposed as a mechanism underlying opioid
analgesia[27; 67]. Opioids activate the PAG-RVM descending pathway by indirectly removing
the inhibitory control of local GABAergic interneurons. The results presented here showed that
naloxone treatment after UCM924 reversed the MT»-induced antiallodynia. This effect is likely
due to the displacement of the MOR endogenous ligand enkephalin produced by competitive
antagonism naloxone (Ki = 1.5 nM)[79] for the MOR, since the enkephalin precursor PENK
MRNA levels are increased after the administration of UCM924 in the PAG of SNI mice. Based
on this evidence, the GABA-disinhibition promoted by MT> activation in the vVIPAG may stimulate
the release of the endogenous opioid enkephalins at a downstream level in the RVM, as observed
with melatonin[4; 71]. Similarly, the expression of the enkephalin precursor PENK gene is
increased in the RVM of MT> knock-out mice[62]. Here, MT> receptors may induce a double

effect, activating MORs, which are presynaptically expressed on GABA inhibitory interneurons,
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thus promoting the disinhibition of antinociceptive OFF cells; and/or, in parallel, activating
enkephalins, stimulating postsynaptic MORs localized on the ON cells, thus inhibiting the
pronociceptive ON firing[26].

Opioid side effects include tolerance to analgesia and abuse liability, both limiting their long-term
use. After 9 days of morphine, the rats became tolerant to the antiallodynic effects of morphine
and its capacity to modulate ON and OFF neurons. On the other hand, after 9 days of repeated
UCM924 treatment, UCM924 showed attenuated, but still significant antiallodynic effects over
time (AUC) compared to control. Moreover, whereas 9 day-morphine-treated rats did not respond
to UCM924 antiallodynic effect and to ON and OFF cell modulation (cross-tolerance), 9 day-
UCM924-treated rats responded to the morphine, suggesting that the MT. agonism needs
functional MOR to be effective. This evidence suggests also that the MOR acts downstream of
MT: in the PAG-RVM pathway, pointing out the crucial engagement of MOR in the MT2-induced
supraspinal analgesia. Moreover, single microinjection of UCM924 or morphine failed to
modulate ON and OFF cells after repeated treatment with UCM924 or morphine respectively,
suggesting a decreased responsiveness in these two populations of neurons due to repeated drug
administration[74].

While rats given the opportunity to self-administer UCM924 did not voluntarily take the drug, they
self-inject morphine. This result provides the first evidence that UCM924, unlike morphine, has
no robust reinforcing properties, suggesting no abuse potential. Drugs of abuse produce reinforcing
effects in large part by activating the mesolimbic dopamine system, which also underlies the
reinforcing properties of non-drug rewards[18]. The mesolimbic system consists of dopaminergic
neurons in the ventral tegmental area and their axonal projections to terminal fields in the nucleus

accumbens and the prefrontal cortex. First, the lack of MT2 receptors in the mesolimbic
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dopaminergic pathways, including the VTA and prefrontal cortex[40] could explain the lack of
rewarding effects of UCM924. Second, MT2 receptors are scarcely co-localized with the MOR
receptors at the cellular level, thus not directly activating the intracellular cascade that is
responsible for opioid side effects[49].

The lack of UCM924 reinforcement could be explained by its longer half-life (Fig.S7) and its slow
indirect stimulation of MORs through the MT.-induced release of enkephalins. In support of this
hypothesis, a recent study showed that morphine and synthetic opioids, but not endogenous
opioids, activate opioid receptors inside cells at Golgi apparatus level and much more quickly than
endogenous opioids[72]. This time difference could be important in the development of addiction,
because typically drugs that act faster have an enhanced propensity to addiction[69].

Even if many questions are still open, the stimulation of the MT> receptor by agonists may
represent a novel avenue to treat neuropathic pain conditions by activating opioid receptors, all the

while presenting low abuse liability.
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Chapter 111 - Figure 1. The antiallodynic effect of the M T2 agonist UCM924 is nullified

by the non-selective naloxone and selective MOR antagonist CTOP.
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(A) Time course. UCM924 (20 mg/kg, s.c.) increases the paw withdrawal threshold in
neuropathic rats. Pretreatment with the non-selective opioid antagonist naloxone (1 mg/kg,
s.c.), but not Veh, blocks the UCM924 antiallodynic effect across time. (B) Area under the
curve (AUC). UCM924 (20 mg/kg, s.c.) produces a significant antiallodynic effect for 7 hours.
Pretreatment with naloxone (1 mg/kg, s.c.) reduces the overall UCM924 antiallodynic effect
across time. (C and E) Time course. UCM924 (10 ng, intra-vIPAG) increases the paw
withdrawal threshold in neuropathic rats. Pretreatment with naloxone or MOR selective CTOP
(1 g, intra-vIPAG, both), but not Veh, completely blocks the UCM924 antiallodynic effect.
(D and F) AUC. Pretreatment with naloxone or CTOP (1 ng, intra-vIPAG, both) reduces the
overall UCM924 antiallodynic effect. (G) Time course. Pretreatment with the selective DOR
antagonist naltrindole (1 ng, intra-vIPAG), but not Veh, partially blocks the UCM924
antiallodynic effect at 1 hour. (H) Area under the curve (AUC). Pretreatment with naltrindole
(1 pg, intra-vIPAG) reduces the overall UCM924 antiallodynic effect. Intermittent line on the
bottom of A, C, E and G represents the threshold cutoff (4 g) for allodynia in SNI rats. Values
above this line are considered an antiallodynic effect. Data are expressed as mean £ SEM (n=
8-5 each group). *P < 0.05, **P < 0.01, and ***P < 0.001 vs Veh; #P < 0.05, ##P < 0.01, and
###P < 0.001 vs naloxone/CTOP/naltrindole + UCM924. Data are analyzed using two-way
ANOVA (time course) or one-way ANOVA (AUC) followed by Tukey post-hoc test. Detailed
data and post hoc analysis are available in Supplementary Table.
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Chapter 111 - Figure 2. The MT2agonist UCM924 does not have anti-allodynic effect in
MOR knockout mice.

UCM924 (20 mg/kg, s.c.) increases the paw withdrawal threshold across time in WT (A) and
DOR™ (B), but not in MOR™ (C) neuropathic mice. (D) AUC. UCM924 (20 mg/kg, s.C.)
produces an overall antiallodynic effect in WT and DOR™", but not in MOR™" neuropathic mice.
Data are expressed as mean £ SEM (n= 11-7 each group). **P < 0.01, and ***P < 0.001 vs
WT Veh (A, D) or DOR™ Veh (B); ##P < 0.001 vs DOR™ Veh (D), $$$ < 0.001 vs WT
UCMB924 (D). Data are analyzed using two-way ANOVA followed by Tukey post-hoc test.
Detailed data and post hoc analysis are available in Supplementary Table.
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(A) Schematic illustration of microinjections in the vIPAG site (top) and of site of the
electrophysiological recording in the RVM (bottom). (B) Firing rate histogram of a single ON
(top left) and OFF (top right) neuron of the RVM after Veh followed by UCM924
microinjections; and of a single ON (bottom left) and OFF (bottom right) neuron of the RVM
after naloxone followed by UCM924 microinjections. Scale bars indicate 5 minutes for
ratemater records, whereas arrowheads indicate the noxious stimulation. UCM924 (10 g,
intra-vIPAG) decreases spontaneous firing rate activity of ON cells (C, E, G) and increases
the firing activity of OFF cells (D, F, H) across time in neuropathic rats. Pretreatment with
1ug intra-vIPAG of naloxone (C-D) and CTOP (E-F), but not naltrindole (G-H), blocked the
UCM924-induced modulation of ON (C, E, G) and of OFF cells (D, F, H). Data are expressed
as mean = SEM for n=4-2 each group (C-H). *P < 0.05, **P < 0.01, and ***P < 0.001 vs Veh;
##P < 0.01, and ###P < 0.001 vs naloxone or CTOP + UCM924. Two-way ANOVA followed
by Tukey post-hoc test. Detailed data and post hoc analysis are available in Supplementary
Table.
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Chapter Il - Figure 4. MT2 receptors and MORs expression in the PAG-RVM
descending pathway.

(A) MT: receptors are expressed in GAD65-tdTomato® neurons of the VIPAG, and this
colocalization was observed particularly in parvalbumin (PV) inhibitory expressing
interneurons. (B) MT. receptors are expressed in CaMKIIo™ neurons, an excitatory neuronal
promoter of the adult forebrain. (C) MOR-mCherry, MT, receptor and inhibitory PV*
GABAergic neurons are expressed in VIPAG. Both MOR-mCherry (filled arrowhead) and MT>
(empty arrowhead) colocalize with PV* GABAergic neurons. Counting: 2.16 + 0.32% of MT>
receptor and 1.19 £ 0.18% of MOR-mCherry are expressed in the total neural cell body
population of the VIPAG. Colabel MT>"/MOR-mCherry™ neurons are 0.20 + 0.02 % of the total
neuronal population (arrow). (D) MT. receptors are poorly expressed in the RVM, while

MORs are abundantly localized in this area. Scale bars: 25 um.
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Chapter 111 - Figure 5. The inwardly-rectifying potassium channels (GIRKSs) involvement
in the antiallodynic effects and modulation of ON/OFF cells induced by UCM924 and
morphine.

Pre-administration of GIRK1/4 blocker tertiapine-Q (T-Q 1 uM intra-vIPAG) prevents the
antiallodynic effect of UCM924 (A-B), blocked the UCM924-induced modulation of ON (C)
and OFF (G) cells. Morphine (5 pg, intra-vIPAG) decreases spontaneous firing rate of ON
cells (E) and increases the firing activity of OFF cells (F) in neuropathic rats. Pretreatment
with GIRK1/4 blocker T-Q (1 uM intra-vIPAG) did not block the morphine-induced
modulation of ON (E) and OFF (F) cells. Intermittent line on the bottom of E represents the
threshold cutoff (4 g) for allodynia in SNI rats. Values above this line are considered an
antiallodynic effect. Data are expressed as mean + SEM for n= 8-6 each group (A, B) or n=4-
2 each group (C-F). *P < 0.05, **P < 0.01, and ***P < 0.001 vs Veh; #P < 0.05 ##P < 0.01,
and ###P < 0.001 vs T-Q + UCM924. Two-way (A, C, D, E, F) or one-way (B) ANOVA

119



followed by Tukey post-hoc test. Detailed data and post hoc analysis are available in

Supplementary Table.
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Chapter 11l - Figure 6. Cross-tolerance after repeated MT2 and MOR agonists

administration.

121



Repeated UMC924 administration (D1-D9 UCM924, 20 mg/kg, s.c., once daily for 9 days)
results in a decrease of antiallodynic effect (A: time course; B: AUC). Acute morphine
injection after repeated administration of UCM924 (D9-UCM924+ Morph, 5 mg/kg, s.c.)
increases the paw withdrawal threshold (C) and the AUC (D) in neuropathic rats treated 9-day
with UCM924.

Microinjection of morphine (D9-UCM924+ Morph, 5 ug, intra-vIPAG), but not UCM924 (D9-
UCM924+ UCM924 10 ug), decreases spontaneous firing rate of ON cells (E) and increases
the firing activity of OFF cells (F) after 9 day treatment with UCM924.

Repeated morphine administration (D1-D9 Morph, 5 mg/kg, s.c., twice daily for 9 days)
resulted in a decrease of antiallodynic property (G: time course; H: AUC) leading to tolerance.
Acute administration of the UCM924 after 9-day treatment with morphine (D9-
Morph+UCM924, 20 mg/kg, s.c.) failed to increase the paw withdrawal threshold across time
(1), but showed a slight increase in the AUC compared to vehicle treated (D9-Veh+Veh, J).

UCM924 (D9-Morph+UCM924, 10 pg, intra-vIPAG) failed to decrease spontaneous firing
rate of ON cells (K) as well as to increase the firing activity of OFF cells (L) in rats with 9-
day morphine treatment. Intermittent line on the bottom of A, C, G and | represents the
threshold cutoff (4 g) for allodynia in SNI rats. Values above this line are considered an
antiallodynic effect. Data are expressed as mean £ SEM for n=10-6 (A, B, C, D, G, H) and n=
4-3 each group (E, F, K, L). *P < 0.05, **P < 0.01, and ***P < 0.001 vs D1-9 Veh (A, B, G,
H) or vs D9-Veh+Veh (C, D, I, J) or D9-UCM924 + Veh (E, F); #P < 0.05, ##P < 0.01, and
###P < 0.001 vs D9-UCM924 (A, B) or D9-UCM924 + UCM924 (E, F) or D9-Morph (G, H)
or D9-Morph + UCM924 (1, J). Two-way (A, C, D, E, F, G, I, K, L) or one-way (B, D, H, J)
ANOVA followed by Tukey (A, C, E, F, G, I, J, K, L) or Dunnet (B, D, H) post hoc test.

Detailed data and post hoc analysis are available in Supplementary Table.
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Chapter 111 - Figure 7. UCM924 antiallodynic effect is reverted post administration of
naloxone and increases the PENK gene expression in the PAG of neuropathic mice.

(A) Time course. Naloxone (1 mg/kg, s.c.) administration post UCM924 (20 mg/kg, s.c.)
reverses the increased paw withdrawal threshold in neuropathic mice. (B) AUC. Naloxone
administration post UCM924 reduces the overall UCM924 antiallodynic effect across time.
(C-D) UCM924 (20 mg/kg, s.c.) increases the relative PENK, but not POMC, mRNA level in
the PAG in SNI mice. (D indent) In SNI neuropathic mice the basal level of PENK mRNA is
increased compared to sham animals. Data are expressed as mean £ SEM for n= 6-5 each group
(A, B) or n=4 each group (C-D). *P < 0.05, **P < 0.01, and ***P < 0.001 vs Veh (A, B) or
vs wt SNI Veh (D) or vs wt sham (D indent); ##P < 0.01, and ###P < 0.001 vs UCM924 +
Veh. Two-way (A) or one-way (B) ANOVA followed by Tukey post-hoc test or Student’s t-

test (C-D). Detailed data and post hoc analysis are available in Supplementary Table.
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Chapter 111 - Figure 8. Intravenous self-administration with UCM924 (dose-response)

and UCM924 vs Morphine.
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Number of active (A) and inactive (B) lever presses is similar in rats given access to UCM924
compared to vehicle controls. Control and UCM924 rats also earned a similar number of
infusions (C) and displayed similar locomotor activity on session 1 (D), session 5 (E) and
session 10 (F). All data are mean + SEM. Vehicle, n = 4, UCM924 0.01 mg/kg, n = 4; 0.1
mg/kg, n =5; and 1 mg/kg, n =5. Thus, across a range of doses and schedules of reinforcement,
rats do not self-administer UCM924 more than vehicle, and UCM924 does not have significant
locomotor effects. Rats reliably self-administer morphine (G) but not UCM924 (H). (G) The
morphine (0.5 mg/kg/infusion) rats pressed significantly more often on a lever that delivered
the drug (active) than on a lever that did not (inactive). (H) The UCM924 (0.1 mg/kg/infusion)
rats did not press a similar number of times on a lever that delivered UCM924 (active) and on
a lever that did not (inactive). (I-K) Morphine rats showed greater locomotor activity than
UCM924 rats did, and only morphine rats developed psychomotor sensitization over the 10
self-administration sessions. Under a progressive ratio schedule of reinforcement, (L) rats self-
administering morphine took more drug injections and (M) pressed more often on the active
lever than rats self-administering UCM924 did. (N) There was no group difference in inactive
lever presses. Thus, rats show greater incentive motivation for morphine (0.5 mg/kg/infusion)
than for UCM924 (0.1 mg/kg/infusion). All data are mean + SEM. Morphine, n = 10;
UCM924, n = 10. *** P < 0.001, Active > inactive lever presses. ** P < 0.05, Morphine vs

UCMB924 rats. Detailed data and post hoc analysis are available in Supplementary Table.

125



3.8 Supplemental Figures:
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Chapter 11l - Figure. S1. The non-selective Naloxone and selective MOR antagonist
CTORP block the MT2 receptor-induced mechanical antiallodynia.

AUC. Intra-vIPAG naloxone and CTOP fully block the UCM924 antiallodynic effect in SNI
rats, while naltrindole do not. Data are expressed as mean = SEM (n=5-11 each group). ***P
< 0.001 vs Veh; ##P < 0.01, and ###P < 0.001 vs UCM924. One-way ANOVA followed by
Tukey post-hoc test. Detailed data and post hoc analysis are available in Supplementary Table.
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Chapter 111 - Figure S2. MOR, but nor DOR, genetic deletion prevents the MT2 agonist-
induced cold antiallodynia.

(A-C) Time course. UCM924 (20 mg/kg, s.c.) increases the paw withdrawal latency in WT
(A) and DOR™ (B), but not in MOR™ (C) neuropathic mice. (D) AUC. UCM924 (20 mg/kg,
s.c.) produces a cumulative antiallodynic effect in WT and DOR™, but not in MOR™
neuropathic mice. Data are expressed as mean £ SEM (n= 9-7 each group). **P < 0.01, ***P
< 0.001 vs WT Veh (A) or DOR” Veh (B). ***P < 0.001 vs WT Veh (D), ###P < 0.001 vs
DOR™ Veh (D) and % P < 0.001 vs WT UCM924. Two-way ANOVA followed by Tukey

post-hoc test. Detailed data and post hoc analysis are available in Supplementary Table.
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Chapter 111 - Figure S3. The non-selective naloxone and selective MOR antagonist CTOP
block the effects of the M T2 agonist UCM924 on ON cell burst and OFF cell pause of the
PAG-RVM descending antinociceptive pathway.

UCM924 (10 pg, intra-vIPAG) reduces the burst activity of ON cell burst (A, C and E) and
the pause of OFF cell pause (B, D and F) across time in neuropathic rats. Pretreatment with 1
Mg intra-vIPAG of naloxone (A-B) and CTOP (C-D), but not naltrindole (E-F), blocked the
UCM924-induced modulation of ON cells’ burst (A, C and E) and of OFF cell’s pause (B, D
and F) cells. Data are expressed as mean + SEM for n= 4-2 each group. **P < 0.01, and ***P
< 0.001 vs Veh; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs naloxone/CTOP/naltrindole +
UCM924. Two-way ANOVA followed by Tukey post-hoc test. Detailed data and post hoc
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Chapter 11l - Figure S4. Inwardly-rectifying potassium channels (GIRKs) mediate

UCMB924-, but not morphine-induced modulation of ON cell burst and OFF cell pause.

UCM924 (10 pg, intra-vIPAG) and morphine (5 pg intra-vIPAG) both reduce the burst activity
of ON cell (A, C) and the pause of OFF cell pause (B, D) across time in neuropathic rats.
Pretreatment with GIRK1/4 blocker T-Q (1 uM intra-vIPAG) blocks the modulation of the
burst and pause produced by UCM924 (A, B), but not by morphine (C, D). Data are expressed
as mean = SEM for n=4-2 each group. ***P < 0.001 vs Veh; ###P < 0.001 vs T-Q + UCM924.
Two-way ANOVA followed by Tukey post-hoc test. Detailed data and post hoc analysis are

available in Supplementary Table.
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Chapter 111 - Figure S5. Effects of repeated MT2 and MOR agonists administration and
cross-tolerance analysis of ON cell burst and OFF cell pause modulation.

Morphine (5 ug, intra-vIPAG) decreases the burst activity of ON cells (A) and reduces the
pause of OFF cells (B) after 9 days of treatment with UCM924 (20 mg/kg, s.c.). UCM924 (10
Mg, intra-vIPAG) failed to reduce the burst activity of ON cells (C) as well as to reduce the
pause of OFF cells (D) after 9 days of treatment with morphine (5 mg/kg, intra-vIPAG, twice
daily). Data are expressed as mean £ SEM for n= 4-3 each group. **P < 0.01, and ***P <
0.001 vs D9-UCM924+Veh; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs D9-
UCM924+UCM924. Two-way ANOVA followed by Tukey post-hoc test. Detailed data and

post hoc analysis are available in Supplementary Table.
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Chapter 11l - Fig S6. Schematic illustration of the location of VIPAG and RVM
microinjection sites.

(A) Vehicle or drug(s) microinjections were performed in the left VIPAG (filled blue circle).
The open circle indicates microinjections accidentally or intentionally performed outside of
VIPAG and were excluded from the analysis. (B) Neuronal recordings were performed by
lowering a glass electrode into the RVM. ON cells (red circles) or OFF cells (black circles)
recording sites are shown. Some sites are not shown because of symbol overlapping. Distances
from the bregma are indicated. (C) Representation of coronal sections of the rat brain with the
photomicrograph of the recording site in the RVM. Raphe magnus nucleus (RMg); raphe
pallidus nucleus (RPa). The white arrow indicates the site of the electrode recording labeled

with pontamine sky blue dye.
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Chapter 111 - Figure S7. Pharmacokinetic of the M T2 partial agonist UCM924.
Three SD rats were s.c. injected with 20 mg/kg of UCM924 (diluted in 70% DMSO and 30%

saline) and blood was collected after 0.5, 1, 2, 4 and 8 hours after injection.
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Appendix to Chapter 111

3.9 Introduction

In order to better understand the behavioural self-administration results exposed in chapter 111
showing the lack of rewarding effects of UCM924, we further investigated the response of the
MT> receptor stimulation in the reward/motivation circuit.

The neurotransmitter dopamine (DA) is the most widely explored underpinning mechanisms to
drug addiction due to reward/motivation mechanisms in the mesocorticolimbic components which
include the ventral tegmental area (VTA) and nucleus accumbens (NAc) (Fields and Margolis
2015; Koob and Volkow 2016; Robinson and Berridge 2008). Systemic and local VTA injection
of MOR agonists like morphine showed an increased dopamine release in the ventral striatum (Di
Chiara and Imperato 1988; Spanagel et al. 1992) and to enhance the firing rate of DA neurons in
the VTA (Gysling and Wang 1983; Jalabert et al. 2011). Moreover, MORs are located on GABA
neurons within the VTA and opioid-induced disinhibition of adjacent DA neurons (Johnson and
North 1992; Margolis et al. 2014).

Based on these considerations, we examined the effects of the MT. partial agonist UCM924
administration on DA neurons in the VTA using in vivo electrophysiological recordings, and the

expression of the MT receptor in the VTA.

3.10 Materials and methods

Animals
Adult male Sprague-Dawley rats (Charles River, Ste. Constant, Quebec, Canada), weighing

between 260 g and 330 g were used for in vivo electrophysiology. Rats were housed 2 per cage
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under standard laboratory conditions (12 h light : 12 hr dark cycle, lights on at 07:00; temperature
approximately 20°C; 50-60% relative humidity; free access to food and water). All procedures
were performed in compliance with the standards and ethical guidelines mandated by the Canadian
Institutes for Health Research, the Canadian Council on Animal Care, and the McGill Comparative

Medicine and Animal Resources Centre.

Drug delivery
N-{2-[(3-bromophenyl)-(4-fluorophenyl)amino] }ethylacetamide (Rivara et al. 2009) were all

dissolved in a vehicle (Veh) composed of 70% dimethylsulfoxide (MP Biochemicals, Solon, OH,
USA) and 30% saline. The dose of UCM924 was chosen according to our recent study (Lopez-
Canul et al. 2015) and no endothelial damage was revealed at this concentration of DMSO.
UCM924 was injected at doses of 10 mg/kg up to a maximum of 40 kg/mg. Intravenous (i.v.)
injection of vehicle preceded injections of UCM924. Apomorphine (Sigma-Aldrich, St-Louis,
MO), a non-selective dopamine (DA) agonist, was dissolved in 0.9% saline and injected i.v., with
injections of 30 pg/kg up to a maximum dose of 120 pg/kg, after UCM924 (apomorphine inhibits
spontaneous firing of DA neurons). Haloperidol (Sigma-Aldrich), a D2 receptor antagonist, was
also injected, following apomorphine, at doses of 50 ug/kg up to a maximum of 100 pg/kg
(haloperidol increases spontaneous firing of DA neurons). Intravenous (i.v.) administration of all
drugs was carried out using a catheter inserted into the lateral tail vein. The maximum volume for

a single i.v. injection was 0.1 ml (infused in approximately 1 minute).
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In vivo Electrophysiological Recording

In vivo extracellular single-unit recordings of presumed dopamine (DA) neurons in the ventral
tegmental area (VTA) were performed to study the modulatory effects of acute administration of
the novel selective MT. partial agonist UCM924 on DA neuronal firing and burst activity in the
VTA. The following methods were adapted from (Dominguez-Lopez et al. 2014; Gobbi et al.

2001).

Preparation for electrophysiological experiments

Adult male Sprague-Dawley rats were anesthetized with chloral hydrate (400 mg/kg, i.p.) and
mounted in a stereotaxic apparatus (Stoelting Instruments) with the skull positioned horizontally.
A full anesthetic state was confirmed by the absence of a nociceptive reflex reaction to a paw or
tail pinch and the absence of an eye blink response to applied pressure. Animals were continuously
monitored and supplemental chloral hydrate injections (100 mg/kg, i.p.) were administered as
needed to maintain an anesthetic state. Rat body temperature was maintained at approximately
37°C throughout the experiment using a heating pad. Single-barreled glass micropipettes with an
internal diameter of 1.5 mm (Harvard Apparatus, St-Laurent, QC, Canada) were pulled to a length
of approximately 1 cm in a Narashige PE-2 pipette puller (Tokyo, Japan) and were preloaded with
fiberglass strands to promote filling with 2% pontamine sky blue dye in 0.5 M sodium acetate
solution (pH 7.5). The electrode tips were broken down under microscopic control to diameters of

1-3 um with impedances ranging between 4-8 MQ.

Single-unit extracellular recordings of VTA DA neurons
The VTA is the principal source of DA innervation in the brain. To record from the VTA, an
incision was made in the scalp. A burr hole was drilled above the VTA, according to the stereotaxic

coordinates in Paxinos and Watson’s atlas (2013); A-P: 3.4 to 4.1 mm from the interaural line;
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lateral: 0.6 mm to 1.1 mm from the midline. A hydraulic micropositioner (model 650; David Kopf
Instruments) was used to lower the electrode into the VTA to a depth between 7.5 to 8.8 mm. The
electrode was slowly advanced (approximately 0.15 mm/min) until a clear neuronal signal was
isolated. Presumed DA neurons were identified according to well-established electrophysiological
properties: low and irregular firing rate (0.5-5 Hz) with a characteristic low burst activity, a
triphasic action potential with a marked negative deflection, a long duration (>2.5 ms), and a
characteristic notch on the rising phase (Grace and Bunney 1983; Ungless and Grace 2012;
Labonte et al. 2012). An inhibitory response to the injection of apomorphine, a DA agonist
(injected after UCM924 or vehicle), as well as an excitatory response to the injection of
haloperidol, a D2 antagonist (injected after apomorphine), also ensured that recorded neurons were
dopaminergic. 2-4 electrode descents were carried out in order to achieve maximum sampling of
the VTA DA neurons. Single-unit activity was recorded as discriminated action potentials using a
single-barreled glass micropipette. The analog signal was converted into a digital signal using a
1401 Plus interface (CED, Cambridge Electronic Design, Cambridge, UK) and was analyzed off-
line using Spike 2 software (CED, Cambridge Electronic Design, Cambridge, UK). Changes in
neuronal firing activity and pattern resulting from drug injections were monitored continuously
(200s intervals were analyzed) but the first 30s following injections were not considered to

minimize artifacts caused by the injection.

DA burst activity

DA burst activity was categorized by a train of at least two spikes with an initial interspike interval
of <80 ms and the longest interspike interval (ISI) allowed with bursts being <160 ms, within a
regular low-frequency firing pattern and decreased amplitude from the first to the last spike within

the burst (Dominguez-Lépez et al. 2014; Ungless and Grace 2012). Burst parameters studied were:
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number of bursts per 200s, percentage of spikes occurring in bursts, number of spikes/burst, burst

interspike interval, and bursts length.

Histological Verification

At the end of experiments, the recording site was marked by iontophoretic ejection by passing a
positive current of 20 HA for 10 minutes through the recording pipette. To verify that the recorded
neurons were in fact dopaminergic, the rat brains were sliced at -22°C into 50um-thick cross-
sections using a cryostat (CM30505, Lieca Microsystems, Wetzlar, Germany) and sections were
mounted on glass slides. The slides were studied using an Olympus (Olympus America, Center
Valley, PA) digital camera attached to an Olympus CX41 microscope to confirm that the

iontophoretic ejection was correctly localized at the VTA.

Tissue preparation and immunohistochemistry

Rats were anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and perfused intracardially
with 50 ml of freshly prepared, ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB) pH
7.4 for 15 minutes at 10mL/min using a peristaltic pump. Brains were dissected and post-fixed for
24 h at 4 °C in 4 % PFA solution, cryoprotected at 4 °C in a 30 % sucrose, PB 0.1 M pH 7.4
solution, embedded in OCT (optimal cutting temperature medium, Thermo Scientific), frozen and
kept at —80 °C. 30-um thick brain coronal sections containing the VTA were collected using a
cryostat (CM3050, Leica) and kept floating in PB 30-um thick sections were incubated in blocking
solution (BS) of PBST (PB Triton X100 (Sigma, St. Louis, MO, USA) with 10% donkey serum
(Abcam, ab7475) for 2 h at room temperature (RT). Sections were then incubated for 48 hours at
4 °C in the blocking solution (BS) with appropriate primary antibodies: rabbit polyclonal anti MT>
(Alomone, AMR-032, dilution 1:250), and chicken polyclonal anti tyrosine hydroxylase TH

(Abcam, ab76442, 1:1000). After 3 washes with PB 0.1 M pH 7.4, 0.5 % Triton X100 buffer,
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sections were incubated for 2 hours at RT with appropriate donkey AlexaFluor-conjugated
secondary antibodies: anti-rabbit Alexa 555 (Invitrogen, A-31572, dilution 1:200), anti-chicken
IgY (H+L) fluorescein (Invitrogen, A-16055, dilution 1:1000). Sections were washed two times
with PB 0.1 M pH 7.4, 0.5 % Triton X100, one with PB 0.1 M pH 7.4, and finally were mounted
on gelatin-coated glass slides for air-dry, and coverslipped with antifade fluoroshield mounting
medium with DAPI (Vectashield, H-1200, 1.5 pg/ml). Next, images of VTA were collected with
a confocal microscope (Carl Zeiss, LSM 710). Acquisitions were performed using X10; 0.80 NA
dry objective and zoom values 0.6 were used for high magnification and images were acquired
with the LCS (Leica) software. Confocal acquisitions in the sequential mode (single excitation
beams: 405, 488, and 594 nm) to avoid potential crosstalk between the different fluorescence

emissions were also used to validate double colocalization. 3 slices from 2 animals were stained.

Statistical analysis

Data were analyzed using GraphPad Prism (version 8.0.1; Inc., San Diego, CA) and Excel 2010
(Microsoft Office), and were first tested for assumptions of normality and homogeneity of
variance. Data were expressed as mean + S.E.M. Neuronal responses to cumulative administration
of drugs were calculated as percentage of change from baseline before drug injections, were
reported as mean (% of veh) + S.E.M., and were computed using one-way analysis of variance
(ANOVA) (factor: treatment dose) followed by Tuckey post hoc comparisons to analyze the effect
of treatment with UCM924 on spontaneous DA neuron firing, burst activity, percentage of spikes
in burst, number of bursts, spikes per burst, burst interspike interval and burst length in the VTA.

Statistical significance was taken as probability value of p < 0.05.

3.11 Results
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Dose response effects of the MT> partial agonist UCM924 on firing rate and burst activity of
DA-VTA neurons

A total of 12 neurons were recorded in the VTA from 7 rats. Of these neurons, one from each rat
was selected (the last neuron) in which to test the effects of a range of doses of UCM924. The DA
firing rate was found to be 4.18 + 0.77 Hz, and of the DA neurons recorded (Fig. 2A), all were
burst-firing neurons. The effect of acute intravenous administration of UCM924 was tested in 6
neurons. In VTA DA neurons, increasing doses of UCM924 produced a dose-dependent inhibition
of DA cell firing F425 = 6.93, P=0.0007; Fig. 2B). Tuckey post hoc analysis revealed that at 30
mg/kg and 40mg/kg, there was significant decrease in the firing activity as compared to vehicle
(P=0.029 and P=0.001, respectively; Fig. 2B). Moreover, at 40mg/kg the decrease in firing activity
was even significant as compared to 10 mg/kg (P=0.004; Fig. 2B). Notably, as illustrated in Figure
2A, the injection of apomorphine at 30ug further decreased the firing as expected.

Figure 2C reports the burst firing activity of VTA DA neurons. The number of bursts in a 200s
interval was significantly decreased by the administration of UCM924. Post hoc analysis revealed
that UCM924 at the dose of 40 mg/kg significantly decreased the number of bursts compared to
Veh (P=0.025) and to UCM924 10 mg/kg (P=0.016). No overall effect of UCM924 was observed

for spikes in burst, spikes per burst, burst interspike interval and burst length.

MT. receptors expression in the ventral tegmental area
Our immunohistochemistry study indicated that M T receptor fluorescent signal was weak in the

VTA, as previously reported (Klosen et al. 2019; Lacoste et al. 2015). Conversely, high density of
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the tyrosine hydroxylase (TH)-positive cell bodies was revealed in this area. TH is a widely used

marker for DA neurons in the central nervous system (Bjorklund and Dunnett 2007).

3.12 Discussion

As the results presented in this Appendix are intimately connected to the behavioural self-
administration findings presented in Chapter I11, I will overall discuss them in the Chapter 1V -

discussion.
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3.13 Figures
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Appendix chapter 111 - Figure 1. MT2 receptor activation of dopaminergic neurons.

(A) Rat brain representation with 50 um coronal section photomicrograph of the recording site
in the VTA (approximately 3.7 mm from interaural line). Ventral tegmental area (VTA);
substantia nigra (SN); aqueduct (Aq); third ventricle (3V). The red arrow indicates the site of
the electrode recording labeled with pontamine sky blue dye. (B) Representative firing rate
histograms showing the acute response of DA neurons to increasing doses of the MT partial
agonist UCM924 followed by apomorphine and haloperidol. UCM924 decreased spontaneous
firing rate, apomorphine further inhibited firing and haloperidol increased firing rate in VTA
DA neurons. (C) The typical spike waveform of DA neuron. (D) Acute intravenous (i.v.)
increasing UCM924 administration decreases firing rate of VTA DA neurons (n = 6). (E) Burst
activity parameters of VTA neurons recoded in vivo after administration of veh and increasing
doses of the UCM924. Each point of the line (D) or data (E) represent mean + SEM expressed
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as percentage of baseline before injections of veh and UCM924. *P< 0.05, **P< 0.01 vs veh;
#P< 0.05, ##P< 0.01 vs 10; One-way ANOVA followed by Tukey post hoc test.
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VTA

MT: DAPI TH Merge
Appendix Chapter 111 - Figure 2. Immunohistochemical expression of the M T2 receptor
in the VTA.

Immunohistochemical localization of M T2 receptors in the VTA. MT, immunostaining reveals
poor immunoreactive neurons in the VTA. TH immunostaining showing high fluorescence in

the VTA. Double labeling demonstrates the no colocalization of MT. receptors with TH in the
VTA. Scale bars: 50 um.
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Chapter IV

4.1 General Discussion

The studies described in this dissertation studied the role of the opioid system in the analgesia
induced by the activation of the melatonergic receptors. In order to characterize the possible
interaction between these two systems in pain states, we used acute and chronic neuropathic pain
models in wild type rats and mice transgenic for MLT and opioid receptors, selective MLT MT
partial agonists, behavioural pain tests, in vivo electrophysiological recordings, mRNA expression
quantification, and immunohistochemistry. The potential rewarding properties of MT> partial

agonists were also investigated.

4.2 Summary of primary findings

In chapter 1l, we discovered a key role for the MT. receptor in pain control and the
functional interaction between melatonergic and opioid systems. In brief, we studied the distinct
roles of melatonin MT1 and MT2 receptor subtypes in acute (hot plate test, HPT) and tonic
(formalin test, FT) pain rodent models. We found that MT, 7 and MT:”7/MT2"", but not MT, ™",
mice showed an increased thermal threshold in the HPT and a decrease in the nociceptive overall
time in the tonic phase of the FT compared to WT littermate. We also measured the nociceptive
threshold across the light-dark cycle in WT and MT,/~ mice and found that this decreased
sensitivity in MT,”~ mice was more evident in the inactive/light phase. In fact, during the
active/dark phase, WT mice nociceptive sensitivity was reduced in both the HTP and FT, while in
MT,", nociceptive sensitivity did not change in the HTP and in phase 1 of the FT, but it was
increased in phase 2 of the FT. Moreover, antinociceptive effects of the systemically administered
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MT? partial agonist, UCM924, were measured in the WT, MT: ", MT2 "/~ and MT1 7 /MT2"" mice.
Confirming our previous results (Lopez-Canul, Comai, et al. 2015), UCM924 reduced the
temperature to the first paw licking in the HT and the cumulative time the animal spent in
nociceptive response to the injected hind paw in both phases of the FT in WT and MT17", but not
MT2 7~ and MT:/MT2 ", mice.

Later, we tested whether this loss of nociceptive sensitivity in mice lacking the functional MT>
receptor was linked to a tonic opioid activation. We thus injected MT2~ and WT mice with a low
dose (2 mg/kg, s.c.) of the non-selective opioid antagonist, naloxone. Interestingly, while in WT
mice naloxone did not modify the thresholds in the HPT and FT, it significantly reduced the
temperature to the first paw licking (HPT) and the cumulative time spent in nociceptive behaviors
in phase 2 of FT in MT2" mice. Finally, we hypothesized that this tonic opioid activation was
induced by a hyper-activation of the opioid endogenous system. To evaluate this, we measured the
relative gene expression of the endogenous opioid enkephalin, Penk, in the periaqueductal gray
(PAG) and rostral ventromedial medulla (RVM), two pivotal areas of the descending
antinociceptive pathway. Penk mRNA levels were increased in the RVM, but not in the PAG, of
MT2"" mice. In conclusion, we demonstrated for the first time that the genetic inactivation of MT>,
but not MT4, receptors lead to an increased nociceptive threshold in these transgenic mice. This
phenotype is likely due to an increased opioid tone in some brain nuclei, such as the RVM.

In chapter Ill, we discovered a key role for the mu opioid receptor in MT2-mediated
analgesia. Specifically, we examined the distinct role of mu (MOR) and delta (DOR) opioid
receptors as well as their function and location in the descending antinociceptive pathway in MT>
receptor-mediated antiallodynia. We chose these two opioid receptor subtypes for two reasons: (1)

they both share their expression in the VIPAG with MT> receptors (Commons, Van Bockstaele,
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and Pfaff 1999; Erbs et al. 2014; Le Merrer et al. 2009); (2) MOR agonists (i.e. morphine,
oxycodone, buprenorphine) are drugs commonly prescribed in the clinical practice to alleviate
chronic pain (Gress et al. 2020; Trescot et al. 2008), and DOR agonists seem to have potential for
therapeutic targeting of chronic pain and its related emotional disorders including anxiety and
depression (Pradhan et al. 2011). Here, we demonstrated that the MOR plays a fundamental
function in MT2-induced antiallodynic effects. When the MOR was pharmacologically blocked or
genetically silenced, the UCM924 antiallodynic effects were nullified, as well as the UCM924-
induced modulation of the pronociceptive ON and antinociceptive OFF cell firing in the RVM.
Our immunohistochemical findings display that the MT> receptors are expressed in inhibitory
interneurons and excitatory neuronal somas in the VIPAG, but not in the RVM, while MORs have
been revealed in both these structures of the descending antinociceptive pathway. Moreover, we
found that MORs and MT receptors poorly colocalize in the neuronal somas in the VIPAG (~ 0.20
%). Of note, while a G protein-coupled inwardly-rectifying potassium (GIRK) channels blocker
tertiapin-Q (T-Q) antagonized the antiallodynic effect and the ON/OFF cell modulation both
induced by MT> partial agonist UCM924 microinjection into the VIPAG, T-Q was ineffective to
counteract the descending modulation of ON/OFF cells provoked by the MOR agonist, morphine.
We also found that both UCM924 and morphine lost their antiallodynic and ON/OFF modulatory
properties after repeated administration over time (9 days), confirming previous findings about
morphine-induced tolerance (Mayer et al. 1999; Tortorici, Morgan, and Vanegas 2001).
Interestingly, cross-tolerance studies revealed that while the acute s.c. morphine injection after 9-
days of UCM924 treatment increased the paw withdrawal threshold in neuropathic rats, the acute
UCM924 injection after 9-days of morphine treatment did not. Similarly, in vivo

electrophysiological recordings showed that morphine microinjections into the vIPAG after 9-days
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of UCM924 treatment still modulate the ON/OFF cell firing, while acutely UCM924
microinjections into the VIPAG after 9-days of morphine treatment failed to alter their firing.
Preliminary experiments showed that s.c. UCM924 administration increased the endogenous
opioid proenkephalin, Penk, mRNA level in the PAG. Summarizing, we demonstrated that MT-
induced antiallodynia requires the presence of functional MOR at the supraspinal level. This
mechanism likely occurs through enkephalin release induced by MT receptor activation.

In the last experiment presented in chapter I11 and its Annex, we did not find evidence that
the MT> receptor partial agonist, UCM924, induces reward in rats. Our behavioural experiments
showed that while rats did not voluntarily self-administer UCM924, they did self-inject morphine.
This finding is consistent with our preliminary data showing that UCM924 dose-dependently
decreased the neuronal activity of dopaminergic neurons in the VTA - whereas morphine increased

it (Jalabert et al. 2011) - and MT2 receptors are poorly expressed is in this area.

4.3  The Opioid system contribution to MT2-induced analgesia

We identified critical roles of the opioidergic tone in determining the increased nociceptive
threshold in M T2 knock-out mice (4.3.1) and that of MOR in the anti-allodynic effects induced by

MT, agonism (4.3.2).

4.3.1 Genetic inactivation of MT2 receptors leads to a reduced nociceptive sensitivity
due to an opioidergic tonic activation
As mentioned in the introduction, some studies suggested the involvement of the opioid system in
MLT-induced analgesia, since MLT's analgesic effects are blocked by the non-selective opioid
antagonist, naloxone (Lakin et al. 1981; Golombek et al. 1991). However, the specific role of MLT

and opioid receptor subtypes in pain conditions was not studied. Consequently, in chapter 11, we
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turned our attention to the role of each MLT receptor subtype on the regulation of nociception.
Our major discovery in chapter 1l was that the genetic inactivation of M T receptors (but not MT1)
lead to decreased pain sensitivity in the HPT and in the second phase of the FT during the
light/inactive phase. We hypothesized that the decreased response to nociceptive stimuli in the
mice lacking the MT. receptor could be related to hyper-activation of the opioid system as result
of a developmental adaptation due to the genetic inactivation of the MT> receptor In fact, a recent
study by Minett and colleagues (2015) demonstrated that mice lacking sodium channel Nav1.7
displayed a congenital insensitivity to pain and upregulation of the endogenous opioid, Penk,
MRNA in sensory neurons. We thus injected a low dose of naloxone (2 mg/kg) which reversed the
constitutive low pain sensitivity in MT,™~ in HPT and phase 2 of FT, confirming a tonic activation
of the opioidergic system. Later, we investigated whether the opioid tonic activation could be
linked to an overexpression of endogenous opioid ligand enkephalin in some brain areas of the
descending antinociceptive pathway involved in the modulation of pain (Heinricher et al. 2009).
We found that the enkephalin precursor, Penk, mMRNA was upregulated in RVM of MT27~ mice.
These findings suggest that MT, "~ mice may have an adaptive response to pain, as confirmed by
the elevated opioid tonic activation, observed here with the naloxone challenge and with the
increase of the enkephalin precursor, Penk, mRNA in the RVM.

As no difference was found in the pain threshold in the early phase of the FT among the four
genotypes, it can be speculated that the MT. receptors play a less relevant role in this early phase
where C afferent fibers are involved. However, both MLT and MT: selective partial agonists
reduced the overall time spent engaged in nociceptive behaviors in the early phase both in rats
(Lopez-Canul, Comai, et al. 2015) and mice (chapter I1). More research is required to fully

elucidate the participation of MT2 receptors in the antinociceptive mechanism of phase 1 of the
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FT, as well as the involvement of the MT. receptor in mechanical (brush), thermal (cold)
sensitivity. Of note, MT, "~ mice showed an increased threshold in the late phase of the FT. This
phase describes a tonic response that combines an increased excitability of neurons in the dorsal
horns (sensitization) (Coderre et al. 1993; Coderre and Melzack 1992) and an inflammatory
reaction (i.e. prostaglandin synthesis) in the peripheral tissue (Hunskaar and Hole 1987; Wheeler-
Aceto, Porreca, and Cowan 1990). Although our finding showing the Penk upregulation in the
RVM would explain this phenotype, further experiments are needed to rule out a possible role of
the inflammatory process in the decreased sensitivity in these animals. Indeed, an anti-
inflammatory activity of MLT has been identified (Reiter et al. 2000). MLT’s ability to directly
scavenge free radicals and reactive oxygen and nitrogen species including the inflammatory
mediator, peroxynitrite, (Costantino et al. 1998), the inducible isoform of NO synthase (Cuzzocrea
et al. 1997), and prostaglandins (Cuzzocrea et al. 1999), could explain the reduction of edema and
inflammation after ML T administration. Notably, some evidence suggests that MLT exerts its anti-
inflammatory effects through the activation of the NO-cGMP-protein kinase G-K* channels
pathway (Hernandez-Pacheco et al. 2008)

Our results confirmed that the selective activation of MT receptors by UCM924 (20 mg/kg)
during the light/inactive phase produced antinociception in the HPT and during both phases of the
FT. Moreover, during the dark/active phase, when endogenous MLT levels are higher (0-2 hours)
(Arendt 1988), the nociceptive threshold was increased in the HPT and both phases of the FT,
confirming previous findings (Xu et al. 1996; Lakin et al. 1981; Lutsch and Morris 1971).
Interestingly, at night, the MT,”~ mice sensitivity was normalized during the late phase of the FT.
This condition might be explained by MOR expression across the light/dark cycle. Takada et al.

(2013) demonstrated that the expression of MOR follows a circadian pattern, where MOR is more
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expressed during the late light phase (14-20 hours) and less during the dark one (2-8 hours). As
said above, MOR is highly expressed in the RVM and modulates both ON and OFF cells projecting
into the spinal cord through the dorsolateral funiculus (DLF). DLF issues collateral branches to
lamina I-11 of the dorsal horn containing most of the nociceptive neurons which receive C afferent
fibers (Fields, Malick, and Burstein 1995). As mentioned above, the tonic noxious stimulation
(phase 2) is produced by an increase in the excitability of spinal cord neurons (wind up) (Coderre
and Melzack 1992) and involves the descending pathway contained in the DLF which acts via
lamina Il dorsal horn interneurons to reduce nociceptive responses (Abbott, Hong, and Franklin
1996; Kline and Wiley 2008). Thus, the increased sensitivity during the night in MT2”~ mice might
be related to the scarce availability of MOR in these areas of the brainstem descending
antinociceptive pathway, despite the upregulation of the MOR endogenous ligand enkephalin in
the RVM.

The series of experiments summarized above provided evidence that the lack of functional MT>
receptors leads to decreased pain sensitivity in an acute (HPT) and a tonic (FT) model of pain
during the light phase which likely activates neuronal compensatory mechanisms through an

upregulation of the endogenous opioid enkephalin at the central level.

4.3.2 The role of the mu opioid receptor (MOR) in the supraspinal MT2-induced
antiallodynia: behavioural, electrophysiological and immunohistochemical
characterization
In chapter 111, we investigated the specific role of MOR and DOR in MT2-induced antiallodynia
in a chronic neuropathic pain model. Our results identified a crucial role of the MOR. In fact, the
antiallodynia and modulation of ON and OFF cells of the brain descending antinociceptive

pathway provoked by MT. partial agonist UCM924 were fully nullified when MOR was
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genetically inactivated in neuropathic MOR™~ mice or pharmacologically blocked using naloxone
or CTOP in neuropathic rats. Although DOR blockage with naltrindole at the dose of 1 ug intra-
PAG showed a significant effect at 1h post injection of UCM924 compared to vehicle, the AUC
analysis confirmed that the cumulative effect of naltrindole+UCM924 was not different compared
to the control group. In keeping with this, UCM924 alleviated mechanical and cold allodynia in
neuropathic DOR™" mice and in vivo electrophysiological recordings in the PAG-RVM circuit
showed that 1 pg naltrindole was not able to block the modulation of ON and OFF cells induced
by UCM924. Consequently, we focused our next experiments on MORs and MT2 receptors. Next,
using the transgenic MOR-mCherry mice line (Erbs et al. 2015; Erbs et al. 2014), we confirmed
that, while MOR was expressed in both PAG (Commons, Van Bockstaele, and Pfaff 1999;
Kalyuzhny et al. 1996) and RVM (Kalyuzhny et al. 1996) in neuropathic mice, MT> receptors
were found in the neuronal somas of the VIPAG (~ 2.16 %) (Lacoste et al. 2015; Lopez-Canul,
Palazzo, et al. 2015), but they were not revealed in the RVM. Also, the percentage of co-
localization between MORs and MT> receptors was quite low (~ 0.20 %) of the total VIPAG
neurons. We also found that the soma MOR immunoreactivity was not strong (~ 1.19 % over the
total VIPAG), as previously reported (Kalyuzhny et al. 1996). Finally, we found that M T receptors
were expressed in both excitatory and inhibitory neurons (particularly with inhibitory
interneurons) of the vVIPAG. Collectively, these finding suggest that MORs and MT> receptors are
mostly expressed in two different subpopulations of neurons in the VIPAG.

Additionally, the behavioural and electrophysiological analysis of the cross-tolerance challenge
between morphine and UCM924 showed that while morphine had an antiallodynic and modulatory
effect on ON-OFF cells in UCM924-tolerant neuropathic rats, UCM924 failed to provide any

antiallodynic and modulatory effects in morphine-tolerant neuropathic rats. This outcome
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confirms that when MORs are desensitized after prolonged exposure to morphine, both
antiallodynic and modulatory effects induced by MT> agonism are abolished. Conversely, MOR
analgesic and modulatory effects are independent of MT> receptor availability. Taken together,
these findings demonstrated the fundamental role of MORs in MT2-induced pain modulation, but
also corroborated the immunohistochemical findings that the MT. receptor is located upstream in
the antinociceptive descending pathway.

Finally, in chapter 111, we showed that the injection of 20 mg/kg UCM924 increased Penk, but not
POMC, mRNA expression in the PAG of neuropathic mice. This finding suggests an involvement
of endogenous opioids in the MT.-induced antiallodynia. The lack of induction of the POMC gene
by UCM924 is not astonishing, since it is not constitutively expressed in the PAG despite the
presence of POMC peptide in this area (Le Merrer et al. 2009). Indeed, the cycle threshold (Ct) in
our PCR assays was more than 35, indicating a very low expression of the POMC gene in the
PAG. Nevertheless, we showed that Penk mRNA levels are increased in SNI neuropathic mice
compared to sham. This finding is in keeping with the literature showing an increased enkephalin
peptide level in supraspinal brain areas including PAG, RVM and dorsal reticular nucleus in
chronic pain conditions (Williams, Mullet, and Beitz 1995; Costa et al. 2019; Hurley and
Hammond 2001), and a consequent decrease in the MOR availability (Willoch et al. 2004,
Maarrawi et al. 2007).

Based on these findings, we hypothesized that the MT>-MOR interaction likely occurs at the
extracellular rather than intracellular level (e.g., sharing pathway or dimer formation).

A possible explanation for the circuit activation by MLT ligands may be the following. The MT>
receptor stimulation by MLT or selective partial agonists activates excitatory synapses activating

antinociceptive OFF cells (Chapter IV — Figure 1). In parallel, the MT»-induced inhibition of
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glutamatergic cells activated by noxious stimuli directly contributes to the decrease of
pronociceptive ON cell firing (Chapter IV — Figure 1). Although inhibition of glutamatergic
neuronal activity or activation of GABAergic neuronal activity potentiates nociception (Samineni
et al. 2017), previous studies suggested that presynaptic inhibition of glutamatergic transmission
onto ON cells in the PAG can contribute to analgesia (Connor et al. 1999); MT receptor activation
on glutamatergic neurons may play this role.

Nevertheless, GABA-disinhibition has been proposed as a mechanism underlying opioid analgesia
(Fields, Barbaro, and Heinricher 1988; Roychowdhury and Fields 1996). Indeed, opioids activate
the PAG-RVM descending pathway by indirectly removing the inhibitory control of local
GABAergic interneurons, thereby disinhibiting the antinociceptive transmission via neuronal
output to the spinal cord. Based on this evidence, the GABA-disinhibition promoted by MT;
activation in the vVIPAG may stimulate the release of endogenous opioids such as enkephalins at a
downstream level in the RVM. Indeed, in chapter Ill, we found that UCM924 administration
increased Penk mRNA levels in the PAG. In support of this, previous studies have shown that the
MLT system modulates opioid tone by increasing the release of endogenous opioids (Barrett, Kent,
and Voudouris 2000; Shavali et al. 2005). Similarly, the expression of the enkephalin precursor
gene, Penk, is increased in the RVM of MT2 knockout mice (see chapter 11). Here, MT2 receptors
may induce a double effect, activating MORs, which are presynaptically expressed on GABA
inhibitory neurons, thus promoting the disinhibition of antinociceptive OFF cells; and/or, in
parallel, activating enkephalins, which stimulate postsynaptic MORs localized on the ON cells,

thus inhibiting the pronociceptive ON firing (Chapter IV — Figure 1).
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4.4 Involvement of G protein-coupled inwardly-rectifying potassium
channels 1/4 GIRKSs: difference between M T2 and MOR agonists in the

descending antinociceptive pathway

We have investigated the MT> receptor and MOR signaling pathway at supraspinal level with a
focus on the involvement of GIRK channels in the antiallodynic and modulatory effects on the
PAG-RVM circuit.

In chapter 111, we tested the hypothesis that UCM924’s antiallodynic effect at the supraspinal level
and its capability to modulate ON and OFF cells are linked to G protein coupled inwardly-
rectifying potassium channels (GIRKSs) 1/4 and, consequently, the coupling of MT> receptors to
Gi/o-coupled GPCRs in the VIPAG. The G protein By subunit (GBy) binds directly to GIRKSs and
opens these channels (Luscher and Slesinger 2010). The administration of GIRK 1/4 blocker
tertiapin-Q (T-Q) prior to UCM924 antagonized both UCM924-induced antiallodynic effect and
ON-OFF cells modulation. A limitation of this electrophysiological approach is that, while the
ligands were microinjected in the VIPAG, the cellular recordings were collected downstream in the
RVM. Although this is indirect evidence of the possible involvement of GIRKSs in the M T, receptor
pathway, it is well known that GIRKSs contribute to specific cellular responses of the Gi/o.

We also found that, in contrast to UCM924, morphine microinjection into the vIPAG failed to
modulate ON-OFF cells. These findings are in line with previous results, showing that supraspinal,
but not spinal, morphine analgesia was not directly mediated by GIRKSs in a oxaliplatin-induced
neuropathic model (Kanbara et al. 2014) and in a bone cancer pain model (Takasu et al. 2015).
Moreover, GIRKSs have been found to be involved at a postsynaptic but not presynaptic level in
the hippocampus (Luscher et al. 1997). Interestingly, it has been shown that the GABA&R agonist,

baclofen, induces post-synaptic inhibition through GIRK in the vIPAG (Liu et al. 2012), leading
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to analgesia (Bonanno et al. 1998; Levy and Proudfit 1979). This effect can stimulate excitatory
synapses activating antinociceptive OFF cells (see Chapter IV — Figure 1). In conclusion, our data
show that MORs and MT. receptors use different signaling pathways. It is likely that MT receptor
activation results in the release of endogenous opioids in a GIRK1/4-dependent manner, but that

the opioids exert their actions via disinhibition of GABAergic neurotransmission.

4.5 The potential abuse liability of the MT> receptor agonist, UCM924,

compared to morphine

In the last part of my thesis, we explored the reinforcing properties of the MT> partial agonist,
UCMB924, and its effect on the modulation of mesolimbic dopamine (DA) neurons of the VTA.

In the last set of experiments in chapter Ill, we assessed the potential behavioral effects of
UCMB924 in the reward process. As reported, animals self-administrated morphine (Weeks 1962),
but they did not spontaneously self-inject UCM924. This finding provides the evidence that
UCM924, but not morphine, has no marked reinforcing properties, indirectly suggesting no abuse
potential. In the Appendix to chapter 111 (Fig. 2), we found a sparse MT2 receptor immunoreactivity
in the VTA neurons, confirming data from Lacoste et al. (2015). Drug addiction and reinforcement
are associated with activation of mesolimbic and mesocortical systems (Koob and VVolkow 2016).
The mesolimbic system consists of dopaminergic neurons in the ventral tegmental area (VTA) and
their axonal projections to the nucleus accumbens (NAc) and the prefrontal cortex (PFC).
Psychotropic drugs including cocaine, morphine, and amphetamine preferentially increase
extracellular release of dopamine in the shell of the NAc (Pontieri, Tanda, and Di Chiara 1995).

Furthermore, morphine administration increases the firing rates and the burst activity of VTA DA
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neurons and these effected were blocked by naloxone (Jalabert et al. 2011; Gysling and Wang
1983).

The lack of rewarding effects of UCM924 could be explained by the absence of MT. receptors in
the mesolimbic dopaminergic pathways, including the VTA, NAc and PFC (Lacoste et al. 2015).
Moreover, UCM924’s long half-life (chapter 11l) and its slow indirect stimulation of MORs
through the MT2-induced release of the endogenous opioids may explain the observed absence of
the MT> agonist reinforcement. In support of this hypothesis, a recent study showed that morphine
and synthetic opioids, but not endogenous opioids, also activate opioid receptors inside cells at the
endosome and Golgi apparatus level (Stoeber et al. 2018), since they are able to cross cell
membranes without binding receptors or entering endosomes. In this way, they travel directly to
the Golgi apparatus, reaching their target much more quickly than endogenous opioids which do
not cross the cell membrane and thus require endosomes. This time difference could be important
in the development of addiction, because typically drugs that act faster have an enhanced
propensity to addiction (Samaha and Robinson 2005).

Nonetheless, using in vivo electrophysiological recording, we showed that UCM924 produced a
significant dose-response decrease in firing and burst activity of VTA DA neurons (see Appendix
Chapter 111 - Fig. 1), contrary to morphine (Jalabert et al. 2011; Gysling and Wang 1983). Notably,
burst-firing activity is related to the release of the neurotransmitter in the synapse (Florin-Lechner
et al. 1996). Therefore, UCM924 seems to modulate dopaminergic neural activity despite the
absence of MT. receptors in the VTA. One hypothesis involves the ventral pallidum (\VVP), a basal
forebrain nucleus involved in reward and motivation processes (Smith et al. 2009). The VP is an
area rich in MT> receptors (Lacoste et al. 2015) which projects to the VTA (Mahler et al. 2014),

and several studies demonstrated that pharmacological inactivation (McFarland et al. 2004;
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McFarland and Kalivas 2001), or chemogenetic silencing (Mahler et al. 2014) of the VP prevents
different forms of reinstatement to drug seeking. Thus, the MT> activation in the VP could play a
role in the decrease dopamine neural activity and likely dopamine release. In support of this, it has
been demonstrated that through modulation of diurnal rhythms in DA transmission, MLT can also
influence cocaine sensitization (Akhisaroglu et al. 2004), reduce the risk of relapse triggered by
cues in cocaine-experienced animals (Takahashi, Vengeliene, and Spanagel 2017), and prevent
cocaine-induced locomotor sensitization and place preference in rats (Barbosa-Méndez et al.
2020). In conclusion, these observations underscore the need to explore whether the melatonergic
neurotransmission in the VP-VTA circuit is implicated in the reward, and whether MLT

compounds may have beneficial effects for the treatment and/or prevention of drug addiction.

4.6 Future directions and limitations

4.6.1 The role of the endogenous peptide, enkephalin, in the MT2-induced

antiallodynia: the extracellular pathway
One limitation of our findings is the indirect measurement of the increase of the endogenous opioid
precursor, PENK, mRNA following MT- receptor stimulation. Our findings could be supported by
quantifying the release of the endogenous opioid, enkephalin peptide, following MT. receptor
stimulation. In vivo microdialysis in freely moving rats coupled to the quantification through
capillary liquid chromatography with mass spectrometric detection (LC/MS) could be a valid
approach. However, some technical challenges such as the degradation of endogenous peptides,
and the low sensitivity of the methodology due to the small quantity of the endogenous peptide
(the order of magnitude within fmol/sample (Nieto et al. 2002; Maidment et al. 1989) need to be

considered.
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Alternatively, a downregulation of enkephalin expression by the delivery of a lentiviral vector
expressing shRNA specific to enkephalin mRNA in VIPAG could be a valid and elegant option.
This technique would locally knock-down the enkephalin mRNA in the VIPAG using a lentivirus.
These methods have been successfully used to knock down enkephalin in the amygdala with an
average downregulation between 62-56% enkephalin mMRNA (Bérubé et al. 2014; Poulin et al.
2013). After surgery, animals could be tested for the antiallodynic effect of intra-PAG injection of
UCMB924. Moreover, the effect of the MT. receptor stimulation on ON-OFF cells after depletion
of enkephalins in the VIPAG could be also tested.

The location of the viral injection could also be a topic of investigation per se, since enkephalins
may be produced distally and released in the VIPAG at terminals. Thus, there could be the need to
characterize the relevant pathway and identify other brain areas, besides VIPAG, which could be
involved. For example, the prelimbic and infralimbic cortices project to the VIPAG (Floyd et al.
2000), contain enkephalinergic neurons (Fallon and Leslie 1986) and mediate antinociceptive
effects. The central amygdala also projects to the VIPAG (Rizvi et al. 1991) and enkephalinergic
neurons are widely distributed in this structure (Fallon and Leslie 1986; Le Merrer et al. 2009),
which also accounts for pain-related emotional responses and anxiety-like behaviors (Neugebauer
et al. 2004), particularly in chronic persistent pain conditions.

In conclusion, the evaluation of the capability of MT. agonists to induce the release of the
endogenous opioid, enkephalin, in the VIPAG or testing the efficacy of M T2 agonists in the absence
(or marked reduction) of enkephalins in VIPAG or in other brain structures would corroborate our
proposal about the crucial role, not only of MOR, but also of its endogenous ligand enkephalin for

the supraspinal pain modulation induced by the melatonin MT> agonism.

4.6.2 Intracellular interaction: MT2-MOR and MT2/5-HT2c heteromers formation
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In order to fully understand the specific role of MT> receptors in pain conditions, the further
directions for this project would include the investigation and evaluation of the complex receptor
dimerization, particularly as heterodimers composed of these two different receptors. Recent work
demonstrated that the capacity of MT1 and MT2 receptors to form homo- and hetero-dimers
(Ayoub et al. 2002) in transfected HEK293 cells, with MT1/MT2 heterodimers showing a
pharmacological profile distinct from MT2 homodimers (Ayoub et al. 2004). Furthermore, the MT>
receptor has been reported to form heteromers with the orphan GPR50 receptor (Levoye et al.
2006). Although our immunohistochemical findings showed a low level of co-localization between
MOR and MT: receptors (~ 0.2 % in the total neuronal population of the VIPAG), further studies
are needed to rule out this hypothesis about a possible receptor interaction (heterodimerization)
between the MOR and MT: receptor, particularly in ex vivo conditions. This approach will remove
any bias introduced by the overexpressing receptors in transfected cell culture which may force
heterodimerization, leading to inconclusive results, since the rate of physiological colocalization
of MOR and MT: receptors in the VIPAG has been found to be modest.

A number of experiments were proposed above that would complement the work done in this
thesis. In the contest of the intracellular interaction/dimerization hypothesis, it would be of interest
to investigate and characterize the MT2/5-HT2c receptor heteromers. Recent studies demonstrated
that MT forms heterodimers with 5-HT>c receptor both in HEK293 cells (Kamal et al. 2015) and
in the hypothalamus and cerebellum of mice (Gerbier et al. 2020). M T2 receptors are expressed in
excitatory neurons in the vIPAG (see chapter 11l and Lopez-Canul, Palazzo, et al. 2015) and the 5-
HToc is also expressed in PAG neurons (Abramowski et al. 1995) and it is has been shown to be
frequently co-localized with substance P (SP) that plays an important role in different forms of

supraspinal mediated analgesia (Rosén et al. 2004). 5-HTxc is coupled to a Gg/11 and MT2/5-HT2c
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receptor heteromer is also coupled to a stimulatory Gq protein (Kamal et al. 2015; Gerbier et al.
2020). This stimulation might lead to a release of SP promoting a postsynaptic glutamate-mediated
excitation in PAG neurons which project to the RVM and thus promote an analgesic effect

(Behbehani and Fields 1979; Carstens et al. 1990; Samineni et al. 2017).

4.6.3 The role of the MT2 receptor and its possible interaction with the opioid
system in spinal analgesia

Another area of investigation that would complement the work done in this thesis would be to
assess the antinociceptive effect of the melatonergic system at the spinal level.

As discussed in chapter I, systemic MLT administration showed analgesic effects in the tail-flick
test which measures the spinal nociceptive reflex (Yu et al. 2000; Wang et al. 2006; Xu et al. 1996;
Naguib et al. 2003; Li et al. 2005). Although i.t. MLT anti-hyperalgesic effects remain debated
(Zahn et al. 2003), i.t. MLT (Tu, Sun, and Willis 2004) and MT. partial agonist UCM764 and
UCMB871 (unpublished data) administration resulted in decreasing mechanical allodynia in rats
and this effect was MT,-mediated since it was blocked by 4P-PDOT.

Several studies have demonstrated the expression of MLT receptors in laminae I-V and lamina X
of chicken and rabbits (Wan and Pang 1994; Wan et al. 1996) and in the dorsal and ventral horns
of the spinal cord in rats (Zahn et al. 2003), areas that are involved in nociceptive transmission.
In the spinal cord, MOR is expressed presynaptically on terminals of nociceptive primary afferents
and postsynaptically on neurons in laminas | and Il of the dorsal horn of spinal cord (Moriwaki et
al. 1996). Recently, Corder et al. (2017) demonstrated that genetic deletion of MOR from
nociceptors reduced i.t. morphine antinociception, indicating that spinal opioid antinociception
primarily results from presynaptic MOR signaling in nociceptors. Of note, some studies showed
that i.p. and i.t. MLT administration enhances morphine analgesia (Li et al. 2005; Pang, Tsang,

and Yang 2001; Zahn et al. 2003).
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On the ground of these findings, the future directions for this project include the investigation of

the extracellular cross-talk between the MT2 and MOR in spinal antinociception.

4.6.4 Sexual dimorphism of pain: what is role of the MT2 receptor?

Both preclinical and clinical research over the last three decades has implicated sex as a biological
variable influencing the modulation of pain (Unruh 1996; Mogil 2012; Sorge et al. 2015). These
sex-based differences have also been found in the responsiveness to opiates (Bobeck, McNeal, and
Morgan 2009; Craft 2003; Loyd and Murphy 2006; Kepler et al. 1991), showing that morphine is
more potent in male than female rats. Interestingly, this evidence seems to be ascribable to the
PAG-RVM pathway which is sexually dimorphic in its anatomical organization (Loyd and
Murphy 2006). Particularly, the most prominent sex difference in retrograde labeling was observed
within the lateral/ventrolateral region of the PAG, where female rats had almost twice the number
of retrogradely labeled neurons compared to males (Loyd and Murphy 2006). This sexual
difference was also found to be relevant in the PAG-RVM activation during persistent
inflammatory pain (Loyd and Murphy 2006).

The results presented here have the limitation to have been collected exclusively in male rodents.
Although very little is known about sexual dimorphism in MLT and its receptors, some clinical
findings would suggest it. For example, in a clinical study females were found to have a
significantly higher MLT amplitude and lower temperature amplitude than males (Cain et al.
2010), and MLT secretion was significantly and inversely associated with diabetes in males, but
not in females (Obayashi et al. 2018). Eventually, sleep architecture variation over the years was
also found to be different between males and females, with a reductions in the percentage and
mean of slow wave activity, an increased stage 2 of NREM sleep, and decreases in time, activity,

density and intensity in REM sleep in males (Ehlers and Kupfer 1997).

162



Based on these findings, some interesting questions arise. In order to fully understand the role of
MT: receptors in nociception, it will be worthwhile to investigate sex differences in knockout mice
for MT2 receptors and evaluate the efficacy of MT> partial agonists in female rodents in chronic
pain conditions. This will provide useful information about relevant sex-related differences in the

next steps of the clinical trials.

4.7 Clinical relevance

Chronic pain is a major health problem that afflicts a significant number of patients, resulting
in personal suffering, reduced productivity, and substantial health care costs. Epidemiological
studies demonstrate that chronic pain affects 20.4% of American and 18.9% of Canadian adults
(Dahlhamer et al. 2018; Schopflocher, Taenzer, and Jovey 2011). This disease is associated with
an annual cost estimated at $560 to $635 billion only in the United States (Simon 2012) and is
related to impaired physical and mental functioning and poor quality of life. Particularly,
neuropathic pain is a chronic disorder characterized by severe pain that develops following nerve
damage, resulting from conditions such as shingles, traumas, injury, amputation, autoimmune
inflammation, and cancer. It is a persistent pain that lasts for more than three months (Treede et
al. 2015). Therapeutics are scant and there is a need for more effective drugs for reducing pain,
offering long-term pain relief with better safety. The Neuropathic Pain Special Interest Group of
IASP has developed evidence-based guidelines for its pharmacological treatment. Tricyclic
antidepressants, dual reuptake inhibitors of serotonin and norepinephrine, calcium channel 02-6
ligands (i.e., gabapentin and pregabalin), and topical lidocaine are recommended as first-line
treatment options based on the results of randomized clinical trials. Opioid analgesics and tramadol
are recommended as second-line treatments, but must be considered as first-line use in certain

clinical circumstances. Further, 10-30% of patients for whom pregabalin is prescribed experience
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adverse side effects; a significant number of patients have no relief from symptoms during the first
months of therapy; 79% of patients discontinue this treatment after one year because of side effects
(Wettermark et al. 2014) and many patients switch to opioids. The prescription of opioid
medications for chronic pain has more than tripled in the last few years (Hoots et al. 2018). Long-
term use of prescription opioids presents serious adverse effects including tolerance, physical
dependence, the so-called opioid-induced hyperalgesia, and their misuse might lead to addiction.
This increase has been accompanied by a marked increase in the prevalence of opioid use disorders
and drug overdose mortality (Control and Prevention 2011), producing the so-called “opioid
crisis”. It is thus mandatory for the scientific community to find alternatives to opioid treatments.

The preclinical work presented here, alongside past research in our laboratory, provide
evidence that the M T, receptor is a novel target at the CNS level for the treatment of chronic pain.
Indeed, MT, receptor stimulation by agonists may represent a novel avenue to treat chronic pain

conditions by indirectly activating opioid system, all along presenting low abuse liability.
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Chapter 1V — Figure 1. Schematic model to illustrating the role of MT2 receptors and
MORs in PAG-RVM circuit in nociceptive modulatory state.
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MT?2 receptors are located on both somatodendritic regions of GABA- and glutamatergic
neurons in the VIPAG, but not in the RVM. The MT2-mediated disinhibition of GABA-ergic
projections positively modulate antinociceptive OFF, while MT2 receptors silence
glutamatergic inputs to pronociceptive ON cells in the RVM. MOR antagonism nullifies MT2-
induced anti-allodynia, but not vice-versa, confirming the upstream localization of MT2
receptors in the pathway. AMPAR: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
receptor; ENK: enkephalin; GIRK: inwardly-rectifying potassium channel; MT2: melatonin
MT2 receptor, MOR: p-opioid receptor; NMDAR: N-methyl-D-aspartate receptor; From

Fields (2004). Adapted with permission from Springer Nature Reviews Neuroscience.
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Statistic 2

Figure Panel Test Group-size Statistic Pvalue | Pair-wise comparison
Test details Summary Adjusted P Value
1 A Repeated measures 2- Veh =6 Time x treatment : F (27, 207) = 12.36 P<0.0001 Tuckey post hoc 0
("e”ﬁryn:::?‘{i’:“ o UCM924 = 9 Time : F (2.494, 57.37) = 16.07 | P<0.0001 comparison Veh vs. UCMg24 ns 0.2837
Nalox =5 Treatment : F (3, 23) = 25.87 P<0.0001 Veh vs. Nalo ns 0.9973
Nalox+UCM924 = 7 Veh vs. Nalo + UCM924 ns 0.9944
UCM924 vs. Nalo ns 0.5976
UCM924 vs. Nalo + UCM924 ns 0.4413
Nalo vs. Nalo + UCM924 ns >0.9999
0.5
Veh vs. UCM924 ns 0.2951
Veh vs. Nalo ns 0.9721
Veh vs. Nalo + UCM924 ns 0.7992
UCM924 vs. Nalo ns 0.3035
UCM924 vs. Nalo + UCM924 ns 0.5152
Nalo vs. Nalo + UCM924 ns 0.8505
1
Veh vs. UCM924 e 0.0006
Veh vs. Nalo ns 0.2329
Veh vs. Nalo + UCM924 ns 0.9989
UCM924 vs. Nalo i 0.0001
UCM924 vs. Nalo + UCM924 ** 0.0014
Nalo vs. Nalo + UCM924 ns 0.3453
2
Veh vs. UCM924 e 0.0002
Veh vs. Nalo ns 0.8654
Veh vs. Nalo + UCM924 ns 0.2438
UCM924 vs. Nalo i 0.0005
UCM924 vs. Nalo + UCM924 * 0.0162
Nalo vs. Nalo + UCM924 ns 0.3541
3
Veh vs. UCM924 i <0.0001
Veh vs. Nalo ns 0.8759
Veh vs. Nalo + UCM924 ns 0.2991
UCM924 vs. Nalo i <0.0001
UCM924 vs. Nalo + UCM924 b 0.0002
Nalo vs. Nalo + UCM924 ns 0.1347
4
Veh vs. UCM924 e <0.0001
Veh vs. Nalo ns 0.9943
Veh vs. Nalo + UCM924 ns 0.5456
UCM924 vs. Nalo * 0.0157
UCM924 vs. Nalo + UCM924 e 0.0065
Nalo vs. Nalo + UCM924 ns 0.8851
5
Veh vs. UCM924 e <0.0001
Veh vs. Nalo ns 0.8169
Veh vs. Nalo + UCM924 ns 0.5011
UCM924 vs. Nalo <0.0001
UCM924 vs. Nalo + UCM924 e 0.0004
Nalo vs. Nalo + UCM924 ns 0.2913
6
Veh vs. UCM924 e 0.0013
Veh vs. Nalo ns 0.9779
Veh vs. Nalo + UCM924 ns 0.258
UCM924 vs. Nalo * 0.0019
UCM924 vs. Nalo + UCM924 e 0.009
Nalo vs. Nalo + UCM924 ns 0.3977
7
Veh vs. UCM924 ** 0.0019
Veh vs. Nalo ns 0.9991
Veh vs. Nalo + UCM924 ns 0.1471
UCM924 vs. Nalo * 0.0138
UCM924 vs. Nalo + UCM924 ns 0.3013
Nalo vs. Nalo + UCM924 ns 0.2287
8
Veh vs. UCM924 ns 0.9841
Veh vs. Nalo ns 0.9687
Veh vs. Nalo + UCM924 ns 0.7975
UCM924 vs. Nalo ns 0.8208
UCM924 vs. Nalo + UCM924 ns 0.8243
Nalo vs. Nalo + UCM924 ns 0.5642
1 B 1-way ANOVA Veh =6 F(3,23)=2828 P<0.0001 Tuckey post hoc Test details Summary Adjusted P Value
UCM924 =9 comparison Veh vs. UCM924 <0.0001
Nalox =5 Veh vs. Nalo ns >0.9999
Nalox+UCM924 = 7 Veh vs. Nalo + UCM924 ns 0.5536
UCM924 vs. Nalo e <0.0001
UCM924 vs. Nalo + UCM924 e <0.0001
Nalo vs. Nalo + UCM924 ns 0.5161
1 C Repeated measures 2- Veh =6 Time x treatment : F (15, 90) = 8.361 P<0.0001 Tuckey post hoc Test details Summary Adjusted P Value
way ANOVA UcM924 = 8 Time : F (1.634,20.41)=7.957 | P=0.0030 comparison 0
(treatment x time)
Nalox =3 Treatment : F (3, 18) = 16.47 P<0.0001 Veh vs. UCM924 ns 0.3193
Nalox+UCM924 = 5 Veh vs. Nalo ns 0.7595
Veh vs. Nalo + UCM924 ns 0.9986
UCM924 vs. Nalo ns 0.4718
UCM924 vs. Nalo + UCM924 ns 0.1891
Nalo vs. Nalo + UCM924 ns 0.7255




0.5

Veh vs. UCM924 ns 0.1152
Veh vs. Nalo ns 0.9985
Veh vs. Nalo + UCM924 ns 0.3272
UCM924 vs. Nalo ns 0.1625
UCM924 vs. Nalo + UCM924 * 0.0184
Nalo vs. Nalo + UCM924 ns 0.3432
1
Veh vs. UCM924 > 0.0078
Veh vs. Nalo ns 0.765
Veh vs. Nalo + UCM924 ns 0.9429
UCM924 vs. Nalo e 0.0056
UCM924 vs. Nalo + UCM924 h 0.0092
Nalo vs. Nalo + UCM924 ns 0.5876
1.5
Veh vs. UCM924 e 0.0079
Veh vs. Nalo ns 0.6262
Veh vs. Nalo + UCM924 ns 0.4065
UCM924 vs. Nalo ns 0.3466
UCM924 vs. Nalo + UCM924 * 0.0128
Nalo vs. Nalo + UCM924 ns 0.1707
2
Veh vs. UCM924 ns 0.7834
Veh vs. Nalo ns 0.8755
Veh vs. Nalo + UCM924 ns 0.9975
UCM924 vs. Nalo ns >0.9999
UCM924 vs. Nalo + UCM924 ns 0.7622
Nalo vs. Nalo + UCM924 ns 0.8448
3
Veh vs. UCM924 ns 0.9241
Veh vs. Nalo ns 0.4724
Veh vs. Nalo + UCM924 ns >0.9999
UCM924 vs. Nalo ns 0.4875
UCM924 vs. Nalo + UCM924 ns 0.709
Nalo vs. Nalo + UCM924 ns 0.2231
1-way ANOVA Veh=6 F(3,18)=12.36 P=0.0001 Tuckey post hoc Test details Summary Adjusted P Value
UCM924 =8 comparison Veh vs. UCM924 0.0005
Nalox =3 Veh vs. Nalo ns 0.9136
Nalox+UCM924 = 5 Veh vs. Nalo + UCM924 ns 0.9923
UCM924 vs. Nalo * 0.0181
UCM924 vs. Nalo + UCM924 b 0.0004
Nalo vs. Nalo + UCM924 ns 0.8248
Repeated measures 2- Veh =6 Time x treatment : F (15, 95) = 9.096 P<0.0001 Tuckey post hoc Test details Summary Adjusted P Value
way ANOVA UcMe24 = 8 Time: F (1718, 32.63) = 8.531 | P=0.0017 comparison 0
(treatment x time)
CTOP =3 Treatment : F (3, 19) = 16.03 P<0.0001 Veh vs. UCM924 ns 0.3193
CTOP+UCM924 = 6 Veh vs. CTOP ns 0.4336
Veh vs. CTOP + UCM924 ns 0.7383
UCM924 vs. CTOP ns 0.2259
UCM924 vs. CTOP + UCM924 ns 0.1562
CTOP vs. CTOP + UCM924 ns 0.7625
0.5
Veh vs. UCM924 ns 0.1152
Veh vs. CTOP ns 0.7522
Veh vs. CTOP + UCM924 ns 0.9772
UCM924 vs. CTOP * 0.049
UCM924 vs. CTOP + UCM924 ns 0.0736
CTOP vs. CTOP + UCM924 ns 0.9067
1
Veh vs. UCM924 ** 0.0078
Veh vs. CTOP ns >0.9999
Veh vs. CTOP + UCM924 ns 0.4895
UCM924 vs. CTOP > 0.0081
UCM924 vs. CTOP + UCM924 e 0.0051
CTOP vs. CTOP + UCM924 ns 0.3594
15
Veh vs. UCM924 i 0.0079
Veh vs. CTOP ns 0.8828
Veh vs. CTOP + UCM924 ns 0.7557
UCM924 vs. CTOP i 0.0017
UCM924 vs. CTOP + UCM924 * 0.0112
CTOP vs. CTOP + UCM924 ns 0.8867
2
Veh vs. UCM924 ns 0.7834
Veh vs. CTOP ns 0.8304
Veh vs. CTOP + UCM924 ns 0.9461
UCM924 vs. CTOP ns 0.9566
UCM924 vs. CTOP + UCM924 ns 0.6928
CTOP vs. CTOP + UCM924 ns 0.7634
3
Veh vs. UCM924 ns 0.9241
Veh vs. CTOP ns 0.9965
Veh vs. CTOP + UCM924 ns 0.9995
UCM924 vs. CTOP ns 0.9927
UCM924 vs. CTOP + UCM924 ns 0.9666
CTOP vs. CTOP + UCM924 ns 0.9995
1-way ANOVA Veh =6 F (3,19)=9.026 P=0.0006 Tuckey post hoc Test details Summary Adjusted P Value




comparison

UCM924 =8 Veh vs. UCM924 * 0.0017
CTOP =3 Veh vs. CTOP ns 0.9998
CTOP+UCM924 = 6 Veh vs. CTOP + UCM924 ns 0.9684
UCM924 vs. CTOP * 0.0101
UCM924 vs. CTOP + UCM924 * 0.0051
CTOP vs. CTOP + UCM924 ns 0.9686
Repeated measures 2- Veh =6 Time x treatment : F (15, 105) = 5.548 P<0.0001 Tuckey post hoc Test details Summary Adjusted P Value
way ANOVA UcM924 = 8 Time : F (1.439, 30.22) = 1270 | P=0.0004 comparison 0
(treatment x time)
Nalt=3 Treatment : F (3, 21) = 9.023 P=0.0005 Veh vs. UCM924 ns 0.3193
Nalt+UCM924 = 8 Veh vs. Nalt ns 0.9134
Veh vs. Nalt + UCM924 ns 0.9134
UCM924 vs. Nalt ns 0.9964
UCM924 vs. Nalt + UCM924 ns 0.8921
Nalt vs. Nalt + UCM924 ns 0.9959
0.5
Veh vs. UCM924 ns 0.1152
Veh vs. Nalt ns 0.9861
Veh vs. Nalt + UCM924 * 0.0167
UCM924 vs. Nalt ns 0.1429
UCM924 vs. Nalt + UCM924 ns 0.9998
Nalt vs. Nalt + UCM924 * 0.0251
1
Veh vs. UCM924 > 0.0078
Veh vs. Nalt ns 0.8952
Veh vs. Nalt + UCM924 ns 0.0766
UCM924 vs. Nalt e 0.0057
UCM924 vs. Nalt + UCM924 ns 0.3621
Nalt vs. Nalt + UCM924 ns 0.0565
1.5
Veh vs. UCM924 > 0.0079
Veh vs. Nalt ns 0.9995
Veh vs. Nalt + UCM924 ns 0.9215
UCM924 vs. Nalt * 0.0151
UCM924 vs. Nalt + UCM924 e 0.0024
Nalt vs. Nalt + UCM924 ns 0.8653
2
Veh vs. UCM924 ns 0.7834
Veh vs. Nalt ns 0.9605
Veh vs. Nalt + UCM924 ns 0.8657
UCM924 vs. Nalt ns 0.9851
UCM924 vs. Nalt + UCM924 ns >0.9999
Nalt vs. Nalt + UCM924 ns 0.9926
3
Veh vs. UCM924 ns 0.9241
Veh vs. Nalt ns 0.9895
Veh vs. Nalt + UCM924 ns 0.7275
UCM924 vs. Nalt ns 0.5563
UCM924 vs. Nalt + UCM924 ns 0.859
Nalt vs. Nalt + UCM924 ns 0.3268
1-way ANOVA Veh=6 F (3, 24) =9.056 P=0.0003 Tuckey post hoc Test details Summary Adjusted P Value
UCM924 = 8 comparison Veh vs. UCM924 10ug 0.0005
Nalt=3 Veh vs. Nalt 1ug ns >0.9999
Nalt+UCM924 = 8 Veh vs. Nalt + UCM924 ns 0.0717
UCM924 10ug vs. Nalt 1ug * 0.0049
UCM924 10ug vs. Nalt + UCM924 ns 0.0715
Nalt 1ug vs. Nalt + UCM924 ns 0.1916




Statistic 2

Figure Panel Test Group-size Statistic Pvalue | Pair-wise comparison
Test details Summary Adjusted P Value
2 A Repeated measures 2- WT Veh=7 Time x treatment : F (7, 119) = 13.40 <0.0001 Tuckey post hoc WT Veh - WT UCM924 20mg/kg
(Vevﬁryn:rﬁe\{i’:“ o WT UCMg24 = 11 Time : F (4.080, 69.36) = 12.91 | <0.0001 comparison 0 ns 50.9999
Treatment : F (1, 17) = 70.56 <0.0001 1 ns >0.9999
2 b 0.0001
3 i <0.0001
4 i <0.0001
5 i <0.0001
6 ns 0.2862
7 ns >0.9999
2 B Repeated measures 2- DOR-/-Veh =7 Time x treatment : F (7, 98) = 31.78 P<0.0001 Tuckey post hoc DOR™ Veh - DOR™ UCM924 20mg/kg
way ANOVA DOR-/- UCM924 = 9 Time : F (7, 98) = 33.75 P<0.0001 comparison 0 ns >0.9999
(treatment x time)
Treatment : F (1, 14) = 193.1 P<0.0001 1 ns >0.9999
2 i <0.0001
3 e <0.0001
4 i <0.0001
5 e <0.0001
6 ns 0.2737
7 ns >0.9999
2 C Repeated measures 2- MOR-/- Veh = 7 Time x treatment : F (7, 98) = 0.8017 Tuckey posthoc ~ |MOR”Veh - MOR™ UCM924 20mglkg
way ANOVA MOR-/- UCM924 = 9 Time : F (7, 98) = 0.9032 comparison 0 ns >0.9999
(treatment x time)
Treatment : F(1,14) =3.158 1 ns >0.9999
2 ns >0.9999
3 ns >0.9999
4 ns >0.9999
5 ns >0.9999
6 ns 0.0781
7 ns >0.9999
2 D 2-way ANOVA WT Veh =7 treatment x genotype : F (2, 45) = 97.26 P<0.0001 Tuckey post hoc WT:Veh vs. WT:UCM924 i <0.0001
(treatment x WT UCM924 = 11 treatment : F (2, 45) = 202.2 P<0.0001 comparison WT:Veh vs. DOR-/-:Veh ns 0.2013
genotype) DOR-/- Veh =7 genotype : F (1, 45) =356.6 P<0.0001 WT:Veh vs. DOR-/-:UCM924 - <0.0001
DOR-/- UCM924 =9 WT:Veh vs. MOR-/-:Veh * 0.0013
MOR-/- Veh =7 WT:Veh vs. MOR-/-:UCM924 b 0.0001
MOR-/- UCM924 = 9 WT:UCM924 vs. DOR:- ‘eh i <0.0001
WT:UCM924 vs. DOR-/-:UCM924 e <0.0001
WT:UCM924 vs. MOR-/-:Veh i <0.0001
WT:UCM924 vs. MOR-/-:UCM924 e <0.0001
DOR-/-:Veh vs. DOR-/-:UCM924 i <0.0001
DOR-/-:Veh vs. MOR-/-:Veh ns 0.3994
DOR-/-:Veh vs. MOR-/-:UCM924 ns 0.1603
:UCM924 vs. MOR-/-:Veh e <0.0001
ICM924 vs. MOR-/-:UCM924 i <0.0001
MOR-/-:Veh vs. MOR-/-:UCM924 ns 0.9991




Statistic 2

Figure Panel Test Group-size Statistic P value Pair-wise comparison
Test details Summary Adjusted P Value
3 C 2-Way Mixed ANOVA| Veh=3 Time x treatment : F (36, 117) = 3.717 P<0.0001 Tuckey post hoc 0
(treatment x time) UCM924 = 4 Time: F (12, 117) = 1.934 P=0.0369 comparison VEH vs. Nalo ns 0.9416
Nalox =2 Treatment : F (3, 117) = 105.2 P<0.0001 VEH vs. UCM924 ns 0.9698
Nalox+UCM924 = 4 VEH vs. Nalo+UCM924 ns 0.9785
Nalo vs. UCM924 ns 0.997
Nalo vs. Nalo+UCM924 ns 0.9947
UCM924 vs. Nalo+UCM924 ns >0.9999
5
VEH vs. Nalo ns 0.6291
VEH vs. UCM924 ns 0.9961
VEH vs. Nalo+UCM924 ns >0.9999
Nalo vs. UCM924 ns 0.7102
Nalo vs. Nalo+UCM924 ns 0.6214
UCM924 vs. Nalo+UCM924 ns 0.9981
10
VEH vs. Nalo ns >0.9999
VEH vs. UCM924 ns 0.6503
VEH vs. Nalo+UCM924 ns 0.828
Nalo vs. UCM924 ns 0.734
Nalo vs. Nalo+UCM924 ns 0.8749
UCM924 vs. Nalo+UCM924 ns 0.987
15
VEH vs. Nalo ns 0.9564
VEH vs. UCM924 * 0.0274
VEH vs. Nalo+UCM924 ns 0.7079
Nalo vs. UCM924 ns 0.2085
Nalo vs. Nalo+UCM924 ns 0.9772
UCM924 vs. Nalo+UCM924 ns 0.2316
20
VEH vs. Nalo ns 0.8697
VEH vs. UCM924 > 0.0057
VEH vs. Nalo+UCM924 ns 0.731
Nalo vs. UCM924 ns 0.1415
Nalo vs. Nalo+UCM924 ns 0.9996
UCM924 vs. Nalo+UCM924 ns 0.0627
25
VEH vs. Nalo ns 0.9996
VEH vs. UCM924 > 0.0032
VEH vs. Nalo+UCM924 ns 0.972
Nalo vs. UCM924 * 0.0166
Nalo vs. Nalo+UCM924 ns 0.9596
UCM924 vs. Nalo+UCM924 i 0.0002
30
VEH vs. Nalo ns 0.8634
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns 0.9989
Nalo vs. UCM924 e 0.0008
Nalo vs. Nalo+UCM924 ns 0.8997
UCM924 vs. Nalo+UCM924 i <0.0001
35
VEH vs. Nalo ns >0.9999
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns 0.6362
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.6862
UCM924 vs. Nalo+UCM924 i <0.0001
40
VEH vs. Nalo ns 0.9455
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns 0.4158
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.8647
UCM924 vs. Nalo+UCM924 i <0.0001
45
VEH vs. Nalo ns 0.857
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns >0.9999
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.808
UCM924 vs. Nalo+UCM924 i <0.0001
50
VEH vs. Nalo ns 0.9993
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns >0.9999
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.9982
UCM924 vs. Nalo+UCM924 i <0.0001
55
VEH vs. Nalo ns 0.9436
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns 0.9718
Nalo vs. UCM924 i <0.0001

Nalo vs. Nalo+UCM924

0.997




UCM924 vs. Nalo+UCM924 i <0.0001
60
VEH vs. Nalo ns 0.8471
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns 0.4051
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.9549
UCM924 vs. Nalo+UCM924 e <0.0001
2-Way Mixed ANOVA Veh =4 Time x treatment : F (36, 117) = 3.102 P<0.0001 Tuckey post hoc Test details
(reatment x time) UCM924 =3 Time : F (12, 117) = 2.779 P=0.0023 comparison 0
Nalox =3 Treatment : F (3, 117) = 139.3 P<0.0001 VEH vs. Nalo ns 0.9855
Nalox+UCM924 = 3 VEH vs. UCM924 ns 0.9409
VEH vs. Nalo+UCM924 ns 0.9992
Nalo vs. UCM924 ns 0.9968
Nalo vs. Nalo+UCM924 ns 0.997
UCM924 vs. Nalo+UCM924 ns 0.9764
5
VEH vs. Nalo ns 0.9864
VEH vs. UCM924 ns 0.9791
VEH vs. Nalo+UCM924 ns 0.661
Nalo vs. UCM924 ns >0.9999
Nalo vs. Nalo+UCM924 ns 0.8741
UCM924 vs. Nalo+UCM924 ns 0.8951
10
VEH vs. Nalo ns 0.9794
VEH vs. UCM924 ns 0.1245
VEH vs. Nalo+UCM924 ns 0.932
Nalo vs. UCM924 ns 0.075
Nalo vs. Nalo+UCM924 ns 0.9974
UCM924 vs. Nalo+UCM924 * 0.0465
15
VEH vs. Nalo ns 0.9718
VEH vs. UCM924 > 0.0026
VEH vs. Nalo+UCM924 ns >0.9999
Nalo vs. UCM924 i 0.0014
Nalo vs. Nalo+UCM924 ns 0.9694
UCM924 vs. Nalo+UCM924 > 0.0063
20
VEH vs. Nalo ns 0.9047
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns 0.9494
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.9992
UCM924 vs. Nalo+UCM924 i <0.0001
25
VEH vs. Nalo ns 0.8743
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns 0.5289
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.9428
UCM924 vs. Nalo+UCM924 i <0.0001
30
VEH vs. Nalo ns 0.9375
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns 0.7233
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.9725
UCM924 vs. Nalo+UCM924 i <0.0001
35
VEH vs. Nalo ns 0.9557
VEH vs. UCM924 il <0.0001
VEH vs. Nalo+UCM924 ns 0.8717
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.9956
UCM924 vs. Nalo+UCM924 i <0.0001
40
VEH vs. Nalo ns 0.952
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns 0.8527
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.994
UCM924 vs. Nalo+UCM924 i <0.0001
45
VEH vs. Nalo ns >0.9999
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns 0.9991
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.9996
UCM924 vs. Nalo+UCM924 i <0.0001
50
VEH vs. Nalo ns 0.9873
VEH vs. UCM924 i <0.0001
VEH vs. Nalo+UCM924 ns >0.9999
Nalo vs. UCM924 i <0.0001
Nalo vs. Nalo+UCM924 ns 0.9932




UCM924 vs. Nalo+UCM924

55
VEH vs. Nalo
VEH vs. UCM924
VEH vs. Nalo+UCM924
Nalo vs. UCM924
Nalo vs. Nalo+UCM924
UCM924 vs. Nalo+UCM924

60
VEH vs. Nalo
VEH vs. UCM924
VEH vs. Nalo+UCM924
Nalo vs. UCM924
Nalo vs. Nalo+UCM924
UCM924 vs. Nalo+UCM924

<0.0001

0.9258
<0.0001
0.8815
<0.0001
0.9995
<0.0001

0.7687
<0.0001
0.453
<0.0001
0.9633
<0.0001

2-Way Mixed ANOVA
(treatment x time)

Veh=3
UCM924 = 4
CTOP =3
CTOP+UCM924 =3

Time x treatment : F (36, 117) = 3.874

Time : F (12, 117) = 4.461
Treatment : F (3, 117) = 125.0

P<0.0001
P<0.0001
P<0.0001

Tuckey post hoc
comparison

Test details

Summary

Adjusted P Value

0
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

5
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

10
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

15
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

20
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

25
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

30
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

35
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

40
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

45
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924

0.9955
0.9561
0.9248
0.8714
0.8274
0.9987

0.9735
0.9942
0.9834
0.8922
0.8575
0.9991

0.6761
0.5461
>0.9999
0.9992
0.6706
0.5401

0.9478
0.0085
0.9629
0.0443
>0.9999
0.0372

0.8678
0.0011
0.9897
0.0165
0.7028
0.0003

0.9999
0.0005
0.9308
0.0007
0.9515
0.0051

0.9824
<0.0001
0.9913
<0.0001
0.9998
<0.0001

0.8992
<0.0001
0.9372
<0.0001
0.5798
<0.0001

0.9691
<0.0001

0.9989
<0.0001

0.9331
<0.0001

0.1396
<0.0001
0.7159
<0.0001
0.6864




UCM924 vs. CTOP+UCM924

50
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

55
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

60
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

<0.0001

>0.9999
<0.0001
0.8517
<0.0001
0.876
<0.0001

0.3453
<0.0001
0.7637
<0.0001
0.8998
<0.0001

0.218
<0.0001
0.2948
<0.0001
0.9982
<0.0001

2-Way Mixed ANOVA
(treatment x time)

Veh =4
UCM924 =3
CTOP =3
CTOP+UCM924 =3

Time x treatment : F (36, 117) = 4.674

Time: F (12, 117) = 2.279
Treatment : F (3, 117) = 181.0

P<0.0001
P=0.0122
P<0.0001

Tuckey post hoc
comparison

Test details

Summary

Adjusted P Value

0
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

5
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

10
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

15
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

20
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

25
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

30
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

35
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

40
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924

0.9947
0.9153
0.9992
0.8359
0.9996
0.8839

0.9993
0.9695
0.8837
0.9901
0.9409
0.9935

0.9897
0.0605
0.9849
0.044
0.9258
0.1804

0.8757
0.0004
0.9785
0.0113
0.7047
0.0003

0.476
<0.0001
0.8322
<0.0001
0.9444
<0.0001

0.6944
<0.0001

0.9531
<0.0001

0.9511
<0.0001

0.6198
<0.0001
0.9734
<0.0001
0.8834
<0.0001

0.8266
<0.0001
0.9712
<0.0001
0.9799
<0.0001

0.4779
<0.0001
0.6926
<0.0001
0.9886




UCM924 vs. CTOP+UCM924

45
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

50
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

556
VEH vs. CTOP
VEH vs. UCM924
VEH vs. CTOP+UCM924
CTOP vs. UCM924
CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

60

VEH vs. CTOP

VEH vs. UCM924

VEH vs. CTOP+UCM924
CTOP vs. UCM924

CTOP vs. CTOP+UCM924
UCM924 vs. CTOP+UCM924

<0.0001

0.2604
<0.0001
0.6859
<0.0001
0.9028
<0.0001

0.8441
<0.0001

0.9771
<0.0001

0.9801
<0.0001

0.5711
<0.0001

0.6991
<0.0001

0.9975
<0.0001

0.7633
<0.0001

0.9991
<0.0001

0.8597
<0.0001

2-Way Mixed ANOVA
(treatment x time)

Veh=3
UCM924 = 4
Nalt =3
Nalt+UCM924 = 3

Time x treatment : F (36, 117) = 4.656

Time: F (12, 117) = 13.83
Treatment : F (3, 117) = 145.8

P<0.0001
P<0.0001
P<0.0001

Tuckey post hoc
comparison

Test details

Summary

Adjusted P Value

0
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

5
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

10
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

15
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

20
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

25
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

30
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

35
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924

>0.9999
0.9531
0.9973
0.9348
0.9991
0.8831

0.9999
0.9938
0.909
0.9977
0.932
0.9687

0.9998
0.5259
0.9143
0.5857
0.9424
0.9106

0.806
0.0066
0.7171
0.0002
0.2118
0.1333

0.993
0.0008
0.3986
0.0023
0.5639
0.1162

0.9994
0.0004
0.0019
0.0006
0.0029
0.9974

0.9371
<0.0001
<0.0001
<0.0001

0.0005

0.5346

0.9869
<0.0001
<0.0001
<0.0001

0.0003




UCM924 vs. Nalt+UCM924

40
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

45
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

50
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

56
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

60
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

ns

0.4965

0.9992
<0.0001
<0.0001
<0.0001
<0.0001

0.9756

0.7975
<0.0001
<0.0001
<0.0001
<0.0001

0.8685

0.9886
<0.0001
<0.0001
<0.0001
<0.0001

0.9852

0.3301
<0.0001
<0.0001
<0.0001
<0.0001

0.9999

0.3226
<0.0001
<0.0001
<0.0001
<0.0001

0.9632

2-Way Mixed ANOVA
(treatment x time)

Veh =4
UCM924 =3
Nalt =3
Nalt+UCM924 = 3

Time x treatment : F (36, 117) = 3.815

Time: F (12, 117) = 8.312

Treatment : F (3, 117) = 166.0

P<0.0001
P<0.0001
P<0.0001

Tuckey post hoc
comparison

Test details

Summary

Adjusted P Value

0

Veh vs. Nalt

Veh vs. UCM924

Veh vs. Nalt+UCM924
Nalt vs. UCM924

Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

5
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

10
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

15
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

20
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

25
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

30
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924

0.9765
0.9365
>0.9999
0.9985
0.9866
0.9587

0.933
0.9775
0.9689
0.9979
0.7602
0.8532

0.9843
0.1097
0.9209
0.0713
0.7906
0.4195

0.9993
0.0019
0.0002
0.0061
0.0008
0.9357

0.8066
<0.0001
0.0043
<0.0001
0.0005
0.2209

0.9103
<0.0001
<0.0001
<0.0001
<0.0001

0.9997

0.9756
<0.0001
<0.0001
<0.0001
<0.0001




UCM924 vs. Nalt+UCM924

35
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

40
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

45
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

50
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

556
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

60
Veh vs. Nalt
Veh vs. UCM924
Veh vs. Nalt+UCM924
Nalt vs. UCM924
Nalt vs. Nalt+UCM924
UCM924 vs. Nalt+UCM924

0.9999

0.8951
<0.0001
<0.0001
<0.0001
<0.0001

0.9977

0.7642
<0.0001
0.0002
<0.0001
<0.0001
0.2967

0.9832
<0.0001
<0.0001
<0.0001
<0.0001

0.2841

0.9889
<0.0001
<0.0001
<0.0001
<0.0001

0.136

0.6084
<0.0001
<0.0001
<0.0001
<0.0001

0.6624

0.8095
<0.0001
<0.0001
<0.0001
<0.0001

0.5523




Statistic 2

Figure Panel Test Group-size Statistic P value | Pair-wise comparison
Test details Summary  Adjusted P Value
5 A Repeated measures Veh=6 Time x treatment : F (15, 120) = 9.893 P<0.0001 Tuckey post hoc 0
(trze_;?nyeﬁ:\‘g\i/r:e) UCM924 = 8 Time : F (1.727, 41.44) = 16.93 | P<0.0001 comparison Veh vs. UCM924 10ug ns 0.3193
TQ=6 Treatment : F (3, 24) = 16.91 P<0.0001 Vehvs. TQ 1 uM ns 0.4497
TQ+UCM924 = 8 Veh vs. TQ + UCM924 ns 0.1656
UCM924 10ug vs. TQ 1 uM ns 0.1374
UCM924 10ug vs. TQ + UCM924 * 0.022
TQ 1 uMvs. TQ + UCM924 ns 0.9961
0.5
Veh vs. UCM924 10ug ns 0.1152
Vehvs. TQ 1 uM ns 0.6132
Vehvs. TQ + UCM924 ns 0.9437
UCM924 10ug vs. TQ 1 uM * 0.0336
UCM924 10ug vs. TQ + UCM924 ns 0.0822
TQ 1uMyvs. TQ + UCM924 ns 0.9569
1
Veh vs. UCM924 10ug * 0.0078
Vehvs. TQ 1 uM ns 0.9362
Vehvs. TQ + UCM924 ns 0.7616
UCM924 10ug vs. TQ 1 uM * 0.0122
UCM924 10ug vs. TQ + UCM924 ** 0.0059
TQ 1uMyvs. TQ + UCM924 ns 0.7625
15
Veh vs. UCM924 10ug ** 0.0079
Vehvs. TQ 1 uM ns 0.6004
Vehvs. TQ + UCM924 ns 0.1712
UCM924 10ug vs. TQ 1 uM ** 0.0072
UCM924 10ug vs. TQ + UCM924 e 0.0002
TQ 1 uMvs. TQ + UCM924 ns 0.9441
2
Veh vs. UCM924 10ug ns 0.7834
Vehvs. TQ 1 uM ns 0.9362
Veh vs. TQ + UCM924 ns 0.8756
UCM924 10ug vs. TQ 1 uM ns 0.6165
UCM924 10ug vs. TQ + UCM924 ns 0.5263
TQ 1uMyvs. TQ + UCM924 ns 0.9987
3
Veh vs. UCM924 10ug ns 0.9241
Vehvs. TQ 1 uM ns 0.7847
Vehvs. TQ + UCM924 ns 0.9946
UCM924 10ug vs. TQ 1 uM ns 0.1117
UCM924 10ug vs. TQ + UCM924 ns 0.5427
TQ 1uMyvs. TQ + UCM924 ns 0.7456
5 B 1-way ANOVA Veh =6 F(3,24)=11.62 <0.0001 Tuckey post hoc Test details Summary _ Adjusted P Value
UCM924 = 8 comparison Veh vs. UCM924 10ug - 0.0026
TQ=6 Vehvs. TQ 1 uM ns 0.9708
TQ+UCM924 = 8 Veh vs. TQ + UCM924 ns 0.819
UCM924 10ug vs. TQ 1 uM e 0.0008
UCM924 10ug vs. TQ + UCM924 e 0.0001
TQ 1 uMvs. TQ + UCM924 ns 0.9776
5 Cc Repeated measures Veh=3 Time x treatment : F (36, 130) = 2.983 P<0.0001 Tuckey post hoc Test details Summary _ Adjusted P Value
2-way ANOVA UCM924 = 4 Time : F (12, 130) = 4.834 P<0.0001 comparison 0
(treatment x time)
TQ=3 Treatment : F (3, 130) = 107.7 P<0.0001 Vehvs. TQ ns 0.982
TQ+UCM924 = 4 Veh vs. UCM924 ns 0.9958
Veh vs. TQ+UCM924 ns 0.956
TQ vs. UCM924 ns 0.9228
TQvs. TQ+UCM924 ns 0.7979
UCM924 vs. TQ +UCM924 ns 0.9899
5
Vehvs. TQ ns 0.8738
Veh vs. UCM924 ns 0.6321
Veh vs. TQ+UCM924 ns 0.9818
TQvs. UCM924 ns 0.1925
TQvs. TQ+UCM924 ns 0.9728
UCM924 vs. TQ +UCM924 ns 0.3302
10
Vehvs. TQ ns 0.9889
Veh vs. UCM924 ns 0.5344
Veh vs. TQ+UCM924 ns >0.9999
TQvs. UCM924 ns 0.0549
TQvs. TQ+UCM924 ns 0.9922
UCM924 vs. TQ +UCM924 ns 0.2843
15
Vehvs. TQ ns 0.9889
Veh vs. UCM924 * 0.0222
Veh vs. TQ+UCM924 ns >0.9999
TQvs. UCM924 ns 0.0549




TQvs. TQ+UCM924
UCM924 vs. TQ +UCM924

20
Vehvs. TQ
Veh vs. UCM924
Veh vs. TQ+UCM924
TQ vs. UCM924
TQ vs. TQ+UCM924
UCM924 vs. TQ +UCM924

25
Vehvs. TQ
Veh vs. UCM924
Veh vs. TQ+UCM924
TQ vs. UCM924
TQvs. TQ+UCM924
UCM924 vs. TQ +UCM924

30
Vehvs. TQ
Veh vs. UCM924
Veh vs. TQ+UCM924
TQ vs. UCM924
TQvs. TQ+UCM924
UCM924 vs. TQ +UCM924

35
Vehvs. TQ
Veh vs. UCM924
Veh vs. TQ+UCM924
TQ vs. UCM924
TQvs. TQ+UCM924
UCM924 vs. TQ +UCM924

40
Vehvs. TQ
Veh vs. UCM924
Veh vs. TQ+UCM924
TQ vs. UCM924
TQvs. TQ+UCM924
UCM924 vs. TQ +UCM924

45
Vehvs. TQ
Veh vs. UCM924
Veh vs. TQ+UCM924
TQ vs. UCM924
TQvs. TQ+UCM924
UCM924 vs. TQ +UCM924

50
Vehvs. TQ
Veh vs. UCM924
Veh vs. TQ+UCM924
TQ vs. UCM924
TQvs. TQ+UCM924
UCM924 vs. TQ +UCM924

55
Vehvs. TQ
Veh vs. UCM924
Veh vs. TQ+UCM924
TQ vs. UCM924
TQvs. TQ+UCM924
UCM924 vs. TQ +UCM924

60
Vehvs. TQ
Veh vs. UCM924
Veh vs. TQ+UCM924
TQ vs. UCM924
TQ vs. TQ+UCM924
UCM924 vs. TQ +UCM924

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

0.9922
0.0135

0.9994
0.0042
>0.9999
0.0028
0.9997
0.0015

0.9921
0.0023
0.9995
0.0062
0.9756
0.0005

0.7601
<0.0001
0.5271
<0.0001
0.9896
<0.0001

>0.9999
<0.0001
0.8206
<0.0001
0.8138
<0.0001

0.9922
<0.0001
0.9177
0.0001
0.9861
0.0001

0.634
<0.0001
0.5001
<0.0001
0.9992
<0.0001

0.8606
<0.0001
0.9904
<0.0001
0.9494
<0.0001

0.9314
<0.0001
0.9997
<0.0001
0.9459
<0.0001

0.3971
<0.0001

0.8202
<0.0001

0.8486
<0.0001

Repeated measures
2-way ANOVA
(treatment x time)

Veh =4
UCM924 =3
TQ=3
TQ+UCM924 = 4

Time x treatment : F (36, 132) = 3.953
Time : F (4.350, 47.85) = 2.828
Treatment : F (3, 11) = 74.01

P<0.0001
P=0.0312
P<0.0001

Tuckey post hoc
comparison

Test details

Summary  Adju

sted P Value

0
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM
Veh vs. TQ+UCM924
UCM924 10ug vs. TQ 1 uM

UCM924 10ug vs. TQ+UCM924

TQ 1 uMvs. TQ+UCM924

5
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM

ns
ns

0.9991
0.9797
0.9545
0.9573
0.9279
0.9524

0.9948
0.9964




Veh vs. TQ+UCM924

UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uMyvs. TQ+UCM924

10
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM
Veh vs. TQ+UCM924
UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uMyvs. TQ+UCM924

15
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM
Veh vs. TQ+UCM924
UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uMyvs. TQ+UCM924

20
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM
Veh vs. TQ+UCM924
UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uMyvs. TQ+UCM924

25
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM
Veh vs. TQ+UCM924
UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uMyvs. TQ+UCM924

30
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM
Veh vs. TQ+UCM924
UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uMyvs. TQ+UCM924

35
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM
Veh vs. TQ+UCM924
UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uMyvs. TQ+UCM924

40
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM
Veh vs. TQ+UCM924
UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uMyvs. TQ+UCM924

45
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM
Veh vs. TQ+UCM924
UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uMyvs. TQ+UCM924

50
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM
Veh vs. TQ+UCM924
UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uMyvs. TQ+UCM924

55
Veh vs. UCM924 10ug
Vehvs. TQ 1 uM
Veh vs. TQ+UCM924
UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uMyvs. TQ+UCM924

60

ns
ns
ns
ns

ns
ns

ns
ns
ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns
ns

ns

0.9965
0.9487
0.9992
0.6514

0.5092
0.7737
0.0224
0.6508
0.7289
0.5741

0.0066
0.9157
0.9791
0.001
0.0008
0.458

<0.0001
0.9988
0.9994
0.0239
<0.0001
0.9865

0.0009
0.9908
0.9817
0.0033
0.001
0.9969

<0.0001
0.9826
0.998
0.0265
<0.0001
0.9387

<0.0001
0.9925
0.9648
0.0021

<0.0001
0.7769

<0.0001
0.9981
0.947
0.0002
<0.0001
0.7146

<0.0001
0.9854
0.927
0.0003
<0.0001
0.4878

<0.0001
0.8063
0.61
0.0091
<0.0001
0.2823

<0.0001
0.5489
0.9243
0.0043

<0.0001
0.6301




Veh vs. UCM924 10ug

Vehvs. TQ 1 uM

Veh vs. TQ+UCM924

UCM924 10ug vs. TQ 1 uM
UCM924 10ug vs. TQ+UCM924
TQ 1 uM vs. TQ+UCM924

e <0.0001
ns 0.9164
ns 0.9943
> 0.0093

e <0.0001
ns 0.9745

Repeated measures
2-way ANOVA
(treatment x time)

Veh=3
morph =3
TQ=3
TQ+morph = 4

Time x treatment : F (36, 132) = 6.767
Time : F (4.710, 51.81) = 26.48
Treatment : F (3, 11) = 53.15

P<0.0001
P<0.0001
P<0.0001

Tuckey post hoc
comparison

Test details

Summary Adjusted P Value

0
TQ 1 uMvs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

5
TQ 1 uMvs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

10
TQ 1 uMvs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

15
TQ 1 uMvs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

20
TQ 1 uM vs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

25
TQ 1 uM vs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

30
TQ 1 uM vs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

35
TQ 1 uMvs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

40
TQ 1 uMvs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

45
TQ 1 uMvs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

ns >0.9999
ns >0.9999
ns >0.9999
ns >0.9999
ns >0.9999
ns >0.9999
ns 0.8852
ns >0.9999
ns 0.9117
ns >0.9999
ns >0.9999
ns >0.9999
> 0.0018
ns >0.9999
> 0.0014
** 0.0044
ns >0.9999
** 0.0033
i <0.0001
ns >0.9999
i <0.0001
** 0.0078
ns >0.9999
i 0.0003
i 0.0002
ns >0.9999
i <0.0001
** 0.0026
ns >0.9999
i <0.0001
e <0.0001
ns >0.9999
i <0.0001
e <0.0001
ns >0.9999
i <0.0001
e <0.0001
ns >0.9999
e <0.0001
e <0.0001
ns >0.9999
e <0.0001
i 0.0004
ns >0.9999
i 0.0002
e <0.0001
ns >0.9999
e <0.0001
i <0.0001
ns >0.9999
e <0.0001
e <0.0001
ns >0.9999
e <0.0001
i 0.0002
ns >0.9999
e <0.0001
i <0.0001
ns >0.9999
i <0.0001




50
TQ 1 uMvs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

55
TQ 1 uMvs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

60
TQ 1 uMvs. TQ+ morph 5ug
TQ 1uMvs. Veh
TQ 1 uM vs. morph 5ug
TQ+ morph 5ug vs. Veh
TQ+ morph 5ug vs. morph 5ug
Veh vs. morph 5ug

i 0.0006
ns >0.9999
i <0.0001
e <0.0001
ns >0.9999
e <0.0001
i <0.0001
ns >0.9999
e <0.0001
i <0.0001
ns >0.9999
e <0.0001
i 0.0004
ns >0.9999
i 0.0002
i <0.0001
ns >0.9999
e <0.0001

Repeated measures
2-way ANOVA
(treatment x time)

Veh=3
morph = 2
TQ=3
TQ+morph = 2

Time x treatment : F (36, 72) = 9.097
Time : F (2,517, 15.10) = 26.44
Treatment : F (3, 6) = 38.27

P<0.0001
P<0.0001
P=0.0003

Tuckey post hoc
comparison

Test details

Summary  Adjusted P Value

0
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

5
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

10
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

15
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

20
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

25
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

30
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

35
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh

ns 0.9791
ns >0.9999
ns 0.9944
ns 0.9806
ns >0.9999
ns >0.9999
ns 0.7632
ns >0.9999
ns 0.5898
ns 0.7373
ns >0.9999
ns 0.5925
* 0.0113
ns 0.8863
ns 0.675
* 0.0372
ns >0.9999
ns 0.779
* 0.0359
ns 0.9998
i 0.0004
* 0.0182
ns 0.8936
i 0.0002
i <0.0001
ns >0.9999
i <0.0001
i 0.0002
ns >0.9999
i <0.0001
i <0.0001
ns >0.9999
i <0.0001
i <0.0001
ns >0.9999
i <0.0001
i <0.0001
ns >0.9999
i <0.0001
i <0.0001
ns >0.9999
i <0.0001
i <0.0001
ns >0.9999
e <0.0001
e <0.0001




TQ+morf vs. morph 5ug
Veh vs. morph 5ug

40
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

45
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

50
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

55
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

60
TQ 1uM vs. TQ+morf
TQ 1uMvs. Veh
TQ 1uM vs. morph 5ug
TQ+morf vs. Veh
TQ+morf vs. morph 5ug
Veh vs. morph 5ug

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

>0.9999
<0.0001

<0.0001
>0.9999
<0.0001
<0.0001
>0.9999
<0.0001

<0.0001
>0.9999
<0.0001
<0.0001
>0.9999
<0.0001

<0.0001
>0.9999
<0.0001
<0.0001
>0.9999
0.0008

<0.0001
>0.9999
<0.0001
<0.0001
>0.9999
0.0006

<0.0001
>0.9999
0.0007
<0.0001
>0.9999
0.0024




Figure | Panel Test Group-size Statistic P value Pair-wise comparison Statistic 2
6 A Repeated measures 2- D1-9Veh =6 Time x treatment : F (40, 376) = 6.237 P<0.0001 Tuckey post hoc comparison Test details Summary _ Adjusted P Value
way ANOVA D1 UCM924 = 10 Time : F (5.442, 255.8) = 45.95 P<0.0001 0 ns 0.8756
(treatment x time)
D3=9 Treatment : F (5, 47) = 12.50 P<0.0001 D1-9 Veh vs. D1 UCM924 ns >0.9999
D5=9 D1-9 Veh vs. D3 ns 0.9819
D1-9 Veh vs. D5 ns 09716
D1-9 Veh vs. D7 ns 0.9951
D1-9 Veh vs. D9 ns 0.8825
D1UCM924 vs. D3 ns 0.1875
D1 UCM924 vs. D5 ns 03515
D1 UCM924 vs. D7 ns 0.3479
D1 UCM924 vs. D9 ns 0.9959
D3vs. D5 ns 0.9894
D3vs. D7 ns 0.9992
D3 vs. D9 ns 0.9997
D5 vs. D7 ns >0.9999
D5 vs. D9 ns 0.9984
D7 vs. D9
1 = 0.0087
D1-9 Veh vs. D1 UCM924 0.0002
D1-9 Veh vs. D3 = 0.0035
D1-9 Veh vs. D5 = 0.0072
D1-9 Veh vs. D7 ns 0.0554
D1-9 Veh vs. D9 ns >0.9999
D1UCM924 vs. D3 ns 0.9393
D1UCM924 vs. DS ns 0.9658
D1UCM924 vs. D7 ns 0.6639
D1 UCM924 vs. D9 ns 07233
D3vs. D5 ns 0827
D3 vs. D7 ns 03213
D3 vs. D9 ns >0.9999
D5 vs. D7 ns 0.1801
D5 vs. D9 ns 0.2593
D7 vs. D9
2 0.0009
D1-9 Veh vs. D1 UCM924 = 0.0083
D1-9 Veh vs. D3 = 0.0012
D1-9 Veh vs. D5 = 0.0076
D1-9 Veh vs. D7 ns 0.4988
D1-9 Veh vs. D9 ns 05475
D1UCM924 vs. D3 ns 0.9999
D1UCM924 vs. D5 ns 0.1525
D1 UCM924 vs. D7 . 0.0262
D1 UCM924 vs. D9 ns 0.576
D3 vs. D5 ns 09351
D3vs. D7 ns 0.3206
D3 vs. D9 ns 0.1353
D5 vs. D7 . 0.0232
D5 vs. D9 ns 0672
D7 vs. D9
3 <0.0001
D1-9 Veh vs. D1 UCM924 - 00011
D1-9 Veh vs. D3 <0.0001
D1-9 Veh vs. D5 . 0019
D19 Veh vs. D7 ns 0.0994
D1-9 Veh vs. D9 ns 09991
D1 UCM924 vs. D3 ns 0811
D1 UCM924 vs. DS ns 0.0688
D1 UCM924 vs. D7 0.0004
D1 UCM924 vs. D9 ns 06912
D3vs. D5 ns 0.0819
D3vs. D7 - 0.0041
D3 vs. D9 ns 0.1456
D5 vs. D7 <0.0001
D5 vs. D9 ns 02164
D7 vs. D9
4 <0.0001
D1-9 Veh vs. D1 UCM924 . 00108
D19 Veh vs. D3 - 0.0026
D19 Veh vs. D5 ns 0.8388
D19 Veh vs. D7 ns 09182
D1-9 Veh vs. D9 ns 0.9968
D1 UCM924 vs. D3 ns 00586
D1 UCM924 vs. DS 0.0004
D1 UCM924 vs. D7 0.0008
D1 UCM924 vs. D9 ns 06692
D3vs. D5 . 0.0394
D3 vs. D7 . 0.039
D3 vs. D9 . 00199
D5 vs. D7 . 00363
D5 vs. D9 ns >0.9999
D7 vs. D9
5 <0.0001
D1-9 Veh vs. D1 UCM924 0.0053
D1-9 Veh vs. D3 - 0.0047
D1-9 Veh vs. D5 ns 06486
D1-9 Veh vs. D7 ns 0.1502
D1-9 Veh vs. D9 ns 0.9974
D1 UCM924 vs. D3 - 00119
D1UCM924 vs. D5 = 0.0031
D1UCM924 vs. D7 <0.0001
D1UCM924 vs. D9 ns 0.3295
D3 vs. D5 ns 0.0518
D3 vs. D7 . 00153
D3 vs. D9 ns 0523
D5 vs. D7 ns 00525
D5 vs. D9 ns 0.9982
D7 vs. D9
6 0.0005
D1-9 Veh vs. D1 UCM924 ns 0.1456
D1-9 Veh vs. D3 ns 0.665
D19 Veh vs. D5 ns 07875
D19 Veh vs. D7 ns 0.8503
D1-9 Veh vs. D9 ns 0.9676
D1 UCM924 vs. D3 . 0.0225
D1 UCM924 vs. DS . 001
D1 UCM924 vs. D7 - 0.0016
D1 UCM924 vs. D9 ns 05325
D3vs. D5 ns 0.4258
D3vs. D7 ns 0271
D3 vs. D9 ns 0.9998




D5 vs. D7 ns 09752
D5 vs. D9 ns 0.9971
D7 vs. D9
7 - 0.002
D1-9 Veh vs. D1 UCM924 ns 0.2074
D1-9 Veh vs. D3 ns 05942
D1-9 Veh vs. D5 ns 03336
D1-9 Veh vs. D7 ns 07073
D1-9 Veh vs. D9 ns 0.9997
D1UCM924 vs. D3 ns 0.1827
D1 UCM924 vs. D5 ns 05787
D1UCM924 vs. D7 ns 0.1898
D1 UCM924 vs. D9 ns 0.7167
D3 vs. D5 ns 0.9344
D3vs. D7 ns 0.6977
D3 vs. D9 ns 0.9895
D5 vs. D7 ns >0.9999
D5 vs. D9 ns 0.9841
D7 vs. D9
8 ns 0.9904
D1-9 Veh vs. D1 UCM924 ns 0.9933
D1-9 Veh vs. D3 ns 0.9846
D1-9 Veh vs. D5 ns >0.9999
D1-9 Veh vs. D7 ns 0.2968
D1-9 Veh vs. D9 ns 0.9267
D1UCM924 vs. D3 ns 0.8159
D1UCM924 vs. D5 ns >0.9999
D1UCM924 vs. D7 ns 0.2278
D1 UCM924 vs. D9 ns >0.9999
D3 vs. D5 ns 0.9995
D3 vs. D7 ns 0.4606
D3 vs. D9 ns 0.9996
D5 vs. D7 ns 0.3938
D5 vs. D9 ns 05197
D7 vs. D9
Welch's ANOVA test D1-9Veh =6 W (5.000, 20.54) = 20.75 <0.0001 Dunnett post hoc comparison Test details Summary Adjusted P Value
D1 UCM924 = 10 D1-9 Veh vs. D1 UCM924 20 mg/kg <0.0001
D3=9 D1-9 Veh vs. D3 0.0007
D5=9 D1-9 Veh vs. D5 <0.0001
D7=9 D1-9 Veh vs. D7 = 0.0051
D9=8 D1-9 Veh vs. D9 . 0.0252
D1 UCM924 20 mglkg vs. D3 ns >0.9999
D1 UCM924 20 mglkg vs. DS ns 0.2682
D1 UCM924 20 mglkg vs. D7 - 00175
D1 UCM924 20 mglkg vs. D9 0.001
D3 vs. D5 ns 07896
D3 vs. D7 ns 0.1611
D3 vs. D9 . 0.0249
D5 vs. D7 ns 05225
D5 vs. D9 . 00181
D7 vs. D9 ns 0.9286
Repeated measures 2- D9-Veh+Veh = 6 Time x treatment : F (12, 96) = 38.97 P<0.0001 Tuckey post hoc comparison Test details Summary _ Adjusted P Value
way ANOVA D9-Veh + Morph = 7 Time: F (6, 96) = 161.7 P<0.0001 0
(treatment x time)
D9-UCM924 + Morph = 6 Treatment : F (2, 16) = 155.3 P<0.0001 D9-UCM924 + Morph vs. D9-Veh + Morph ns 0.541
D9-Veh+Veh vs. D9-Veh + Morph ns 0.9338
D9-Veh+Veh vs. D9-UCM924 + Morph ns 07748
30
D9-UCM924 + Morph vs. D9-Veh + Morph ns >0.9999
D9-Veh+Veh vs. D9-Veh + Morph <0.0001
D9-Veh+Veh vs. D9-UCM924 + Morph <0.0001
60
D9-UCM924 + Morph vs. D9-Veh + Morph ns 07388
D9-Veh+Veh vs. D9-Veh + Morph <0.0001
D9-Veh+Veh vs. D9-UCM924 + Morph <0.0001
120
D9-UCM924 + Morph vs. D9-Veh + Morph ns 09311
D9-Veh+Veh vs. D9-Veh + Morph <0.0001
D9-Veh+Veh vs. D9-UCM924 + Morph <0.0001
180
DS-UCM924 + Morph vs. D9-Veh + Morph ns 0.1452
DS-Veh+Veh vs. D9-Veh + Morph <0.0001
DS-Veh+Veh vs. DI-UCM924 + Morph <0.0001
210
DS-UCM924 + Morph vs. D9-Veh + Morph ns 0.0981
DS-Veh+Veh vs. D9-Veh + Morph - 0.0046
DS-Veh+Veh vs. D9-UCM924 + Morph ns 05106
360
DS-UCM924 + Morph vs. D9-Veh + Morph ns 0.9811
DS-Veh+Veh vs. D9-Veh + Morph ns 0.8502
DS-Veh+Veh vs. DI-UCM924 + Morph ns 0.9368
Welch's ANOVA test D9-Veh+Veh = 6 W (2.000, 7.862) = 217.9 P<0.0001 Dunnett post hoc comparison Test details Summary Adjusted P Value
D9-Veh + Morph = 7 DS-Veh+Veh vs. D9-UCM924 + Morph <0.0001
D9-UCM924 + Morph = 6 DS-Veh+Veh vs. D9-Veh + Morph <0.0001
DS-UCM924 + Morph vs. D9-Veh + Morph ns 0.7697
Repeated measures 2- D9-UCM924+Veh = 3 Time x treatment : F (24, 84) = 5.670 P<0.0001 Tuckey post hoc comparison Test details Summary Adjusted P Value
I "e"g'{‘:n':?ﬁ o D9-UCM924+Morph = 4 Time : F (2.990, 20.93) = 10.50 P=0.0002 [
D9-UCM924+UCM924 = 3 Treatment : F (2, 7) = 56.34 P<0.0001 D9-UCM924+Veh vs. DI-UCM924+Morph ns 05693
D9-UCM924+Veh vs. DI-UCM924+UCM24 ns 0.8197
D9-UCM924+Morph vs. DI-UCM924+UCM924 ns 0.9095
5
D9-UCM924+Veh vs. DI-UCM924+Morph ns 03325
D9-UCM924+Veh vs. DI-UCM924+UCM24 ns 05207
D9-UCM924+Morph vs. DI-UCM924+UCM924 ns 0.9918
10
D9-UCM924+Veh vs. DI-UCM924+Morph . 0.0382
D9-UCM924+Veh vs. DI-UCM924+UCM24 ns 05972
D9-UCM924+Morph vs. DI-UCM924+UCM924 ns 0072
15
D9-UCM924+Veh vs. DI-UCM924+Morph 0.0002
D9-UCM924+Veh vs. DI-UCM924+UCM24 ns 09511
D9-UCM924+Morph vs. DI-UCM924+UCM924 = 001
20
D9-UCM924+Veh vs. DI-UCM924+Morph . 0.0103
D9-UCM924+Veh vs. DI-UCM924+UCM24 ns 0.9467
D9-UCM924+Morph vs. DI-UCM924+UCM924 0.0007




25
D9-UCM924+Veh vs. D9-UCM924+Morph
D9-UCM924+Veh vs. D9-UCMI24+UCM924
D9-UCM924+Morph vs. D9-UCM24+UCM924

30
D9-UCM924+Veh vs. D9-UCM924+Morph
D9-UCM924+Veh vs. D9-UCMI24+UCM924
D9-UCM924+Morph vs. D9-UCM24+UCM924

35
D9-UCM924+Veh vs. D9-UCM924+Morph
D9-UCM924+Veh vs. D9-UCMI24+UCM924
D9-UCM924+Morph vs. D9-UCM24+UCM924

40
D9-UCM924+Veh vs. D9-UCM924+Morph
D9-UCM924+Veh vs. D9-UCMI24+UCM924
D9-UCM924+Morph vs. D9-UCM24+UCM924

45
D9-UCM924+Veh vs. DI-UCM924+Morph
D9-UCM924+Veh vs. DI-UCM924+UCM24
D9-UCM924+Morph vs. DI-UCM924+UCM924

50
D9-UCM924+Veh vs. D9-UCM924+Morph
D9-UCM924+Veh vs. D9-UCMI24+UCM924
D9-UCM924+Morph vs. D9-UCMI24+UCM924

55
D9-UCM924+Veh vs. D9-UCM924+Morph
D9-UCM924+Veh vs. D9-UCM924+UCM924
D9-UCM924+Morph vs. D9-UCMI24+UCM924

60
D9-UCM924+Veh vs. D9-UCM924+Morph
D9-UCM924+Veh vs. D9-UCMI24+UCM924
D9-UCM924+Morph vs. D9-UCMI24+UCMI24

0.0002
0.9573
0.0315

0.0022
0.3701
0.0017

0.012
0.2451
0.0014

0.015
0.4369
0.0011

0.0002
0.1304
0.0051

0.0428
0.6326
0.0008

0.0003
0.8436
0.0051

2-Way Mixed ANOVA D9-UCM924+Veh = 3 Time x treatment : F (24, 91) = 1.675 P=0.0426 Tuckey post hoc comparison Test details Summary _ Adjusted P Value
(troatment x time) D9-UCM924-+Morph = 4 Time: F (12, 91) = 3.327 P=0.0005 0
D9-UCM924+UCM924 = 3 Treatment : F (2, 91) = 94.36 P<0.0001 D9-UCM924+Morph vs. DI-UCM924+Veh ns >0.9999
D9-UCM924+UCM924 vs. DI-UCMI24+Veh ns >0.9999
D9-UCM924+UCM924 vs. D9-UCMI24+Morph ns >0.9999
5
D9-UCM924+Morph vs. DI-UCM924+Veh ns >0.9999
D9-UCM924+UCM924 vs. DI-UCMI24+Veh ns >0.9999
D9-UCM924+UCM924 vs. D9-UCMI24+Morph ns >0.9999
10
DS-UCM924+Morph vs. DI-UCM924+Veh ns >0.9999
D9-UCM924+UCM924 vs. DI-UCM924+Veh ns >0.9999
D9-UCM924+UCM924 vs. D9-UCMI24+Morph ns >0.9999
15
DS-UCM924+Morph vs. DI-UCM924+Veh <0.0001
DS-UCM924+UCM924 vs. DI-UCMI24+Veh ns >0.9999
D9-UCM924+UCM924 vs. DI-UCMI24+Morph 0.0004
20
D9-UCM924+Morph vs. DI-UCM924+Veh <0.0001
D9-UCM924+UCM924 vs. DI-UCMI24+Veh ns >0.9999
D9-UCM924+UCM924 vs. DI9-UCM24+Morph <0.0001
25
D9-UCM924+Morph vs. DI-UCM924+Veh 0.001
D9-UCM924+UCM924 vs. DI-UCMI24+Veh ns >0.9999
D9-UCM924+UCM924 vs. DI-UCMI24+Morph 0.0003
30
D9-UCM924+Morph vs. DI-UCM924+Veh - 0.006
D9-UCM924+UCM924 vs. DI-UCMI24+Veh ns >0.9999
D9-UCM924+UCM924 vs. D9-UCMI24+Morph . 0019
35
DS-UCM924+Morph vs. DI-UCM924+Veh <0.0001
DS-UCM924+UCM924 vs. DI-UCMI24+Veh ns >0.9999
DS-UCM924+UCM924 vs. DI-UCMI24+Morph 0.0001
40
DS-UCM924+Morph vs. DI-UCM924+Veh <0.0001
DS-UCM924+UCM924 vs. DI-UCMI24+Veh ns >0.9999
DS-UCM924+UCM924 vs. DI-UCMI24+Morph <0.0001
45
DS-UCM924+Morph vs. DI-UCM924+Veh <0.0001
DS-UCM924+UCM924 vs. DI-UCM924+Veh ns >0.9999
DS-UCM924+UCM924 vs. DI-UCMI24+Morph <0.0001
50
DS-UCM924+Morph vs. DI-UCM924+Veh <0.0001
DS-UCM924+UCM924 vs. DI-UCM924+Veh ns >0.9999
DS-UCM924+UCM924 vs. DI-UCMI24+Morph <0.0001
55
DS-UCM924+Morph vs. DI-UCM924+Veh <0.0001
DS-UCM924+UCM924 vs. DI-UCM924+Veh ns >0.9999
DS-UCM924+UCM924 vs. DI-UCMI24+Morph <0.0001
60
D-UCM924+Morph vs. D9-UCM924+Veh <0.0001
DS-UCM924+UCM924 vs. DI-UCM924+Veh ns >0.9999
D-UCM924+UCM924 vs. DI-UCMI24+Morph <0.0001
2-Way Mixed ANOVA D1-9Veh =6 Time x treatment : F (30, 234) = 14.43 <0.0001 Tuckey post hoc comparison Test details Summary Adjusted P Value
(troatment x time) D1 morph =9 Time: F (3.168, 123.6) = 161.3 <0.0001 [

Treatment : F (5, 45) = 34.65 <0.0001 D1 morph vs. D3 ns 0.9977
D1 morph vs. D5 ns 0.9989
D1 morph vs. D7 ns >0.9999
D1 morph vs. D9 ns 0.9182
D1 morph vs. D1-9 Veh ns 0.8904
D3vs. D5 ns >0.9999
D3vs. D7 ns 0.9998
D3 vs. D9 ns 09719
D3 vs. D1-9 Veh ns 0.795
D5 vs. D7 ns >0.9999
D5 vs. D9 ns 09773
D5 vs. D1-9 Veh ns 0.8237




D7 vs. D9 ns 0.9439
D7 vs. D1-9 Veh ns 0.8509
D9 vs. D1-9 Veh ns 0.676
30
D1 morph vs. D3 ns 0.5568
D1 morph vs. D5 - 0.0381
D1 morph vs. D7 N 0.0208
D1 morph vs. D9 s <0.0001
D1 morph vs. D1-9 Veh <0.0001
D3 vs. D5 ns 0.1508
D3 vs. D7 ns 0.053
D3 vs. D9 <0.0001
D3 vs. D1-9 Veh <0.0001
D5 vs. D7 ns 0.8969
D5 vs. D9 - 0.0032
D5 vs. D1-9 Veh 0.0001
D7 vs. D9 ns 0.1237
D7 vs. D1-9 Veh - 0.0043
D9 vs. D1-9 Veh - 0.0016
60
D1 morph vs. D3 ns 0.6298
D1 morph vs. D5 ns 0.0547
D1 morph vs. D7 . 0.0226
D1 morph vs. D9 - 0.0019
D1 morph vs. D1-9 Veh <0.0001
D3 vs. D5 ns 0.2841
D3 vs. D7 ns 0.074
D3 vs. D9 <0.0001
D3 vs. D1-9 Veh <0.0001
D5 vs. D7 ns 0.927
D5 vs. D9 - 0.0089
D5 vs. D1-9 Veh - 0.0012
D7 vs. D9 ns 0.1155
D7 vs. D1-9 Veh . 0.0165
D9 vs. D1-9 Veh ns 0.1588
120
D1 morph vs. D3 ns 0.1411
D1 morph vs. D5 . 0.0176
D1 morph vs. D7 <0.0001
D1 morph vs. D9 <0.0001
D1 morph vs. D1-9 Veh <0.0001
D3 vs. D5 ns 0.7661
D3 vs. D7 - 0.006
D3 vs. D9 - 0.0022
D3 vs. D1-9 Veh - 0.001
D5 vs. D7 ns 0.1816
D5 vs. D9 ns 0.0746
D5 vs. D1-9 Veh - 0.03
D7 vs. D9 ns 0.6285
D7 vs. D1-9 Veh - 0.015
D9 vs. D1-9 Veh ns 0.713
180
D1 morph vs. D3 ns 0.2479
D1 morph vs. D5 ns 0.0863
D1 morph vs. D7 . 0.0409
D1 morph vs. D9 N 0.016
D1 morph vs. D1-9 Veh - 0.0033
D3 vs. D5 ns 0.9414
D3 vs. D7 ns 0.7678
D3 vs. D9 ns 0.6564
D3 vs. D1-9 Veh ns 0.2182
D5 vs. D7 ns 0.9988
D5 vs. D9 ns 0.9996
D5 vs. D1-9 Veh ns 0.9193
D7 vs. D9 ns >0.9999
D7 vs. D1-9 Veh ns 0.9956
D9 vs. D1-9 Veh ns 0.8765
210
D1 morph vs. D3 . 0.0387
D1 morph vs. D5 ns 0.1127
D1 morph vs. D7 ns 0.0513
D1 morph vs. D9 ns 0.5145
D1 morph vs. D1-9 Veh - 0.0374
D3 vs. D5 ns 0.4935
D3 vs. D7 ns 0.9849
D3 vs. D9 ns 0.4179
D3 vs. D1-9 Veh ns >0.9999
D5 vs. D7 ns 0.7989
D5 vs. D9 ns 0.8523
D5 vs. D1-9 Veh ns 0.3571
D7 vs. D9 ns 0.5206
D7 vs. D1-9 Veh ns 0.9312
D9 vs. D1-9 Veh ns 0.398
360
D1 morph vs. D3 ns 0.071
D1 morph vs. D5 ns 0.1422
D1 morph vs. D7 ns 0.9563
D1 morph vs. D9 ns >0.9999
D1 morph vs. D1-9 Veh ns 0.8767
D3 vs. D5 ns 0.9698
D3 vs. D7 ns 0.567
D3 vs. D9 ns 0.7454
D3 vs. D1-9 Veh ns 0.7207
D5 vs. D7 ns 0.7722
D5 vs. D9 ns 0.8178
D5 vs. D1-9 Veh ns 0.8936
D7 vs. D9 ns 0.9869
D7 vs. D1-9 Veh ns 0.9999
D9 vs. D1-9 Veh ns 0.9709
Welch's ANOVA test D1-9 Veh =6 W (5.000, 19.25) = 102.6 <0.0001 Dunnett post hoc Test details Summary __ Adjusted P Value
D1 morph =9 D1-9 Veh vs. D1 morph <0.0001
D3=9 D1-9 Veh vs. D3 <0.0001
D5=9 D1-9 Veh vs. D5 . 0.0108
D7 =8 D1-9 Veh vs. D7 - 0.0087
D9=8 D1-9 Veh vs. D9 ns >0.9999
D1 morph vs. D3 - 0.0023
D1 morph vs. D5 . 0.0149
D1 morph vs. D7 <0.0001
D1 morph vs. D9 <0.0001
D3 vs. D5 ns 0.9119
D3 vs. D7 - 0.0036
D3 vs. D9 <0.0001




D5 vs. D7 ns 0.6925
D5 vs. D9 . 0.0103
D7 vs. D9 - 0.009
2-Way Mixed ANOVA D9-Veh+Veh =5 Time x treatment : F (16, 120) = 10.34 P<0.0001 Tuckey post hoc comparison Test details Summary _ Adjusted P Value
(troatment x time) D9-Veh + UCM924 = 6 Time: F (4.715,70.73) = 17.29 P<0.0001 [
D9-Veh + UCM924 = 7 Treatment : F (2, 15) = 138.7 P<0.0001 D9-Veh + Veh vs. D9-Morph + UCM924 ns 0.8812
D9-Veh + Veh vs. D9-Veh + UCM924 ns 0.2631
D9-Morph + UCM924 vs. D9-Veh + UCM924 ns 0.507
1
D9-Veh + Veh vs. D9-Morph + UCM924 ns 0.1481
D9-Veh + Veh vs. D9-Veh + UCM924 = 0.0042
D9-Morph + UCM924 vs. D9-Veh + UCM924 ns 0.0629
2
D9-Veh + Veh vs. D9-Morph + UCM924 ns 0.1159
D9-Veh + Veh vs. D9-Veh + UCM924 0.0001
D9-Morph + UCM924 vs. D9-Veh + UCM924 = 0.0027
3
D9-Veh + Veh vs. D9-Morph + UCM924 ns 0.8859
D9-Veh + Veh vs. D9-Veh + UCM924 <0.0001
D9-Morph + UCM924 vs. D9-Veh + UCM924 <0.0001
4
D9-Veh + Veh vs. D9-Morph + UCM924 ns 0.4237
D9-Veh + Veh vs. D9-Veh + UCM924 <0.0001
D9-Morph + UCM924 vs. D9-Veh + UCM924 <0.0001
5
D9-Veh + Veh vs. D9-Morph + UCM924 ns 0.8904
D9-Veh + Veh vs. D9-Veh + UCM924 <0.0001
DS-Morph + UCM924 vs. D9-Veh + UCM924. 0.0002
6
D9-Veh + Veh vs. D9-Morph + UCM924 ns 0.8512
DS-Veh + Veh vs. D9-Veh + UCM924 - 0.0079
DS-Morph + UCM924 vs. D9-Veh + UCM924. - 0.005
7
D9-Veh + Veh vs. D9-Morph + UCM924 ns 0.1401
D9-Veh + Veh vs. D9-Veh + UCM924 . 0.0154
D9-Morph + UCM924 vs. D9-Veh + UCM924 = 0.0024
8
D9-Veh + Veh vs. D9-Morph + UCM924 ns 0.8486
D9-Veh + Veh vs. D9-Veh + UCM924 ns 09752
D9-Morph + UCM924 vs. D9-Veh + UCM924 ns 0.9386
1-way ANOVA D9-Veh+Veh =5 F(2,16)=157.3 P<0.0001 Tuckey post hoc comparison Test details Summary Adjusted P Value
D9-Morph + UCM924 = 6 D9-VeN+Veh vs. D9-Morph + UCM924 - 0.0127
D9-Veh + UCM924 D9-Veh+Veh vs. D9-Veh + UCM924 <0.0001
D9-Morph + UCM924 vs. D9-Veh + UCM924 <0.0001
2-Way Mixed ANOVA D9-Morph+Veh = 3 Time x treatment : F (24, 84) = 0.8946 P=0.6080 Tuckey post hoc comparison Test details Summary _ Adjusted P Value
(troatment x time) D9-Morph+Morph = 3 Time : F (3.532, 24.72) = 2.969 P=0.0443 0
D9-Veh + UCM924 = 4 Treatment : F (2, 7)=3.934 P=0.0716 D9-Morph+UCM924 vs. DI-Morph+Veh ns >0.9999
D9-Morph+UCM924 vs. D9-Morph+Morph ns >0.9999
D9-Morph+Veh vs. D9-Morph-+Morph ns 0.9977
5
D9-Morph+UCM924 vs. DI-Morph+Veh ns >0.9999
D9-Morph+UCM924 vs. D9-Morph+Morph ns 09763
D9-Morph+Veh vs. D9-Morph-+Morph ns 0.9892
10
D9-Morph+UCM924 vs. D-Morph+Veh ns >0.9999
D9-Morph+UCM924 vs. D9-Morph+Morph ns 0.9693
D9-Morph+Veh vs. D9-Morph-+Morph ns 0.9073
15
D9-Morph+UCM924 vs. D-Morph+Veh ns >0.9999
D9-Morph+UCM924 vs. D9-Morph+Morph ns 0.9954
D9-Morph+Veh vs. D9-Morph-+Morph ns 0.8632
20
D9-Morph+UCM924 vs. DI-Morph+Veh ns >0.9999
DS-Morph+UCM924 vs. D9-Morph+Morph ns 0.4157
DS-Morph+Veh vs. D9-Morph+Morph ns 0.9674
25
D9-Morph+UCM924 vs. D9-Morph+Veh ns >0.9999
DS-Morph+UCM924 vs. D9-Morph+Morph ns 0.9792
DS-Morph+Veh vs. D9-Morph+Morph ns 0.9079
30
D9-Morph+UCM924 vs. D9-Morph+Veh ns 0.9586
DS-Morph+UCM924 vs. D9-Morph+Morph ns 0.9995
DS-Morph+Veh vs. D9-Morph+Morph ns 0.5898
35
D9-Morph+UCM924 vs. D9-Morph+Veh ns 0.9947
DS-Morph+UCM924 vs. D9-Morph+Morph ns 0.9987
DS-Morph+Veh vs. D9-Morph+Morph ns 0.7398
40
D9-Morph+UCM924 vs. D-Morph+Veh ns 0.9808
DS-Morph+UCM924 vs. D9-Morph+Morph ns >0.9999
DS-Morph+Veh vs. D9-Morph+Morph ns 0855
45
DS-Morph+UCM924 vs. D9-Morph+Veh ns 0.9973
DS-Morph+UCM924 vs. D9-Morph+Morph ns >0.9999
DS-Morph+Veh vs. D9-Morph+Morph ns 06779
50
DS-Morph+UCM924 vs. D9-Morph+Veh ns >0.9999
DS-Morph+UCM924 vs. D9-Morph+Morph ns >0.9999
DS-Morph+Veh vs. D9-Morph+Morph ns 0.9972
55
DS-Morph+UCM924 vs. D9-Morph+Veh ns 0.9996
DS-Morph+UCM924 vs. D9-Morph+Morph ns >0.9999
DS-Morph+Veh vs. D9-Morph+Morph ns 08781
60
D9-Morph+UCM924 vs. DI-Morph+Veh ns >0.9999
D9-Morph+UCM924 vs. D9-Morph+Morph ns >0.9999
D9-Morph+Veh vs. D9-Morph-+Morph ns 0.869
2-Way Mixed ANOVA D9-Morph+Veh = 3 Time x treatment : F (24, 117) = 0.1450 P>0.9999 Tuckey post hoc comparison Test details Summary _ Adjusted P Value




(treatment x ime)

D9-Morph+Morph = 4
D9-Veh + UCM924 = 4

Time : F (12, 117) = 1.060
Treatment : F (2, 117) = 2.075

P=0.4004
P=0.1301

0
D9-Morph+Morph vs. D9-Morph-+Veh
D9-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

5
D9-Morph+Morph vs. D9-Morph-+Veh
D9-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

10
D9-Morph+Morph vs. D9-Morph-+Veh
DS-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

15
DS-Morph+Morph vs. D9-Morph-+Veh
DS-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

20
DS-Morph+Morph vs. D9-Morph-+Veh
DS-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

25
DS-Morph+Morph vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

30
DS-Morph+Morph vs. D9-Morph-+Veh
D9-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

35
DS-Morph+Morph vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

40
DI-Morph+Morph vs. D9-Morph-+Veh
D9-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

45
D9-Morph+Morph vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph-+Veh
D9-Veh + UCM924 vs. D9-Morph-+Morph

50
D9-Morph+Morph vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

55
D9-Morph+Morph vs. D3-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

60
D9-Morph+Morph vs. D3-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Veh
D9-Veh + UCM924 vs. D9-Morph+Morph

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999

>0.9999
>0.9999
>0.9999




Statistic 2

Figure Panel Test Group-size Statistic P value Pair-wise
Test details Summary __Adjusted P Value
7 AB(FR3) | Repeated measures 3- Veh=4 Group x Session x Lever type F( (27, 126) = 0.67 P=0.88 Tuckey post hoc comparison | session 1: Active Lever
Way ANOVA (Group x Group x Session F(27, 126)=0.73 P=0.82 Veh vs 0.01 ns >0.9999
Session x Lever type) ’
Session x Lever type F(9, 126) = 5.10 P<0.001 Veh vs 0.1 ns >0.9999
Group x Lever type F(3, 14) = 2.08 P=0.15 Vehvs 1 ns >0.9999
Session F(9, 126)=3.70 P<0.001 0.01vs 0.1 ns >0.9999
Lever type F(1, 14) = 0.01 P=0.91 0.01vs 1 ns >0.9999
Group F(3,14)=1.10 P=0.38 01vs1 ns >0.9999
session 2: Active Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 3: Active Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 4: Active Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 5: Active Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 6: Active Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs1 ns >0.9999
01vs1 ns >0.9999
session 7: Active Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 8: Active Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 9: Active Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 10 Active Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 1: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 2: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 3: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 4: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999




01vs 1 ns >0.9999
session 5: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs 1 ns >0.9999
session 6: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs 1 ns >0.9999
session 7: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs 1 ns >0.9999
session 8: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs 1 ns >0.9999
session 9: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs 1 ns >0.9999
session 10: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns 0.9854
Veh vs 1 ns 0.9881
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs1 ns >0.9999
AB(FR1) | Repeated measures 3- Veh=4 Group x Session x Lever type F(12, 56) = 1.15 P=0.34 Tuckey post hoc comparison [ session 11: Active Lever
Way ANOVA (Group x Group x Session F(12, 56) = 1.26 P=0.27 Veh vs 0.01 ns >0.9999
Session x Lever type)
Session x Lever type F(4, 56) = 2.54 P<0.05 Veh vs 0.1 ns >0.9999
125 Group x Lever type F(3, 14) = 0.74 P=0.55 Veh s 1 ns >0.9999
Session F(4, 56) = 2.47 p=0.06 0.01vs 0.1 ns >0.9999
Lever type F(1, 14) = 12.41 P<0.01 0.01vs 1 ns >0.9999
Group F(3, 14) = 0.55 P=0.66 01vs1 ns >0.9999
session 12: Active Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs 1 ns >0.9999
session 13: Active Lever
Veh vs 0.01 ns >0.9999
Vehvs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs 1 ns >0.9999
session 14: Active Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 15: Active Lever
Veh vs 0.01 ns >0.9999
Vehvs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs1 ns >0.9999
session 11: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh s 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs1 ns >0.9999
session 12: Inactive Lever
Veh vs 0.01 ns >0.9999
Vehvs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs 1 ns >0.9999
session 13: Inactive Lever
Veh vs 0.01 ns 0.57
Veh vs 0.1 ns 091
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
001vs 1 ns 0.83




01vs 1 ns >0.9999
session 14: Inactive Lever
Veh vs 0.01 ns 092
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs 1 ns >0.9999
session 15: Inactive Lever
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs 1 ns >0.9999
C(FR3) | Repeated measures 2- Veh=4 Group x Session F(27, 126) = 0.66 P=0.89 Tuckey post hoc comparison [ session 1
Way A"QOVA (Group x 001=4 Session F(9, 126) = 11.77 P<0.001 Veh vs 0.01 ns >0.9999
ession) Group F(3,14)= 180 p=0.19 Veh vs 0.1 ns >0.9999
Veh s 1 ns 098
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs 1 ns >0.9999
session 2
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs 1 ns >0.9999
session 3
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs 1 ns >0.9999
session 4
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs 1 ns >0.9999
session 5
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs 1 ns >0.9999
session 6
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs1 ns >0.9999
01vs 1 ns >0.9999
session 7
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
session 8
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs 1 ns >0.9999
session 9
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs 1 ns >0.9999
session 10
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns 0.97
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs 1 ns >0.9999
C(FRT) | Repeated measures 2- Group x Session F(12, 56) = 1.08 P=0.39 Tuckey post hoc comparison |session 11
Way N‘éOVA (Group x Session F(4, 56) = 2.25 p=0.08 Veh vs 0.01 ns >0.9999
ession) Group F(3,14)=0.96 p=0.44 Veh vs 0.1 ns >0.9999
Veh s 1 ns 098
0.01vs 0.1 ns >0.9999
001vs 1 ns >0.9999
01vs 1 ns >0.9999
session 12
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh s 1 ns >0.9999
0.01vs 0.1 ns >0.9999




0.01vs 1 ns 09999
0.1vs 1 ns >0.9999
session 13
Veh vs 0.01 ns 0.85
Veh vs 0.1 ns >0.9999
Veh vs 1 ns 09999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs 1 ns >09999
session 14
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns 09999
0.01vs 0.1 ns >09999
0.01vs 1 ns 09999
0.1vs1 ns >0.9999
session 15
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >09999
0.01vs 1 ns >0.9999
01vs1 ns >09999

D (FR3) | Repeated measures 2- Ven = Group x Time F(33, 154) = 1.1 P=0.33 Tuckey post hoc comparison |5 min

Way AN?‘“‘ (Group x 001= Group F(3,14)=0.33 p=0.80 Veh vs 0.01 ns 0.84
me) 5 Time F(11, 154) = 30.49 P<0.001 Veh vs 0.1 ns 09999
1=5 Veh vs 1 ns >0.9999
0.01vs 0.1 ns 0.80
0.01vs 1 ns 0.48
0.1vs 1 ns 09999
10 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns 0.04
0.01vs 1 ns >0.9999
0.1vs 1 ns >0.9999
15 min
Veh vs 0.01 ns >09999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >09999
0.01vs 0.1 ns 09999
0.01vs 1 ns >09999
0.1vs 1 ns >0.9999
20 min
Veh vs 0.01 ns >09999
Veh vs 0.1 ns 09999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
0.1vs 1 ns >0.9999
25 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >09999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >09999
0.1vs 1 ns 09999
30 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >09999
0.1vs 1 ns >0.9999
35 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
0.1vs 1 ns >0.9999
40 min
Veh vs 0.01 ns 09999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns 09999
0.01vs 0.1 ns 09999
0.01vs 1 ns >0.9999
0.1vs 1 ns >0.9999
45 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >09999
0.1vs 1 ns 09999
50 min
Veh vs 0.01 ns >09999
Veh vs 0.1 ns 09999
Vehvs 1 ns >09999
0.01vs 0.1 ns 09999
0.01vs 1 ns >09999
0.1vs 1 ns 09999
55 min
Veh vs 0.01 ns >09999
Veh vs 0.1 ns 09999
Vehvs 1 ns >09999
0.01vs 0.1 ns >0.9999




0.01vs 1 ns >0.9999
01vs1 ns >0.9999
60 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
E(FR3) | Repeated measures 2- Group x Time F(33, 154) = 1.02 P=0.44 Tuckey post hoc comparison |5 min
Way ANOVA (Group x Group F(3,14) = 0.32 p=0.81 Veh vs 0.01 ns >0.9999
Time) Time F(11,154) = 32.23 P<0.001 Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns 088
01vs1 ns >0.9999
10 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns 094
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
15 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
0.1vs 1 ns >0.9999
20 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
0.1vs 1 ns >0.9999
25 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
0.1vs 1 ns >0.9999
30 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
0.1vs 1 ns >0.9999
35 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
40 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
45 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
50 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
0.1vs 1 ns >0.9999
55 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
0.1vs 1 ns >0.9999
60 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Veh vs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
0.1vs 1 ns >0.9999
F (FR3) Repeated measures 2- Veh=4 Group x Time F(33, 154) = 0.96 P=0.53 Tuckey post hoc comparison 5 min
Way ANOVA (Group x Group F(3, 14)=0.21 p=0.89 Veh vs 0.01 ns >0.9999
Time) Time F(11, 154) = 17.49 P<0.001 Veh vs 0.1 ns >0.9999
1=5 Veh vs 1 ns >0.9999




0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
10 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
15 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >09999
01vs1 ns >0.9999
20 min
Veh vs 0.01 ns 0.85
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >09999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns 0.92
01vs1 ns >0.9999
25 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >09999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >09999
0.1vs1 ns >0.9999
30 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
0.1vs1 ns >0.9999
35 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
0.1vs1 ns >0.9999
40 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
45 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >0.9999
01vs1 ns >0.9999
50 min
Veh vs 0.01 ns >0.9999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >0.9999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >09999
01vs1 ns >0.9999
55 min
Veh vs 0.01 ns >09999
Veh vs 0.1 ns >0.9999
Vehvs 1 ns >09999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >09999
01vs1 ns >0.9999
60 min
Veh vs 0.01 ns >0.9999
Vehvs 0.1 ns >0.9999
Vehvs 1 ns >09999
0.01vs 0.1 ns >0.9999
0.01vs 1 ns >09999
0.1vs1 ns >0.9999
G-H (Levers)| Repeated measures 3- UCM924 = 10 Group x Session x Lever type F(9, 162) = 0.97 P=0.47 Tuckey post hoc comparison | Active vs Inactive Lever: UCM924 ns 0.81
W;;'s ;‘I:ﬁ"[‘e vf"y":; x Morphine = 10 Group x Session F(9, 162) P<0.01 Active vs Inactive Lever: Morphine 0.0001
Session x Lever type F(9, 162; P<0.001 Morphine vs UCM924: Active Lever e 0.001
Group x Lever type F(1,18) =41.98 P<0.001 Morphine vs UCM924: Inactive Lever ns 0.77
Session F(9, 162) = 1.53 P=0.14 Session 1: Morphine vs UCM924 - Total lever presses ns 0.91
Lever type F(1, 18) =60.01 P<0.001 Session 2: Morphine vs UCM924 - Total lever presses ns 0.17
Group F(1, 18) = 56.92 P<0.001 Session 3: Morphine vs UCM924 - Total lever presses ns 0.06
Session 4: Morphine vs UCM924 - Total lever presses ns 0.06
Session 5: Morphine vs UCM924 - Total lever presses h 0.002
Session 6: Morphine vs UCM924 - Total lever presses > 0.011
Session 7: Morphine vs UCM924 - Total lever presses e 0.0003
Session 8: Morphine vs UCM924 - Total lever presses - 0.002
Session 9: Morphine vs UCM924 - Total lever presses e 0.0002
Session 10: Morphine vs UCM924 - Total lever presses - 0.0002
G-H Repeated measures 2- UCM924 = 10 Group x Session F(9, 162) = 3.82 P<0.001 Tuckey post hoc comparison Morphine vs UCM324 injections intake per session
(injections ) | way ANOVA (Group x Morphine = 10 Group F(1,18) P<0.001 session 1 ns 0.06
Session x Lever type)
Session F(9, 162] P<0.01 session 2 h 0.004
session 3 - 0.0002
session 4 - 0.0002
session 5 - 0.0002




session 6 0.0002
session 7 0.0002
session 8 0.0002
session 9 0.0002
session 10 0.0002
Morphine vs UCM924: Total injection intake 0.0001
1 Repeated measures 2- UCM924 = 10 Group x Time F(23, 414) = 1.29 P=0.17 Tuckey post hoc comparison | Locomotion on session 1
Way ANOVA (Group x Morphine = 10 Group F(1, 18) = 8,82 X Morphine vs UCM924 - 0.008
Time) Time F(23, 414) = 8,45 P<0.001
J Repeated measures 2- UCMg24 = 10 Group x Time F(23, 414) = 1.97 P=0.005 Tuckey post hoc comparison | Locomotion on session 5 all ime
Way AN%‘;::) (Group x Morphine = 10 Group F(1,18) = 29.76 p=0.00004 Morphine vs UCM924 - 0.008
Time F(23,414) = 3.32 P=000001
Morphine vs UCM924
5min ns >0.9999
10 min ns >0.9999
15 min ns 0.81
20 min ns 0.12
25 min . 0016
30 min ns 0.46
35 min . 0.04
40 min - 0.004
45 min . 0010
50 min ns 0.14
56 min ns 0.07
60 min ns 0.49
65 min ns 0.21
70 min ns 021
75 min ns 055
80 min . 0.04
85 min ns 0.39
90 min ns 0.08
95 min ns 0.10
100 min ns 0052
105 min . 0018
110 min . 0014
115 min ns 0.0503
120 min ns 0.0503
K Repeated measures 2- UCMg24 = 10 Group x Time F(23, 414) = 4.60 P=0.00001 Tuckey post hoc comparison | Locomotion on session 10 all fime
Way AN%‘;::) (Group x Morphine Group F(1,18)=32.27 p=0.00002 Morphine vs UCM924 0.0002
Time F(23, 414) = 4,38 p=0.00005
p=00001 Morphine vs UCM924
5min ns >0.9999
10 min ns >0.9999
15 min ns >0.9999
20 min ns >0.9999
25 min ns >0.9999
30 min ns 0.19
35 min . 0.19
40 min - 053
45 min . 0.22
50 min ns 0.005
56 min ns 0.14
60 min ns 0.04
65 min ns 0.21
70 min ns 0.008
75 min ns 0.009
80 min . 0.06
85 min ns 0.049
90 min ns 0024
95 min ns 0.0009
100 min ns 0018
105 min . 0.0003
110 min . 0016
115 min ns 0.031
120 min ns 0.0012
L Two-tailed unpaired ttest UCMg24 = 10 1(18) = 3.46 Breaking Point
Morphine = 10 Morphine vs UCM924 - 0.003
L Two-tailed unpaired t-test UCM924 = 10 1(18)=6.88 P=0.000002 Number of injections
Morphine = 10 Morphine vs UCM924 0.000002
VN Repeated measures 2- UCMg24 = 10 Group x Lever F(1, 18)=7.69 P=0.012 | Tuckey post hoc comparison Active vs Inactive Lever: UCM924 ns >0.9999
Way ANEVA (Group x Morphine = 10 Group F(1, 18)=9,03 p=0.008 Active vs Inactive Lever: Morphine - 0.006
ever) Lever F(1,18)=7.29 p=0.015 Morphine vs UCM924: Active Lever - 0.0013
Morphine vs UCM924: Inactive Lever ns 0993




Figure

Panel

Test

Group-size

Statistic

P value

Statistic 2

pa

Test details Summary Adjusted P Value
s1 s1 1-way ANOVA Veh=6 F (4,31)=7.904 P=0.0002 Tuckey posthoc  |Veh vs. UCM924 10ug - 0.001
ucM924 = 8 comparison Veh vs. Nalo + UCM924 ns 0.9992
Nalox+UCM924 = § Veh vs. CTOP + UCM924 ns 0.9906
CTOP+UCM924 = 6 Veh vs. Nalt + UCM924 ns 0.1289
Nalt+UCM924 = 11 UCM924 10ug vs. Nalo + UCM924 0.0009
UCM924 10ug vs. CTOP + UCM924 - 0.0038
UCM924 10ug vs. Nalt + UCM924 ns 0.1285
Nalo + UCM924 vs. CTOP + UCM924 ns 0.9595
Nalo + UCM924 vs. Nalt + UCM924 ns 0.0994
CTOP + UCM924 vs. Nalt + UCM924 ns 0.3233
s2 A 2-Way Mixed ANOVA WT Veh=8 Time x treatment : F (7, 98) = 48.06 P<0.0001 Tuckey post hoc Test details Summary _ Adjusted P Value
(treatment x ime) WT UCM924 = 8 Time : F (3.699, 51.79) =56.90 | P<0.0001 comparison WT Veh - WT UCM924 20mglkg
Treatment : F (1, 14) = 127.0 P<0.0001 0 ns >0.9999
1 - 0.0031
2 0.0002
3 <0.0001
4 <0.0001
5 <0.0001
6 ns >0.9999
7 ns >0.9999
s2 B 2-Way Mixed ANOVA DOR-/-Veh=7 Time x treatment : F (7, 84) = 44.75 P<0.0001 Tuckey post hoc Test details Summary _ Adjusted P Value
(treatment x ime) DOR-/- UCM924 = 7 Time : F (7, 84) = 42.63 P<0.0001 comparison DOR-/- Veh - DOR-/- UCM924 20mglkg
Treatment : F (1, 12) = 1240 P<0.0001 0 ns >0.9999
1 0.001
2 <0.0001
3 <0.0001
4 <0.0001
5 <0.0001
6 . 0.0226
7 ns >0.9999
s2 c 2-Way Mixed ANOVA MOR-/- Veh =9 Time x treatment : F (7, 112) = 2.074 P=0.0520 Tuckey post hoc Test details Summary _ Adjusted P Value
(treatment x time) MOR-/- UCM924 = 9 Time : F (4.685,74.95)=2.371 | P=0.0508 comparison MORVeh - MOR”™ UCM924 20mg/kg
Treatment : F (1, 16) = 1.362 P=0.2602 0 ns >0.9999
1 ns >0.9999
2 ns 0.0809
3 ns >0.9999
4 ns 05251
5 ns >0.9999
6 ns >0.9999
7 ns >0.9999
s2 D 2-way ANOVA WTVeh=8 treatment x genotype: F (2, 42) = 86.39 P<0.0001 Tuckey post hoc Test details Summary _Adjusted P Value
(treatment x genotype) WT UCM924 = 8 treatment: F (1, 42) = 410.3 P<0.0001 comparison Veh:wt vs. veh:MOR-ko ns 0.4306
DOR-/-Veh=7 genotype: F (2, 42)=93.57 P<0.0001 veh:wt vs. veh:DOR-ko * 0.027
DOR-/- UCM924 = 7 vehwt vs. UCM924:wt <0.0001
MOR-/-Veh =9 veh:wt vs. UCM924:MOR-ko ns 0.9968
MOR-/- UCM924 = 9 veh:wt vs. UCM924:DOR-ko <0.0001
veh:MOR-ko vs. veh:DOR-ko ns 0.6594
veh:MOR-ko vs. UCM924:wt e <0.0001
veh:MOR-ko vs. UCM924:MOR-ko ns 0.7006
veh:MOR-ko vs. UCM924:DOR-ko e <0.0001
veh:DOR-ko vs. UCM924:wt e <0.0001
veh:DOR-ko vs. UCM924:MOR-ko ns 0.067
veh:DOR-ko vs. UCM924:DOR-ko e <0.0001
UCM924:wt vs. UCM924:MOR-ko <0.0001
UCM924:wt vs. UCM924:DOR-ko ns 0.9981
UCM924:MOR-ko vs. UCM924:DOR-ko <0.0001
s3 A 2-Way Mixed ANOVA Veh=3 Time x treatment : F (12, 36) = 13.41 P<0.0001 Tuckey post hoc Test details Summary _ Adjusted P Value
(treatment x time) ucMe24 = 4 Time : F (2.618,23.56) = 19.65 | P<0.0001 comparison 0
Nalox = 2 Treatment : F (3, 9) = 24.11 P=0.0001 VEH vs. Nalo ns 0.9995
Nalox+UCM924 = 4 VEH vs. UCM924 ns 0.9985
VEH vs. Nalo+UCM924 ns 0.6243
Nalo vs. UCM924 ns 0.9924
Nalo vs. Nalo+UCM924 ns 0.5571
UCM924 vs. Nalo+UCM924 ns 0.6002
15
VEH vs. Nalo ns 0.9262
VEH vs. UCM924 - 0.0088
VEH vs. Nalo+UCM924 ns 0.9748
Nalo vs. UCM924 - 0.0322
Nalo vs. Nalo+UCM924 ns 0.8763
UCM924 vs. Nalo+UCM924 ns 0.0553
30
VEH vs. Nalo ns 0.3853
VEH vs. UCM924 0.0006
VEH vs. Nalo+UCM924 ns 0.499
Nalo vs. UCM924 - 0.0014
Nalo vs. Nalo+UCM924 ns 0.9278
UCM924 vs. Nalo+UCM924 - 0.0102
45
VEH vs. Nalo ns 0.3085
VEH vs. UCM924 <0.0001
VEH vs. Nalo+UCM924 ns 0.7943
Nalo vs. UCM924 0.0003
Nalo vs. Nalo+UCM924 ns 0.9981
UCM924 vs. Nalo+UCM924 . 0.016
60
VEH vs. Nalo ns 0.8043
VEH vs. UCM924 0.0006
VEH vs. Nalo+UCM924 ns 0.9097
Nalo vs. UCM924 0.0004
Nalo vs. Nalo+UCM924 ns 0.9943
UCM924 vs. Nalo+UCM924 - 0.0079
s3 B 2-Way Mixed ANOVA Veh=4 Time x treatment : F (12, 45) = 2.835 P=0.0056 Tuckey post hoc Test details Summary _ Adjusted P Value
(treatment x time) UCM924 =3 Time : F (4, 45) = 3.702 P=0.0109 comparison [
Nalox = 3 Treatment : F (3, 45) = 47.54 P<0.0001 VEH vs. Nalo ns 0.6834




Nalox+UCM924 = 3

VEH vs. UCM924

VEH vs. Nalo+UCM924
Nalo vs. UCM924

Nalo vs. Nalo+UCM924
UCM924 vs. Nalo+UCM924

15
VEH vs. Nalo
VEH vs. UCM924
VEH vs. Nalo+UCM924
Nalo vs. UCM924
Nalo vs. Nalo+UCM924
UCM924 vs. Nalo+UCM924

30
VEH vs. Nalo
VEH vs. UCM924
VEH vs. Nalo+UCM924
Nalo vs. UCM924
Nalo vs. Nalo+UCM924
UCM924 vs. Nalo+UCM924

45
VEH vs. Nalo
VEH vs. UCM924
VEH vs. Nalo+UCM924
Nalo vs. UCM924
Nalo vs. Nalo+UCM924
UCM924 vs. Nalo+UCM924

60
VEH vs. Nalo
VEH vs. UCM924
VEH vs. Nalo+UCM924
Nalo vs. UCM924
Nalo vs. Nalo+UCM924
UCM924 vs. Nalo+UCM924

ns

ns

ns

ns

ns

ns

ns

ns

ns

0.7488
0.9191
0.9996
0.9704
0.9862

0.3285
<0.0001
0.4838
0.0115
0.0252
<0.0001

0.977
<0.0001
0.9711
0.0004
0.8575
<0.0001

0.2248
<0.0001
0.7793
0.0004
0.7882
<0.0001

0.2027
<0.0001
0.5473
0.0005
0.9234
<0.0001

s3 2-Way Mixed ANOVA Veh=3 Time x treatment : F (12, 45) = 51.30 P<0.0001 Tuckey post hoc Test details Summary _ Adjusted P Value
(treatment x time) UCM924 = 4 Time : F (4, 45) = 50.07 P<0.0001 comparison 0
CTOP =3 Treatment : F (3, 45) = 633.7 P<0.0001 VEH vs. CTOP ns 0.8205
CTOP+UCM924 = 3 VEH vs. UCM924 ns 0.4627
VEH vs. CTOP+UCM924 ns 0.9704
CTOP vs. UCM924 ns 0.9482
CTOP vs. CTOP+UCM924 ns 0.9738
UCM924 vs. CTOP+UCM924 ns 0.7519
15
VEH vs. CTOP ns >0.9999
VEH vs. UCM924 b <0.0001
VEH vs. CTOP+UCM924 ns 0.2468
CTOP vs. UCM924 i <0.0001
CTOP vs. CTOP+UCM924 ns 0.2383
UCM924 vs. CTOP+UCM924 e <0.0001
30
VEH vs. CTOP ns 0.0952
VEH vs. UCM924 il <0.0001
VEH vs. CTOP+UCM924 ns 0.1461
CTOP vs. UCM924 il <0.0001
CTOP vs. CTOP+UCM924 ns 0.9968
UCM924 vs. CTOP+UCM924 e <0.0001
45
VEH vs. CTOP ns 0.9939
VEH vs. UCM924 il <0.0001
VEH vs. CTOP+UCM924 ns 0.8176
CTOP vs. UCM924 il <0.0001
CTOP vs. CTOP+UCM924 ns 0.9262
UCM924 vs. CTOP+UCM924 i <0.0001
60
VEH vs. CTOP ns 0.8458
VEH vs. UCM924 i <0.0001
VEH vs. CTOP+UCM924 e 0.0013
CTOP vs. UCM924 i <0.0001
CTOP vs. CTOP+UCM924 i <0.0001
UCM924 vs. CTOP+UCM924 i <0.0001
s3 2-Way Mixed ANOVA Veh=4 Time x treatment : F (12, 50) = 8.463 P<0.0001 Tuckey post hoc Test details Summary _ Adjusted P Value
(treatment x time) UCM924 = 3 Time : F (4, 50) = 9.135 P<0.0001 comparison 0
CTOP =3 Treatment : F (3, 50) = 109.4 P<0.0001 Veh vs. CTOP 1ug ns 0.5945
CTOP+UCM924 = 3 Veh vs. UCM924 10 ug ns 0.9739
Veh vs. CTOP+UCM924 ns 0.1099
CTOP 1ug vs. UCM924 10 ug ns 0.824
CTOP 1ug vs. CTOP+UCM924 ns 0.7594
UCM924 10 ug vs. CTOP+UCM924 ns 0.2352
15
Vehvs. CTOP 1ug "" 0.0044
Veh vs. UCM924 10 ug i <0.0001
Veh vs. CTOP+UCM924 ns 0.0793
CTOP 1ug vs. UCM924 10 ug i <0.0001
CTOP 1ug vs. CTOP+UCM924 ns 0.7325
UCM924 10 ug vs. CTOP+UCM924 i <0.0001
30
Vehvs. CTOP 1ug ns 0.6538
Veh vs. UCM924 10 ug i <0.0001
Veh vs. CTOP+UCM924 ns 0.0727
CTOP 1ug vs. UCM924 10 ug il <0.0001
CTOP 1ug vs. CTOP+UCM924 ns 0.5989
UCM924 10 ug vs. CTOP+UCM924 b <0.0001




45

Veh vs. CTOP 1ug ns 0.7981
Veh vs. UCM924 10 ug raex <0.0001
Veh vs. CTOP+UCM924 ns 0.1676
CTOP 1ug vs. UCM924 10 ug b <0.0001
CTOP 1ug vs. CTOP+UCM924 ns 0.6855
UCM924 10 ug vs. CTOP+UCM924 b <0.0001
60
Vehvs. CTOP 1ug ns 0.1726
Veh vs. UCM924 10 ug i <0.0001
Veh vs. CTOP+UCM924 ns 0.1478
CTOP 1ug vs. UCM924 10 ug il <0.0001
CTOP 1ug vs. CTOP+UCM924 ns 0.9999
UCM924 10 ug vs. CTOP+UCM924 e <0.0001
s3 2-Way Mixed ANOVA Veh=3 Time x treatment : F (12, 45) = 36.29 P<0.0001 Tuckey post hoc Test details Summary _ Adjusted P Value
(treatment x time) UCM924 = 4 Time : F (4, 45) = 102.8 P<0.0001 comparison 0
Nalt =3 Treatment : F (3, 45) = 524.5 P<0.0001 Veh vs. Nalt 1ug ns 0.475
Nalt+UCM924 = 3 Veh vs. UCM924 ns 0.6194
Veh vs. Nalt+UCM924 ns 0.9395
Nalt 1ug vs. UCM924 ns 0.987
Nalt 1ug vs. Nalt+UCM924 ns 0.1943
UCM924 vs. Nalt+UCM924 ns 0.2729
15
Veh vs. Nalt 1ug ns 0.9903
Veh vs. UCM924 b <0.0001
Veh vs. Nalt+UCM924 i <0.0001
Nalt 1ug vs. UCM924 i <0.0001
Nalt 1ug vs. Nalt+UCM924 b <0.0001
UCM924 vs. Nalt+UCM924 ns 0.123
30
Veh vs. Nalt 1ug ns 0.9742
Veh vs. UCM924 i <0.0001
Veh vs. Nalt+UCM924 il <0.0001
Nalt 1ug vs. UCM924 il <0.0001
Nalt 1ug vs. Nalt+UCM924 i <0.0001
UCM924 vs. Nalt+UCM924 ns 0.1234
45
Veh vs. Nalt 1ug ns 0.1896
Veh vs. UCM924 il <0.0001
Veh vs. Nalt+UCM924 il <0.0001
Nalt 1ug vs. UCM924 il <0.0001
Nalt 1ug vs. Nalt+UCM924 e <0.0001
UCM924 vs. Nalt+UCM924 ns 0.4402
60
Veh vs. Nalt 1ug ns 0.6569
Veh vs. UCM924 il <0.0001
Veh vs. Nalt+UCM924 il <0.0001
Nalt 1ug vs. UCM924 il <0.0001
Nalt 1ug vs. Nalt+UCM924 e <0.0001
UCM924 vs. Nalt+UCM924 ns 0.9439
s3 2-Way Mixed ANOVA Veh=4 Time x treatment : F (12, 45) = 15.19 P<0.0001 Tuckey post hoc Test details Summary _ Adjusted P Value
(treatment x time) UCM924 = 3 Time : F (4, 45) = 43.90 P<0.0001 comparison 0
Nalt =3 Treatment : F (3, 45) = 263.3 P<0.0001 Veh vs. Nalt 1ug ns 0.1029
Nalt+UCM924 = 3 Veh vs. UCM924 ns 0.1845
Veh vs. Nalt+UCM924 ns 0.5661
Nalt 1ug vs. UCM924 ns 0.9927
Nalt 1ug vs. Nalt+UCM924 ns 0.7639
UCM924 vs. Nalt+UCM924 ns 0.896
15
Veh vs. Nalt 1ug ns 0.3906
Veh vs. UCM924 b <0.0001
Veh vs. Nalt+UCM924 i <0.0001
Nalt 1ug vs. UCM924 i <0.0001
Nalt 1ug vs. Nalt+UCM924 b <0.0001
UCM924 vs. Nalt+UCM924 ns 0.8466
30
Vehvs. Nalt 1ug ns 0.6825
Veh vs. UCM924 il <0.0001
Veh vs. Nalt+UCM924 il <0.0001
Nalt 1ug vs. UCM924 il <0.0001
Nalt 1ug vs. Nalt+UCM924 e <0.0001
UCM924 vs. Nalt+UCM924 ns 0.9422
45
Veh vs. Nalt 1ug ns 0.1765
Veh vs. UCM924 il <0.0001
Veh vs. Nalt+UCM924 il <0.0001
Nalt 1ug vs. UCM924 il <0.0001
Nalt 1ug vs. Nalt+UCM924 e <0.0001
UCM924 vs. Nalt+UCM924 ns 0.7081
60
Veh vs. Nalt 1ug ns 0.531
Veh vs. UCM924 il <0.0001
Veh vs. Nalt+UCM924 il <0.0001
Nalt 1ug vs. UCM924 il <0.0001
Nalt 1ug vs. Nalt+UCM924 e <0.0001
UCM924 vs. Nalt+UCM924 ns 0.9758
sS4 2-Way Mixed ANOVA Veh=3 Time x treatment : F (12, 50) = 26.29 <0.0001 Tuckey post hoc Test details Summary _ Adjusted P Value
(treatment x time) UCM924 = 4 Time : F (4, 50) = 24.42 <0.0001 comparison 0
TQ=3 Treatment : F (3, 50) = 330.6 <0.0001 Vehvs. TQ 1 uM ns 0.9926
TQ+UCM924 = 4 Veh vs. UCM924 10ug ns 0.7286
Veh vs. TQ+UCM924 ns 0.7439




TQ 1 uM vs. UCM924 10ug
TQ+UCM924 vs. TQ 1 uM
TQ+UCM924 vs. UCM924 10ug

15
Vehvs. TQ 1 uM
Veh vs. UCM924 10ug
Veh vs. TQ+UCM924
TQ 1 uM vs. UCM924 10ug
TQ+UCM924 vs. TQ 1 uM
TQ+UCM924 vs. UCM924 10ug

30
Vehvs. TQ 1 uM
Veh vs. UCM924 10ug
Veh vs. TQ+UCM924
TQ 1 uM vs. UCM924 10ug
TQ+UCM924 vs. TQ 1 uM
TQ+UCM924 vs. UCM924 10ug

45
Vehvs. TQ 1 uM
Veh vs. UCM924 10ug
Veh vs. TQ+UCM924
TQ 1 uM vs. UCM924 10ug
TQ+UCM924 vs. TQ 1 uM
TQ+UCM924 vs. UCM924 10ug

60
Vehvs. TQ 1 uM
Veh vs. UCM924 10ug
Veh vs. TQ+UCM924
TQ 1 uM vs. UCM924 10ug
TQ+UCM924 vs. TQ 1 uM
TQ+UCM924 vs. UCM924 10ug

ns 0.8791

ns 0.89

ns >0.9999
ns 0.2265
- <0.0001
ns 0.9829
- <0.0001
ns 0.0833
- <0.0001
ns 0.4724
- <0.0001
ns 0.4194
- <0.0001
ns >0.9999
- <0.0001
ns 0.5281
- <0.0001
ns 0.9266
- <0.0001
ns 0.1761
- <0.0001
ns >0.9999
- <0.0001
ns 0.9023
- <0.0001
ns 0.918

b <0.0001

s4 2-Way Mixed ANOVA Veh =3 Time x treatment : F (12, 50) = 9.808 P<0.0001 Tuckey post hoc Test details Summary _Adjusted P Value
(treatment x time) UCM924 = 4 Time : F (4, 50) = 10.33 P<0.0001 comparison 0
TQ=3 Treatment : F (3, 50) = 178.3 P=0.0002 Vehvs. TQ 1 uM ns 0.2559
TQ+UCM924 = 4 Veh vs. UCM924 10ug ns 0.2468
Veh vs. TQ+UCM924 ns 0.8097
TQ 1 uM vs. UCM924 10ug ns >0.9999
TQ+UCM924 vs. TQ 1 uM ns 0.7265
TQ+UCM924 vs. UCM924 10ug ns 0.714
15
Vehvs. TQ 1 uM ns 0.9685
Veh vs. UCM924 10ug e <0.0001
Veh vs. TQ+UCM924 ns 0.9838
TQ 1 uM vs. UCM924 10ug e <0.0001
TQ+UCM924 vs. TQ 1 uM ns 0.8596
TQ+UCM924 vs. UCM924 10ug i <0.0001
30
Vehvs. TQ 1 uM ns 0.7985
Veh vs. UCM924 10ug e <0.0001
Veh vs. TQ+UCM924 ns 0.4262
TQ 1 uM vs. UCM924 10ug e <0.0001
TQ+UCM924 vs. TQ 1 uM ns 0.9571
TQ+UCM924 vs. UCM924 10ug e <0.0001
45
Vehvs. TQ 1 uM ns 0.1686
Veh vs. UCM924 10ug e <0.0001
Veh vs. TQ+UCM924 ns 0.7036
TQ 1 uM vs. UCM924 10ug raxx <0.0001
TQ+UCM924 vs. TQ 1 uM ns 0.6935
TQ+UCM924 vs. UCM924 10ug e <0.0001
60
Vehvs. TQ 1 uM ns 0.2063
Veh vs. UCM924 10ug i <0.0001
Veh vs. TQ+UCM924 ns 0.1139
TQ 1 uM vs. UCM924 10ug i <0.0001
TQ+UCM924 vs. TQ 1 uM ns 0.9992
TQ+UCM924 vs. UCM924 10ug i <0.0001
s4 2-Way Mixed ANOVA Veh =3 Time x treatment : F (12, 45) = 37.06 P<0.0001 Tuckey post hoc Test details Summary _Adjusted P Value
(treatment x time) morph = 3 Time : F (4, 45) = 93.43 P<0.0001 comparison 0
TQ=3 Treatment : F (3, 45)=425.8 P<0.0001 Vehvs. TQ 1 uM ns 0.9893
TQ+morph =4 Veh vs. morph 5ug ns 0.6911
Veh vs. TQ+morph ns 0.5839
TQ 1 vs. morph 5u ns 0.8593
TQ vs. TQ+ morph 5u ns 0.7832
TQ+ morph vs. morph ns 0.9997
15
Vehvs. TQ 1 uM ns 0.14
Veh vs. morph 5ug b <0.0001
Veh vs. TQ+morph o <0.0001
TQ 1 vs. morph 5u i <0.0001
TQ vs. TQ+ morph 5u rarx <0.0001
TQ+ morph vs. morph ns 0.7164
30
Vehvs. TQ 1 uM ns 0.362
Veh vs. morph 5ug i <0.0001
Veh vs. TQ+morph raxx <0.0001
TQ 1 vs. morph 5u e <0.0001
TQ vs. TQ+ morph 5u rarx <0.0001
TQ+ morph vs. morph . 0.0238

45




Vehvs. TQ 1 uM

Veh vs. morph 5ug
Veh vs. TQ+morph
TQ 1 vs. morph 5u
TQ vs. TQ+ morph 5u
TQ+ morph vs. morph

60
Vehvs. TQ 1 uM
Veh vs. morph 5ug
Veh vs. TQ+morph
TQ 1 vs. morph 5u
TQ vs. TQ+ morph 5u
TQ+ morph vs. morph

ns 0.4193
i <0.0001
i <0.0001
i <0.0001
i <0.0001
ns 0.4331
ns >0.9999
i <0.0001
i <0.0001
i <0.0001
i <0.0001
ns 0.4035

sS4 2-Way Mixed ANOVA Veh=3 Time x treatment : F (12, 35) = 22.40 P<0.0001 Tuckey post hoc Test details Summary_ Adjusted P Value
(treatment x time) morph = 2 Time : F (4, 35) = 50.12 P<0.0001 comparison 0
TQ=3 Treatment : F (3, 35) =415.0 P<0.0001 Vehvs. TQ 1 uM ns 0.3009
TQ+morph =2 Veh vs. morph 5ug ns 0.3345
Veh vs. TQ+morph ns 0.3661
TQ 1 vs. morph 5u ns 0.994
TQ vs. TQ+ morph 5u ns 0.9995
TQ+ morph vs. morph ns 0.9991
15
Vehvs. TQ 1uM ns 0.9724
Veh vs. morph 5ug b <0.0001
Veh vs. TQ+morph <0.0001
TQ 1 vs. morph 5u i <0.0001
TQ vs. TQ+ morph 5u <0.0001
TQ+ morph vs. morph ns 0.9912
30
Vehvs. TQ 1uM ns 0.8207
Veh vs. morph 5ug il <0.0001
Veh vs. TQ+morph <0.0001
TQ 1 vs. morph 5u <0.0001
TQ vs. TQ+ morph 5u <0.0001
TQ+ morph vs. morph ns 0.8825
45
Vehvs. TQ 1uM ns 0.2086
Veh vs. morph 5ug <0.0001
Veh vs. TQ+morph <0.0001
TQ 1 vs. morph 5u <0.0001
TQ vs. TQ+ morph 5u <0.0001
TQ+ morph vs. morph ns >0.9999
60
Vehvs. TQ 1uM ns 02489
Veh vs. morph 5ug <0.0001
Veh vs. TQ+morph <0.0001
TQ 1 vs. morph 5u <0.0001
TQ vs. TQ+ morph 5u <0.0001
TQ+ morph vs. morph ns 09949
S5 2-Way Mixed ANOVA D9-UCM924+Veh = 3 Time x treatment : F (8, 35! P=0.0007 Tuckey post hoc Test details Summary _ Adjusted P Value
(treatment x time) DO-UCM924+Morph = 4 Time : F (4, 35) = 8. P<0.0001 comparison 0
D9-UCM924+UCM924 = 3 Treatment : F (2, 35) = 42.32 P<0.0001 D9-UCM924+Veh vs. DI-UCM924+Morph ns 0.9774
DY-UCM924+Veh vs. DI-UCMI24+UCMI24 ns 09158
D9-UCM924+Morph vs. DI-UCME24+UCME24 ns 08042
15
DY-UCM924+Veh vs. DI-UCMI24+Morph - 0.0048
DY-UCM924+Veh vs. DI-UCMI24+UCM924 ns 06722
D9-UCM924+Morph vs. DI-UCME24+UCME24 . 0.0464
30
DY-UCM924+Veh vs. DI-UCMI24+Morph <0.0001
DY-UCM924+Veh vs. DI-UCMI24+UCM924 ns 04852
DY-UCM924+Morph vs. DI-UCME24+UCME24 - 00027
45
D9-UCM924+Veh vs. DI-UCMI24+Morph <0.0001
D9-UCM924+Veh vs. DI-UCMI24+UCMI24 ns 0.7394
D9-UCM924+Morph vs. DI-UCMI24+UCM924 0.0009
60
D9-UCM924+Veh vs. DI-UCMI24+Morph <0.0001
D9-UCM924+Veh vs. DI-UCMI24+UCMI24 ns 0.5756
D9-UCM924+Morph vs. DI-UCMI24+UCMI24 <0.0001
S5 2-Way Mixed ANOVA D9-UCM924+Veh = 3 Time x treatment : F (8, 35) = 3.018 P=0.0110 Tuckey post hoc Test details Summary_ Adjusted P Value
(treatment x time) D9-UCM924+Morph = 4 Time : F (4, 35) = 2.800 P=0.0407 comparison 0
D9-UCM924+UCM924 = 3 Treatment : F (2, 35) = 60.48 P<0.0001 D9-UCM924+Morph vs. DI-UCMI24+Veh ns >0.9999
D9-UCM924+UCM924 vs. DI-UCMI24+Veh ns >0.9999
D9-UCM924+UCM924 vs. DI-UCMI24-+Morph ns 0.9994
15
D9-UCM924+Morph vs. DI-UCMI24+Veh - 0.0012
D9-UCM924+UCM924 vs. DI-UCMI24+Veh ns >0.9999
D9-UCM924+UCM924 vs. DI-UCMI24-+Morph . 0.0101
30
D9-UCM924+Morph vs. DI-UCMI24+Veh - 0.0075
D9-UCM924+UCM924 vs. DI-UCMI24+Veh ns 0.9998
D9-UCM924+UCM924 vs. DI-UCMI24-+Morph 0.0005
45
D9-UCM924-+Morph vs. DI-UCMI24+Veh <0.0001
D9-UCM924+UCM924 vs. DI-UCMI24+Veh ns 0.9557
D9-UCM924+UCM924 vs. DI-UCMI24-+Morph - 0.0061

60




D9-UCM924+Morph vs. DS-UCMS24+Veh 0.0005
D9-UCM924+UCM924 vs. DI-UCM924+Veh ns >0.9999
D9-UCM924+UCM924 vs. DI-UCM924+Morph - 0.0011
2-Way Mixed ANOVA D9-Morph+Veh = 3 Time x treament : F (8, 35 P=0.9361 Tuckey post hoo Test details Summary _Adjusted P Value
(treatment x time) D9-Morph+Morph = 3 Time : F (4, 35) = P=0.0095 comparison 0
D9-Morph+UCM924 = 4 Treatment : F (2, 35) = 6.555 P=0.0038 D9-Morph+UCM924 vs. DS-Morph+Veh ns >0.9999
D9-Morph+Morph vs. D9-Morph+Veh ns >0.9999
D9-Morph+Morph vs. D9-Morph+UCM924 ns >0.9999
15
D9-Morph+UCM924 vs. DS-Morph+Veh ns >0.9999
D9-Morph+Morph vs. D9-Morph+Veh ns 0.9188
D9-Morph+Morph vs. D9-Morph+UCM924 ns 0.928
30
D9-Morph+UCM924 vs. DS-Morph+Veh ns 0.9996
D9-Morph+Morph vs. D9-Morph+Veh ns >0.9999
D9-Morph+Morph vs. D9-Morph+UCM924 ns 0.8847
45
D9-Morph+UCM924 vs. DS-Morph+Veh ns >0.9999
D9-Morph+Morph vs. D9-Morph+Veh ns 0.9878
D9-Morph+Morph vs. D9-Morph+UCM924 ns 0.8681
60
D9-Morph+UCM924 vs. DS-Morph+Veh ns 0.9412
D9-Morph+Morph vs. D9-Morph+Veh ns >0.9999
D9-Morph+Morph vs. D9-Morph+UCM924 ns 0.7513
2-Way Mixed ANOVA D9-Morph+Veh = 3 Time x treatment : F (8, 40) = 1923 P=0.0831 Tuckey post hoo Test details Summary _Adjusted P Value
(treatment x time) D9-Morph+Morph = 4 Time : F (4, 40) = 0.3137 P=0.8671 comparison 0
D9-Veh + UCM924 = 4 Treatment : F (2, 40) = 4.417 P=0.0185 D9-Morph+Morph vs. D9-Morph+Veh ns >0.9999
D9-Morph+UCM924 vs. DS-Morph+Veh ns >0.9999
D9-Morph+UCM924 vs. DS-Morph+Morph ns 09978
15
D9-Morph+Morph vs. D9-Morph+Veh ns 0.9998
D9-Morph+UCM924 vs. D9-Morph+Veh ns 0.8492
D9-Morph+UCM924 vs. DS-Morph+Morph ns 0.9988
30
D9-Morph+Morph vs. D9-Morph+Veh ns 09812
D9-Morph+UCM924 vs. D9-Morph+Veh ns 0.9999
D9-Morph+UCM924 vs. D9-Morph+Morph ns 0.4804
5
D9-Morph+Morph vs. D9-Morph+Veh ns 0.6662
D9-Morph+UCM924 vs. D9-Morph+Veh ns 0.3946
D9-Morph+UCM924 vs. D9-Morph+Morph ns >0.9999
60
D9-Morph+Morph vs. D9-Morph+Veh ns 0.9982
D9-Morph+UCM924 vs. DS-Morph+Veh ns 0.9984
D9-Morph+UCM924 vs. DS-Morph+Morph ns 0.5514




