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Abstract

EndocannabinoidsuchasAnandamidg AEA)arelipid compoundswhich,togetherwith the

receptorsthey bind to, form the endocannabinoigystem(ECS)yvhich,in animals,modulates
mood, cognition, appetite etc. The ECScan be activated by phytocannabinoidssuch as
cannabidiol(CBD)and as such,interest in its therapeuticuse has grown substantiallyover
recentyears.Howevernotallof/ . 5eflagtscanbe explanedby its bindingto cannabinoid
receptorsand many other targets have been proposed.A better understandingof these
alternativetargetswould increasethe therapeuticpotential of this phytocannabinoidn the

future.

Singlecelled protists, such as amoebae, do not possesscannabinoidreceptors yet they
respond negativelyto endo- and phyto-cannabinoids suggestingthey possessalternative
targetsonly. Thisstudytherefore examinedthe involvementof three alternativetargets,i.e.,
the PeroxisomeProliferator ActivatedReceptor(PPAR)DopamineRector and Serotonin

Receptorjn the actionof AEAand CBDon amoebae.

Of the 20-amoebaspeciestested, only 6 showeda reductionin population growth in the
presenceof CBD(IGo, 0.987.31uM),i.e., Hartmanrella cantabrigiensisNaegleriagruberi
Vahlkanpfia avara, Vermamoebavermiformis Acanthamoebacastellanii and Flamella
arnhemensisAll but the latter two speciesalsoshowedreducedpopulationgrowth in the
presenceof AEA(1Go, 0.969.89uM). The negativeeffect of AEAcould not be alleviatedby
blockingreceptorswith antagonistsagainstthe three PPARsoforms(PPARS & and’ UhE
dopaminereceptor or the serotoninreceptor, suggestinghat none were involvedin the
mode of action of AEA.However, the negative effect of CBDwas alleviated with the
antagonistfor the PPAR receptor in V. vermiformisand that for the serotoninreceptor
(specifically5-HTi4) in N. gruberi Interestingly, CBD significantly affected the feeding
behaviourof thesetwo amoebae(but AEAdid not), by stoppingamoebicfeedingcompletely
(andcausinga lagin the ingestionof prey), whichwasthen followed by a reducedingestion

rate; both of whichwere dosedependent.

Furtherwork with V.vermiformisshowedthat this CBBinducedcessatiorin feedingwasnot
dueto the hatlting of phagosomerocessingnddefecationhowevertherewasaninteraction

betweenCBDand Gtype lectinsrecognisingnannose N-AcetytD-glucosamind GIcCNAcand

1



N-AcetytD-galactosanine (GalNAc).Receptormediated phagocytosisin V. vermiformis
involved all three Gtype lectinsand althoughCBDdid not appearto directly interfere (bind)
with any of them, its presence(together with sugarsto block these receptors)led to a
synergisic reductionin ingestionrate with mannoseand GalNagbut no effectonlag)andan
extensionof the lag with GIcNAc(but no effect on ingestionrate). The W/ -N% O S LJi 2 N
(putative PPAR) and GIcNAcreceptor were therefore consideredto be involved with
phagosome formation and not prey capture and phagosomefilling. It is therefore
hypothesisedhat, becauseonly the three PPARsoformsexistin vertebrates,V. vermiformis
possesses promiscuousPPARike moleculethat canbind CBDat the samesite it bindsthe
PPAR antagonist.Theinstantaneousnature of the feedinglag suggestshe presenceof a
non-genomicPPAResponsewherebyin its ligatedstate PPARannotbind with a necessary
protein (possiblySyk,LATor PKC}o initiate a downstreamsignalingcascade which would

normallyculminatein actin polymerisationand phagocyticcupformation.

In conclusion,amoebaeprovide an ideal model organismto evaluatethe significanceof
alternative targetsin the functioning of the ECSANd, asis the casewith animals,multiple
alternative targets appear to be presentin amoebae;PPAR (for CBD)in one species,
SerotoninReceptor(for CBD)n another specieswith the other alternativetargetsfor CBD
andindeed AEAcurrently unknown. And, consideringmulticellularity originatedfrom free-
living singlecelled protists, amoebaehave also provided an opportunity to investigatethe
historicalfunctioningof the ECSvhichappearsto be in the main, involvedwith the feeding

response.



Chapterl: Generallntroduction

1.1. Introduction

This introductionbegins with an overview of the endannabinoid system in humans which
encompasses its role, the receptors involved and their ligands. It then evaluates the
phylogenetic and experimental evides for an endocannabinoid system in singétled
protists, in particular, the ciliat&etrahymena It then moves on to amoebae, the organism
used in ths study and in particular reviews current knowledge regarding its feeding

mechanism®

1.2. TheEndocannabinoid SystefECSin humans

1.2.1 Generaloverview

The endocannabinoid systerECH also known & the endogenous cannabinoid systes,,
presents in almost all types wértebrates including mammals, birds, reptiles and fish (Silver
2019). It is one of the most important biological systems within the body with the function of
maintaining homeostasi@ih et al., 2015). As such, it is involved in the control of many
proceses such as mood, pain, cognition, appetite, memory, inflammation and reproductive
function, and ifperturbed, can lead to physiological or pathophysiological disorders (Hansen
et al. 2006; Ngo et al., 2019). The ECS comprises cannabinoid receptors (BBIRS),
endogenous ligands, i,endocannabinoids, and the enzymes that synthesise and metabolise
them (Battista et al., 2012)Endo@nnabinoids initiate their action byinding to CBR
(Howlett et al., 201Q)however, these receptors can also bind phytutabinoidsi dzOK - & p &
tetrahydrocannabidiol (THC) and cannabidiol (GCBID@sent naturally inCannabis diva
(Pertwee et al., 2010/u, 2019).

1.2.2. Main ligands ofthe endocannabinad system

Liganddor the endocannabinoid system are classified into two main groupsetitmgenous
endocannabinoids (neurotransmitter compounds formedtie brain and in peripheral

tissues) and thexogenougphytocannabinoids (occur naturally@sativa). Inaddition, there

are many synthetic cannabinoid¢Table 1.16 { GNOSy a1t Si | f Thesenny T
endogenous, exogenowsd syntheticcannabinoids aréurther classified based on their acyl

3



chain and, in the main, fall into two groupsNacylethanolamines (NAEsand

monoacylglycerolsAcG$ (Piscitelli, 203).

Table 1.1 Common members for the three main cannabinoid groups. Their chemical structure, the
enzymes that metabolise them and the receptor(s) they bin(Biettinger and Chu, 2019)

Table I: Examples of Types of Cannabinoids.*

Endocannabinoids
2-arachidonoylglycerol

Potency toward Cannabinoid
(CB) Receptors

. Both CB1 and CB2

Metabolism

Primarily MAGL
into glycerol and
arachidonic acid

Chemical Structures**

Anadamide

. Preferentially CB1
. Some activity on TRPV-1

FAAH ethanolamine
and arachidonic acid
COX-2 into
prostaglandins

Phytocannabinoids

Delta-9-
tetrahydrocannabinol

e  Both CB1 and CB2

Phase | enzymes
including CYP 2C9,
2C19, and 3A4
Phase Il enzymes

Cannabidiol

Synthetic Cannabinoids
Dronabinol (Marinol)

Nabilone (Cesamet,
Syndros)

. Preferentially CB2

. Both CB1 and CB2

. Both CB1 and CB2

Phase | enzymes
including CYP 2C19
and 3A4

Phase Il enzymes
including UGT 1A7,
1A9, and 2B7

Phase | enzymes
including CYP 2C9,
2C19, and 3A4
Phase Il enzymes

Not fully elucidated,
however several
metabolites have
been identified

Cannabidiol (Epidiolex)

. Preferentially CB2

Phase | enzymes
including CYP 2C19
and 3A4

Phase Il enzymes
including UGT 1A7,
1A9, and 2B7

1.2.2.1. Endocannabinoids

YR A0G2NBR Ay (A&adzsS:

demand"and are then released to bind witbBR#$n order to elicit a responsg@Hansen et al.

Endogenous cannabinoids are not synthes S R

2006) The biosynthesis and breakdown of two watlidied cannabinoids are summsed in

Figure 11.



Arachidonoyl-phosphatidylcholine (PC) Inositol Phospholipids

NAT Phospholipase C
(n-acyltransferase) l
DAG
NArPE . (Diacylglycerol)
(n-arachidonylphosphatidylethanolamine)
' DAGL o
NAPE-PLD ‘ Biosynthetic Enzymes or DAGLB
\ " ‘ v
Anandamine (AEA) 2-AG

MAGL or
COX2
or FAAH
Arachidonic acid and
glycerol

FAAH
or )
COxX2

v

Cleaves into
Arachidonic Acid and
ethanolamine (FAAH);

PGE,-etholamide (COX2)

v

Figure 11 Biosynthesis and degradation tife endogenous cannabinoidsnandamide AEA and 2-
arachidonoylglyceroAG, showing themain enzymeshat lead totheir synthesis andhydrolysis
(Scotchie et al., 2015).

N-arachidonoylethanolamingNAE)was the first @docannabinoid to be isolated (in 1992)

from the brain of a pigOnaivi et al., 2005). It is more commonly known as anandamide (AEA)

g SNB @ IméangdRd€ié the IndeEuropeart | y3dz- 3S {Fya{NARGO | YR
from its chemical composition (Mbdoulam & Fride, 1995). AEA is a lamgin fatty acid
ethanolamine and a representative of the NAEs. It is synthesised fraradtidonoyl
phosphatidylethanolamine (NABEvia hydrolysis with phospholipase D (NARD) (Liu et
al.,2008) (Fig. 1.1). Thisggess is regulated by the calcium ions and cAMP (Tsuboi et al.,
2015). AEA is hydrolysed by the Fatty acid amide hydrolase enzyme (FAAH) into arachidonic
acid and ethana@mine (Neelamegaret al., 2012) (Fig. 1.1). Anandamide predominantly
influences the central nervous system (CNS) and the peripheralnsygtSjPacher et al.,
2006).Its actions are mediated by activation of the CB1 poein the CNS and the CB2
receptor in the PNS (see 1.2.3.1) (Zou & Kumar, 2018). In addition, AEA can bind to the
transient receptor potential channel vanilloid 1 (TRPMVQopamine receptor, Peroxisome
Proliferator! OU A @F 6 SR wSOSLIi 2 NG 6 A YRS Gl tNIMV2hdza | y2RNLIK t
coupled receptors (e.g., GPR55) (see 1.2.4) (Pertwee et al., 2010; Lee et al., 2016).


https://www.ncbi.nlm.nih.gov/pubmed/?term=Neelamegan%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22730904

The second endocannabinoid to be isolated in 1995 #arachidonoylglycerol (AG) which

is a member of the AcGs (Zou and Kumar, 2@8)G is synthesised from diacylglycerol (DAG)
which is mediated by two diacylglycerol lipases (DAGL)) D[ h | y(RezZktBl] 2014)
(Fig. 1.1). It is hydrolised byonoacylglycerol lipase (MAGL) into arachidonic acid and glycerol
although FAAH can also hydroylsé\@ (Di Marzo et al., 1998) (Fig. 1.1). Like AEXG 2
predominantly influences th€ NS and PNE&leberg et al., 2014jia activation of the CB1
receptor gou & Kumar, 2018). However, it can aistivate PPAR and GPR55, like AEA,
(Kozak et al., 2002Ryberg et al., 2007) but camot activate TRPV1 or the Dopamine
receptor, unlike AEAGarbutt, 1983 Starowiczet al., 2007

There are many other NAEs and AcGs but the current shadydedtwo NAEs alongsi@
AEA which warrant an introduction: &mitoylethanolamide (PEA) ar@eoylethanolamide
(OEA).

Oleoylethanolamide (OEA) is synthesised from oleic acigphodphatidylettanolamine and

is hydrolyzed by FAAH into oleic acid and ethanolamine (Thabuis ,eR0&I8). This
cannabinoid also exists in many types of food, such as cocoa powder, nuts and oatmeal (Di
Marzo et al., 1998; Astarita et al., 2006). In humans, OEA is kimWwave an essential
biological action by regulating food intake, body weight andtemling the balance the lipid
YSlFro2ftAayY O0¢KIFodzha SaG Ff dX HamMmO(@eeh2U!) Kl &
(Fu et al., 2003).

Palmitoylethanolamide (PEA) is synthesised frbRracylated phosphatidylethanolamine
(NAPEphospholipase OLeung et al.2006).Its degradationis mediated by FAAH to yield
palmitic acid and ethanolamine (Skaper et al., 20t&8)as been found to have anhibitory

impact on inflammation and cell degeneracy (Aloe et al., 1993; Mazzari et al., 1996; Berdyshev

et al., 1998)ndhas a neuroprotectiveole in rodents (Lambert et al., 2001; Calignano et al.,

1998; Jaggar et al., 199§).A 1S h9! T t 9! LINBR2 YskelR gD I OGA

Verme et al., 2005)



1.2.2.2. Phytocannabinoids

The phytocannabinoidselong to a family of terpenophenolic composites which are derived
from the plantC sativa (Happyana et al., 2013)heir chemical structure comprises a
terpenoid ring derived structurally from C10 terpenoid subunits of geranyl pyrophosphate
(EISohly, 20D Kis, et al.2019). They are biosynthesed within adhesive structuresalled
glandular trichomes Hg. 1.2), with each trichome containing different cannabinoids
(Fischedick et al.,, 2010Happyana et al., 2013)Further, cannabinoids comprise a
consicerable part of the resin and constitute about 30% of the weight of the dried flowering
tops (EISohly, 2007).

(lm om
Hi NN
N~ CHy R Ho"":\ NN
A"-Tetrahydrocannabinol (THC) Cannabidiol (CBD)
Cannabis sativa glandular trichomes &
) Y\/%\/\/\
HO'
| HO'
Cannabigerol (CBG) Cannabichromene (CBC)

»!

e

o

'\

OH
x ‘
P NPy

Cannabinol (CBN)

Phytocannabinoids

Figure 12: Biosynthesis ofphytocannabinoidgakes place in the glandular trichomes @&nnabis
savita The molecular structure of some of th@re common phytocannabinoids is showlratnbaro
et al., 2012; Palazzoli et al. 20T81e weed blog2012; www.compassclinics.com

C. sativacontains more than 85 cannabinai(El Alfy et al., 2010) but those mostnemon
are the psychoactive Delt8-tetrahydrocannabinol (THC) and its npsychoactive isomer
Cannabidiol (CBD) (Fisar02).THC and CBD are synthesised foamnabigerolic acid (CBGA)
which itself is synthesized froolivetolic acid anderanyl diphosphateRellermeier and Zw,

1998 Dewick, 2009)(Fig. 1.3).CBGA is then converted to TH@a oxidocyclase


http://www.compassclinics.com/
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-313X.2012.04949.x#b11
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-313X.2012.04949.x#b11

tetrahydrocanndidiolic acid synthase (THCA®hereas CBDis formed by oxidocyclase
cannabimiolic acid synthas€éCBDAS)S(rikantaramagt al., 2004 Tauraet al., 2007)(Fig.
1.3).

‘ - Cannabigerolic acid

e B T Mo
Olivetolic acid
(phenolic moiety) ™

> HO' . /

Cannabidiolic acid

Figure 13: Synthetic pathway oDelta9-tetrahydrocannabinol (THC) Cannabidiol (CBO3 et al.,
2019).

The exact function of phyt@mnabinoids in plants is still unclear, however the most supported
theory is that they play a protective role by responding to an external physical or biological
effect such as UV light, drying conditions, insects and bactefiattion (Bernstein et al.,
2019).Plantsdo not possessannabinoidreceptorsor any endocannabinoidshoweverthe
endocannabinoidike compositescan be produced by plants such as PEAand MEA (N-
myristoylethanolamine)Thosecompoundscan bind and activate CBlike receptors(Onaiv,
2005).Asfor PEA|t can be found in various plants, for example, soybean and peandt
binds to unknown CB2ike receptor (Chapman, 2000). MEAreported to be presentn
tobacco andMedicago truncatulaand actsasanti-alkalization agent aa mears of immunity
that depends on the rapidinflow of calcium ions C&*) andrapid outflow ofpotassium ions
(K" (Chapman, 2000)This reaction is similar to that dfie humanimmune cell response
wherebysuppression of caleim - potassium channslis mediated by cannabinoideceptors
(Mackie et al., 1995)Tripathy et al.(2003 alsodemonstrated that CBiRke proteins are

present in the membrane of plant celand mediate the signalling pathwswpf the NAEs


https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-313X.2012.04949.x#b45

compounds. Moreover, sequences NAPEPLDsynthessing enzyms have been found in
tobacco (Chapman, 2000).

Phytocannabinoids (in particular THC, CBD and CBG) have multiple therapeutic effects which

are sumnarised in (Table 1.2).

Table 1.2Examples of the therapeutic effects of Detdetrahydrocannahiol (THC), Cannabidiol

(CBD) and Cannabigerol (CBG).

Phytocannabinoid

Pharmacological effect

References

Pain relief
Antioxidation
Bronchodilation

Anti-inflammation (with

Rahn and Hohmann,2009
Hampson et al 1998
William et al., 1976

Currais et al., 2016

THC _

Alzheimer) _
Kavia et al., 2010

Relaxation of muscles
Antioxidation Hampson et al., 1998

CBD Anti-anxiety Russo et al., 2005
Anti-spasm Jones et al., 2010
Breastcancer Inhibition Ligresti et al., 2006
Anti-bacterial (MRSA) Appendinoand Gibbons, 2008
Anti-inflammation Formukong and Evans, 1988
Anti- proliferation DiazLaviada, 2010

CBG Growth inhibition of carcinoma| Baek et al., 1998

Breast canceinhibition

Inhibition of melanoma cell

McAllister et al., 2007

Baek et al., 1996




Fungi, like plants do not possess the main endocannabinoid receptassthey do possess
the enzymes that synthesise and metabolise thénicRartlandet al., 2006). Thesequences
of NAEsynthesisingenzymes (NAPEPLD and MAGL) and hydrolysing enzymes (FAWH a
DAGLhavebeenidentifiedin the yeastSaccharomyces cerevisi@dcPartlandet al., 2006)
andin the fruiting body of Tuber melanosporurftruffle) (Pacioniet al., 2015).In addition,
Muccioliet al. (2009)found that S. cerevisiaproducesinactive PEA in a quantity similarto
that producedin mousebrain (650and100-500pmol/g, respectivelypndPacionet al. (2015)
found that the truffle of T. melanosprumcontained high quantities of AEA(7.0 £ 5.8
pmol/mg).

1.2.3. Main cannabinoid eceptors(CBR}s

According to genome databasédrotistsdo not possess themain cannabinoideceptors (see

1.3) so only a brief introductioon themfollows.
1.2.3.1. CB1 and CBizceptors

Many @annabinoiddnitiate their action by interacting witlCBR& many parts bthe CNS and
PNSHowlett et al., 2010)Ligands include AEAALG, CBD, THC and synthetic cannabinoids
(Pertwee et al., 2010)Thetwo main CBR, CB1 and CBdiffer according to their chemical
structure, characteristicof their bindingto the ligand aml their transduction signal system
(Pertwee, 1995Howlett et al., 2002)The CB1 receptor is found mainly on neurons in the
brain and progressive loss of CBlis anfear & A 3y F2NJ | dzyGAy3IG2y Qa
2010).CB2 is more abundant in periptal tissuesand macrophageéGrotenhermen, 200%
although CB1 haslso been described in many peripheral tissuegthin reproductive,
gastrointestinal and cardiovasieu systemgPertwee, 2001; Szabo et al., 2001; Wagner et al.,

2001).

CB1land CB2 belog to a group of receptors thatross the cell membrane seven times and
combine with proteins that bind guaning dzOf S2 G A RS 6 { ONK@egsva aniN S
terminal extracellular area which has glycosylation locati@ns, terminal intracellular area
bound to the G protein complextherefore are G-coupled protein reeptors), and 7

transmembrane domains connected by three extracellular and thrggacellular loops
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(Duvernay et al.2005).In humans, CB1 and CB2 are 48% similar with regardsiteoaacid

composition(Munro et al., 1993).

1.2.3.2 The transient receptr potential vanilloid type 1 (TRPV1)

The transient receptor potentiatanilloid type 1 (TRPV1) belongs to the transient receptor
potential (TRP) superfamily and its natural ligand is capsaicin, found in chili péppégrina

et al., 1997). This receptds primarily expressed in sensory neurons where-ocalisesvith

(B1 and CB2, and is involved in temperature sensing, pain and nociception (Caterina et al.,
2000). Ligand bindingeads to an influx of calcium (€pand sodium Na") causing the
depolarization of the cells which induces the physical/neural efffdiedtle et al, 2010)AEA

CBD and OE#ct as full agonist(Bisogno et al., 200Zou and Kumar, 2018ut 2-AGdoes

not bind to it (Starowiczet al., 2007).RPV1 differs from both CB1 a@&82in that it has six
transmembrane domains and consists of an extra intramembrane loop which conjoins both
the fifth and sixth transmembrane domains and shapes the pore channel region (Caterina et

al., 1997; lannotti et al., 2016).

1.2.33. G-protein couled recepor 55 (GPR55)

GPR55s the third true cannabinoid receptor arwhn bindall three groupsof cannabinoids
(endocannabinoids, phytocannabinoids and synthetic cannabinoids) (Ryberg et al., 2007).
GPR55 is widely expressed in the CNS and PNScoftecalising with CB1 (Sawzdargo at al.,
1999). Although AEA targets both CB1 and CB2, it havem légher affinity for GPR55
(Ryberg et al., 2007). THCAL, PEA are also agonists for GPR55 while CBD is an antagonist
(Ryberg et al., 2007). Despite bgithe target for many cannabinoids, GPR55 displays low
sequence identity to both CB1 (13.5%) ai@R{14.4%) (Pertwee et al., 2010).

There is another G coupled receptor, GPR#8chis found in the gastrointestinal tract and
pancreas, where it stimulas the insulin secretion pathway (Li et al., 201t3% only activated

by fatty acid amides, inatling AEA, OEA and PEA, with OEA being the most efficacious
(Overton et al., 2006).
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1.2.4. Other receptors

Many norrCBR receptors have been proposed itwdto cannabinoids (Bih et a015)(Table
1.3). Of those,the Serotonin receptor, Dopamine receptor amPARsvere considered
putative cannabinoid receptors in protists (s&3.3.

Table 1.3 Receptors, other than CB1, CB2, GPR55 and TRVP1, thabémveshown to bind
cannabinoids (Bih et al., 2015)

Targetreceptor Binding cannabinoids
PPARs CBD, AEA, OEA, PEA, THKS 2
Opioid CBD, AEA, THC
glycine CBD, AEA, THC
Serotonin CBD, AEA
dopamine CBD, AEA
Nicotinic Acetylcholine | CBD, AEA-RG, CP5940, WIN55, 21-2
Adenosine CBD

1.2.4.1. Peroxisome Proliferatoiactivated Receptors (PPARS)

PPARSs belong to the family of the nuclear recepiutt exist in three isoformg i k = | Yy R
(Ferguson et al. 2018DEA, PEA, AEAAGpredominantly bind to PPARalthough they can
also bind to PPAR O'Sullivan, 2016while CBD andrHConly bind to PPAR(Kasten and
Boehm, 2016)Only the breakdown products of endocannabinadactivate PPAR [iso
many synthetic agonists have been manufactured for this receptor, e.g., GW8Zd@&dman

et al. 2003) Ligandbindingactivates the metabolism of lipids and glucosddile and Kosten
2017;Ferguson et al. 20)3&nd this occurvia two routes:the wellstudied genomicoute

(see below) and the poorly studied ng@nomicroute (see Chapter 5).

In the classic genomic response, a PPAR is ligetivhted then transported to the nucleus
where it forms a heterodimer with another nucleaotmone, the retinoid Xeceptor (RXR).
The dimer binds to peroxisome proliferatogsponse elements (PPRES) lecaton the

regulatory regions of target genes and carries out transcripffig. 1.4 ChinettitGbaguidi
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and Staels, 2009; Grygiélorniak, 204). PPAR targeid genes are primarily involved in the
regulation of metabolism and energy homeostasis, cell dififation, A Y b | YYand A 2 y
proliferation (Tyagi et al., 2011).

PPAR activation is thought to occur via three main mechanismdl(#)g1) Diect binding of
cannabinoids to the PPAR, 2) indirect binding through the conversion of cannabinoid into
PPARactive metabolites (for e.g. PPAR) and 3)activation of a cannabinoid cell surface

receptor which results in activation through a cell siggai Ol 4 O RS 6 h Q{ dzt t A @
signalling cascade has not been well researched but it is known that, in macrophages for
example the binding ofMycobacteriumtuberculosisand M. lepraeto the mannose receptor

activates PPAR alongside theactivation d the p38 mitogen activated protein kinag®APK)
pathway(Rajaram et a).2010, Mahajan et al., 2012; Guirado et al., 2018; Diaz Acosta et al.,
2018)(discussed further in 5.3.4.3.)

Cannabinoid

Endocannabinoid

\A
Metabolism
/| e

P

Intracellular
e signalling

e.g. MAPK
activation

Target genes

Figure 1.4:Schematic of the three main ways in which Peroxisdétnaiferator Activated Proteins
(PPARS) are activated prior to forming a heterodimer with the Retind@céptor (RXR), and then
binding to Peroxisome Proliferatdtesponse Elements (PPREs). 1) Bindiofy the
endocannabinoid/cannabinoid, 2) binding of endorahinoid/camabinoid metabolites, 3) activation

of a cannabinoid cell surface receptor (CB R) which results in PPAR activation through a cell signalling
OFa0FRS 6hQ{dA t ABlIYS HAnNTO

A 4" mechanismhas also been proposed whereby fatty acid binding prot€iR&BPS)
chaperone cannabinoids from the outer cell membrane to the nucleus where they bind to
PPARs (O'Sullivan, 2016). Specifically, binding of the"RigARds oleic acid, fenofibrate and
GW764 %o FABP1 and FABP2 (Hughes et al., 2015), and OEA to(Ra&Reha et al., 2012),
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promotes nuclear localisation and the activation of PPARHC and CBD have also been
shown to be chaperoned by FABPs 3, 5andlith equivalent binding to 3 and 7 buttiCBD
binding more strongly to FABPBEIfes et al., 2015).

AEAand 2AGactivation of PPAR has been shown tmmduce neuroprotective properties (Sun
et al., 2007while OEA and PEA affect various physiologindl pathophysiological functions,
notably feeding and aninflammatory pain $un & Bennett, 2007Hind et al., 2015;
O'Sullivan, 2016)Activation of PPARby CBDhas shown antcarcinogenic properties by
inhibiting tumour viability and metastas{gerndadezRuizet al.,2015 Payandemehet al.
2015 while THC causethe dilation of blood vessels (Sun et.,aP006).In addition to
phytocannabinoids, ythetic cannabinoidsuch asThiazolidinediong (glitazones)a family

of drugs used for Type 2 diabet&t®atment, are common PPARagonists, particularly
Rosiglitazone, which hashigh affinity and specificity for this PPAR (Lehmann et al., 1995).
Only the break down products of endocannabinoids, especially of the NAEs, hav&hoaen

to activate PPAR/4, for example,arachidonic aid (AA) from AEA (Yu et al., 2014) and
oleamidefrom OEA (Dionisi et al., 2012)

PPAR activation can therefore be achieved with endocannabinpiggocannabinoidsand

their derivatives, and synthetitannabinoids

1.2.4.2. Dopaminereceptors

Dopamine is a member of a group of neurotransmitters known as catecholarthaess
producedby dopaminergic neurain the CNSandis alsopresent in thePNS particularly in
the kidney where its involved imephriticvasodilation(Romanelli et al., 2009T.heprimary
function ofdopamine igo control actions in the braisoncerned withmovement, cognition,
feeding, sleeping and mood (Marsd&®06) The dopamine receptarit binds tcaredivided
into five subtypes(D1 to DY and all are coupled to Gi and Gs mediated systems of
transduction and are therefore GPCRs (Rashid et al., 200i&se subtypes aréurther
classifiedinto two subclases (D1like and DZ2ike) (Beaulieu and Gainetdinov, 2011)
dependingon their affinitiesfor agoniss and antagoniststheir mechanisms of effectors and

their patterns of distribution (Mishra et al., 2018). The D1 receptor (inlikEl class)
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dominates the dopamine receptors in the CNS while D2 dominates those in the PNS, with D3,
D4 (D2ike) andD5 (D1like) being present at much lower levels (Romanelli et 2009).
Ligand binding to D1 and D2 result in opposite effects (Fig. 1.5) with, for example, activated
D1 causing the upregulation of cCAMP while activated D2 causdsvits-regulation(Newe et

al., 2004Guevara Lora, et al, 20L6

AEA, CBD and THC &mown to bind to dopamine receptor&/ith THC binthg to D1
(Miyamoto et al., 1996)hile CBD and AEA bind to D2 (Beltramo et al., 2000; Seeman, 2016).
A recent study hashown thatTHC and BDcan bind to a heterodimer dd1-D2 receptors
within the brain, with THC only binding to Dait addition of CBD (ratio 1:3) prevented THC
binding to D1 and upregulated mRNA expression ifHa2bi et al., 2020).

D, Receptor (D1, D5) D, Receptor (D2, D3, D4)

Gs

D2 Receptor Agonism

= Decreases rate of
wound closure

* Decreased angiogenesis

* Decreased epidermal

D1 Receptor Agonism

* Improved rate of
wound closure

* Increased angiogenesis

* Increases cAMP level hyperplasia
* Increased VEGF = Decreases cAMP level
expression by human
dermal fibroblasts D: Receptor Antagonism
cAMP * Increased MSC
mobilization into
l wound beds
CREB
Increased gene
expression =2 Increased VEGF-A

Figure 15: Dopamine receptopathwayand cellular effect¢Vaughn et al., 2008



1.2.43 Serotonin receptors (81T)

Serotonin (5HT) is a monoamine neurotransmitter biosynthesized in the CNS and PNS (Mazak
et al.,2009). It is synthesized by a tstage enzymatic process: firstlyydroxylaton of
tryptophan by the enzyme tryptophan hydroxylase and secondly, decarboxylation of the side

chain by aromatic amino acid decarboxylase (Nakamura and Hasegawa, 2009).

¢KS GSNXY &aSNRG2YAY Aad RSNAJSR #iddRviththé Kath DNB S|
g2 NR U 2 ylBefusé iivasifist igofated from serunand hal the ability to cause a rise

in blood pressure (MohammaBadehet al.,2008;Nichols and Nichol2008. Serotoninacts

locally as a hormone in the different tissu@ghin the digestive system, the cardiovascular
systemand the immune systemHKithadia, and Jain, 2009} has been identifiechs being

involved in psychological diseases, for instanckepression and anxiety, as well as in

I £ T KSAYS NIMassoR etia? 20R$ Ris large number of roles hdsed to the
development of several therapeutic compositasch asantidepressants, antipsychotics and

different anti-vomiting medicinegCirillo et al, 2011)

The pharmaceutical properties skrotoninare complicated, as its activities are mediated
through a largenumber of 5-HT receptorgCelada et al., 2004Yhere are at least seven
distinctreceptorfamilies (51 ¢up to 51 ¢ Wwith each family placed idifferent areas of the
body andeach instigaing a differentresponse (Frazer and Hensler, 1999). Apart freHiTH

(a ligandion channe), all 5HT receptor subtypeare GPCR&Vazak et al.2009)and ligand

binding initiates the signaling cascade depicted in Figuse

AEA and CBD have been shown to bind to a serotonin receptor. The activafi¢iiof by
CBD reducethe damage of neurotransmitters that occurs as a result of neuropathic pain
disarder (De Gregorio et al., 201@hile the activation 05-HTzs by AEA has causstimulation

of pain relief (Racz et akP08).
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Figure 1.6Signalling pathway of the-HT recepto(Masson et al., 2012)

1.3. Existence of an endocannabinogystem in singlecelled eukaryotes

A phylogenetic study by McPartland et al. (2006) examined whether all eukaryotes possessed
known receptors and enzymeghich participated in theendocannabinoid systenEC$(Fig.

1.7). The unicellular organisms includélie yeastSaccharomyces cerevisjabe obligate
Plasmodium falciparurand the ciliateTetrahymena thermophilidl he first conclusion of the
study was that these protists did not contamomologues tothe four main cannabinoid
receptors (CB1, CB2, GPRBf &aRPV)L The second was that they athntainedsequences

for the enzymedratty Acid Amide Hydrolas&AAH) andMonoacylglycerol LipaseViAGL)

which hydrolyseNAEs and-AcGs, respectivelpifferences were then evident with regards

to the synthesizing mzymes, with sequencder DAGLgynthesis oAcG$being presenin T.

thermophilaandS. cerevisia@put not P. falciparumyvhile sequences foNAPEPLD gynthesis
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of NAE$ were present inP. falciparumand S. cerevisiagbut not in T. thermophila
(McPatland et al., 2006) Experimental evidencé substantiate these observationsas

mainly attainedfrom work onthe ciliateTetrahymenareviewed below.

€D

NAPE-
GD ‘ FAAH

e

.i 23 CB, Arachidonate Ethanolamine
. SN
@——— = cs,
Arachidonate Glycerol
(oAGL )
@2 GPR55 MAGL
DAG &

POSTSYNAPTIC
PRESYNAPTIC

Figure 1.7:A summary of the main components of ti&A and 2AGcannabinoid system showing
their synthesis (left), the four main cannabinoid receptors and thedtabolizing enzymegight)
(Zhou et al., 2019).

1.3.1. Endocannabinoids Tetrahymena

Anagnostopoulos et al(2010 identified a suite ofN-acylethanolaminesNAEs) and-
acylglyceols (2AcGs) inTetrahymenahermophila(Tablel.4) together withfree fatty acids
(FFASs). The concentrations 6A2Gs were higher than NA&sd only small amounts of AEA
and 2AG were detectedOf the NAEs detecte@GLEASEA and EEA are present in drdge
amounts in mammalX(eberg at al., 20145aitan et al., 2018)hile LEA along with PEA and
OEAare more common andare primarilyin the Gl tractwherethey exhibit similar anorexic

functions activating mainly PPARs and TRPV1 (Kleberg et &.).201
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Table 14: Presence ofN-acylethanolamines (NAEs) anda@ylglycerols (AcGs)in the ciliate
Tetrahymena thermophileogether withtheir cellular concentratioffAnagnostopoulos et al., 2010)

Endocannabinoid Chss Goncentration (pM/ mg of
protein at 27°C)
LinolenoylethanolaminéLEA) NAE 2.3+0.8
Oleoylethanolamie (OEA) NAE 0.6+0.3
Palmitoylethanolamin€PEA) NAE 1.8+0.3
Stearoylethanolamin¢SEA) NAE 0.31£0.1
Eicosenoylethanolamin@EEA) NAE 3.2+1.5
4 -LinolenoylethanolaminéGLEA) NAE 2.3+0.8
i -Linolenoylglycerof2-GLG) 2-AcG 5100+620
2-Palmitoylglycero(2-PG) 2-AcG 770£120
2-Linolenoylglycerof2-LG) 2-AcG 4000+560
2-Oleoylglycero(2-OG) 2-AcG 16001240
2-Eicenoylglycerd2-EG) 2-AcG 1500290

1.3.2. Enzymedn Tetrahymena

Karava et al(2001)were first to detectedan enzyme ileterahymenagpyriformiswhich had

the samefunctionas FAAH (hydrolysing AEA to arachidonic acid and ethanolamine). Karava

et al. (2005then went on torevealedthe presence of 2 isoforms of FAAHthis speciesa

66 kDa isoform (close in size to that reported for mammali@AH [63 or 67 kDa{diang and

Cravatt, 1997]) and 45 kDa isoform (close to the 46 kDa of amide hydrolase in invertebrates

[Matias et al.,2001]). Two isoforms of MAGL have also been fourid imermophila40kDa

and 45kDa (Evagorou et al., 2010).

1.3.3. Receptorsn Tetrahymena

To date, no homologues of CB1, CB2, GPR55 and TRVP1 hawtetested in protists.

However, they do respond teannabinoids (see 8.4 and1.7.2 suggesting a cellular target
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is presentBih et al. (2015) reviewed the literature for evidence of the involvemermtioér
receptorsthat could bindCBD and foundeven.Table 15 lists thesesevenreceptors and

evaluates whetherthey might be present imetrahymena

Table 15: CBD receptors @htified byBih et al. (2015)and whetherthe receptor, ororthologues
are present infetrahymengwww.ciliate.org.

Receptors Cannabinoidigands Presert in
Tetrahymena?

Opioid CBD, AEA, THC .Sax > hL

Dopamine CBD, AEA Yes, D1 receptor

Serotonin CBD, AEA Yes

Adenosine CBD Possible, produes
CAMP

PPARs CBD, AEA)EA, PEA, THCGAK Possible, possess
peroxisome

Nicotinic CBD, AEARG, CP55940, WIN55,222 | Possiblepossess

Acetylcholine acetylcholinesterasg

Glycine CBD, AEA, THC Possible; possess
chemotaxis towards
5-Gly

1.3.4. Response of etrahymenato cannabinoids

Only two studies have evaluated the effectaannabinoidson Tetrahymena.McClean and
Zimmerman (1976) were thigst to show that THC caused the cell§ gdyriformisto become
round and move in a sluggish manner. It whaesn found that THCcausel a dosedependent
delay in cell divisianwith cells being most sensitive in theG2 phase of cell division

(Zimmermaret al., 1981)In both studies, cells recovered after a few hours.

In addition to these, there have been two studies on amoebae (sé®) but as yet, the

presence of ECS enzymes or endocannabinoidsoebacellshas not beenevaluated
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1.4. Canndinoids and anoebae

1.4.1. Overview of amoebae

Amoebarepresent an important component of surfa@ssociated communities (biofilms) as
their trophozoites can only feed on surfaessociated prey (Parry, 2004). Free living amoebae
(FLA) are prevalent in wexr and soil LorenzeMoraleset al., 2013) and althougkeveral
species are opportunistic pathogens, the majority are 4pathogenc (Thomas et aJ.2009).
Amoebae are divided into naked and testate amoebae; testate amoebae possess an external
shelHike structure (teste) with one compartment and one aperture (Esteban et al., 2014).
Naked amoebae exist in three forms; a cyst whiains under unfaourable conditions (lack

2F FT22R FYR 2aY20A0 adNBaaovozs | Y2@0Ay3a GNRBLK?2
non-feeding form suspended in liquid) (Figuré). Also, a fourth form has been identified as

I WNZ dzy R -oyst RerenXYPickliet dLJNB07).
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Figurel.8: Life cycle ohnamoeba (Smirno\2008).

1.4.2. Amoebic response to cannabinoids

To date, only two studies have examihihe response of amoebae to cannabinoisingle

et al. (1979) studiedhe growth of Naegleria fowlerifor 3 days with/without three
phytocannabinoidsDelta9-tetrahydrocannabinol (THC), Cannabidiol (CBD) and Cannabinol
(CBN)N. fowleriwas affected by all treatments and results showed that, at an equivalent

concentration, THC was mepotent than CBN or CBD (Tablé)1Moreover, THC prevented
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the trophozoites from transforming into flagellates or cysts, but had no effect on cell shape
or speed of movemeniPringle et al., 1979)
Tablel.6: The influence ofhe phytocannabinoid®eka-9-tetrahydrocannabinolTHG, Cannabidiol

(CBDandCannabinol€BN, on population growth of the amoelidaegleria fowler{Pringle et al.,
1979).

Phytocannabinoid Concentration| % Population Expeimental

(UM) growth compared Conditions

to control

delta-9-tetrahydrocannabinol (THC]) 15.9 a7 Grown up from

31.8 79

1x10-5x1

63.6 88 x10-5x10

159 No growth cells/ml for 72 h at
Cannabidiol (CBD) 15.9 73 37°C

31.8 87

63.6 94
Cannabinol (CBN) 16.1 57

32.2 80

64.4 93

The second study was camd out by Dey et al. (2010) who tested\-
arachidonoylethanolamineAEA and 2-O-arachidonoylglycerof2-AG on the growth of three
amoebae over 3 daysAcanthamoeba castellaniiWillertia magna and Vermamoeba
(Hartmannella) vermiformjs(Table 17). Resuls indicated that reduced population growth
occurredwith 5.75uM AEA (MIG5.75uM) and 100% cell death occurred at 57.5uMlle
1.7) V. vermiformisvas more sensitive to AEA treatment thAn castellaniand W. magna
with 1Gos of 14, 17 and 3M, respecively. In addition, all amoebae were affected BAG
at 26.4 uM (only concentratiotested) and showed the same pattern of sensitivity that
with AEA i.e.,V. vermiformis> A. castellani>W. magna This stidy also demonstrated that
it was 2AGper sethat caused the reactiofand not its breakdown productsls the same
reduction in populatiorgrowth was recorded with -AGether which is a nothydrolysable

form of 2-AG (Table T) (Dey et al.2010)

Both sudies then, found that two endocannabinoidadathree phytocannabinoids reduced
amoebic population growth after 3 days. Successful population growth of amoebae requires
successful ingestion and metabolism of prey, yet no study to date has examined tbieoéffe

cannabinoids on amoebic feeding.
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Tablel.7: Sensitivity of three amoebae to different doses shfdchidonoylethanolamine (AEAY2
arachidonoylglycerol (AG) and 22Gether under similar condition (cells were grown up from 2x10
cells/mlinitial dose for 72 h, at 3T) (Dey et al., 2010).

Amoebasp. Cannabinoid | Concentration % Population growth compared to Control
(1M)
Acanthamoeba AEA 5.75 Inhibition of growth
castellanii 17.0 50
28.8 68
57.5 Cell death
2-AG 26.4 reduction 75.2%
2- AG ether 27.4 reduction 75.4%
Willertia magna AEA 5.75 Inhibition of growth
20.0 50
28.8 58
57.5 death
2- AG 26.4 reduction 56.6%
2- AG ether 27.4 reduction 56.2%
Hartmannella AEA 5.75 Inhibition of growth
vermiformis 14.0 50
28.8 96
57.5 death
2- AG 26.4 reduction 95.6%
2- AG ether 27.4 reduction 87.8%

1.4.3. Amoebic feeding

1.4.3.1. Generabverview

Amoebic trophozoites use extended pseudopodia for motility and the engulfment of prey via
phagocytosis (Bogitsh et al., 201Bhagocytosis refers to a biological pess that organizes

the absorption of particles into cellular vacuoles (phagosomes) frentéll membranel(evin

et al., 2016) The mechanism of phagosomal formation and maturation in protists is still
poorly describedout is thought to be similar to thabf macrophages. Brieflyhé process
begins when the phagocytic cell recognises the Ioigdigands of the prey cell in a receptor
dependent way(Fig. 19, stages 22). This recognition leads to signal pathways that stimulate
the re-shaping of the actinytoskeletonand the extension gbseudopodido enclose the prey

in a phagocytic cuuhon andCardelli, 2002Cossorand Soldatj 2008;Pauwel<t al.,2017)

(Fig. 19, stage 3) The complete closing of the phagocytiup leads to the formation of the
phagosane (Fig. 19, stages 4b), which is inert until it maturates via a complicated series of
fusion events with endosomes (to reduce the pH) and then with lysosomes (which contain

digestive enzymes) (Haas, 20D&uwelset al., 2017 (Fig. 19, stage 6)Theprocess endwith

23


https://www.sciencedirect.com/science/article/pii/S1369527408000623#!
https://www.sciencedirect.com/science/article/pii/S1369527408000623#!
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pauwels%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=28416446
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pauwels%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=28416446

the defecation ofwaste materialg(Fig. 19, stage 7)and the recycling of thephagosome
membrane to make newhagosomegAllen and Fok, 198@otthardt et al., 2002(Fig. 19,
stages ).

Figurel.9: Diagrammatic representation of membrane dynamics in the phagocytic cycle. 1) Receptors
and membrane are available for preuptake and phagosome formation. 2) Binding of prey to
receptors (e.g. @pe lectins) leads to 3), actin polymerisation and formatas pseudopodia which
surround the prey. 4) Myosin is recruited to help seal the ends of the pseudopods together. 5)
Dynanin is recruited to allow detachment of the phagosome into the cytoplasm. 6) The phagosome
matures via a series of fusions with endoss and lysosomes and the contained material is digested.

7) Phagosome membrane fuses with the plasma membrane and releastigested material. 8)
Plasma membrane is endocytosed to form vesicles. 9) Vesicles are transported to the site of
phagocytosis bynicrotubule ribbons and used to form new phagosomes. Stages 3 to 7 are known to
be reliant on activation of thé&rp2/3 sysem.

1.4.3.2. Receptormediatedingestion of prey(Fig. 19, stages 12)

Gtype lectins have been shown to be key receptorspi@y capture in amoebadr@vdin and
Guerrant, 1981;Bracha et al., 1982Ravdin et al., 1985; Petri et al., 198%llen and
Davidowicz, 1990Venkataraman et al., 1997; Harb et al., 19G8rate et al. 2004; Alsam et
al., 2005;Bar et al., 201p Gtype lectins are glycoproteins that are part of a protein super
family whichincludes 17 sulgroups; divided according to phylogeretand structural

properties of binding domai(Boskoviet al., 2006; Drickamer & Taylor, 2015). They primarily
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bind carbohydrate ligands on bacteria, in a talt dependent manner, via a conserved
extracellular carbohydrate recognition domain (CRyrrigan & Brown, 200®ovinget al,.
2014; Alenton et al., 2017. The carbohydrates they recognize include mannose, N
acetylglucosamine (GIcNAc),-fucose, glucose, galactose and-abktylgalactosamine
(GalNAc]Drickamer and Fadde2002).

Gtype lectins are functionally diverse and are involved in tBeognition of pathogens,
phagocytosis, activation of platelets, cell binding, transporting substance into the cell and cell
differentiation (Ramoino et al., 200M/ormald & Sharon2004; Cambi et al., 2005; Roberts

et al., 2006; Gupta, 201ZJhe majority of these lectins exist on the cell surface however they
can also can be found associated with organelles such as the Golgi complex, phagosome and

nuclear envelope (Ramoino, 1997;deds et al., 2006).

The role of specific€ype lectins in amoebic feeding has been studied using sugar blocking
experiments whereby the amoeba is precubated with a specific sugar, to block a specific
receptor, and then the uptake of prey is compaiedhe presence/absence of the blocking.
Using this technique, a mannose receptor has long been known play a role in amoebic feeding.
Bracha et al. (1982) first demonstrated that the uptakeEsitherichia coland Serratia
marcescend®y Entamoeba histolyta was reduced by 66% with 100mM mannose. Alsam et
al. (2005) also showed that the feedingAdanthamoeba castellanin E. coliwas reduced

by 80% in the presence of 100mM mannose. Allen and Davidowicz (1990) tested various
mannose concentrations om\. @stellanii whilst feeding on the yeasSaccharomyces

cerevisiaand found the 16 to be 10mM.

TheA. castellanimannose receptor has been cloned and ¥0&-kDa protein, comprising
multiple 130kDa subunits (Garate et al. 2004H)espite extensive BLASEarches, this
receptor lacks sequence identity to any well characterized lectin receptor in other cell types.
For example, in mammals the mannose receptot8§-kDa (Stahl and Ezekowitz, 1998).
Mannose residues are present in many Graegative cell waktructures such a®-antigens,

core polysaccharide, Type | fimbraelagers, capsules, slime (Ofek et al., 1993; Hamrick et
al., 2000;Lagoumintzis et al., 200¥.eremeichenko et al., 200Bradshaw et al., 2018) and

in the mannosecapped lipoarabinomaran (ManLAM) oMycobacterium tuberculosi&ang

et al., 2005). Grarpositive cells do not possess mannose resididiss{man et al, 1980Q.
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There is also evidence for a Gal/GalNAc receptamoebae Entamoeba histolyticarimarily

uses this 170 kDa tramembrane lectin as an adherence molecule to bind to host cells
(Ravdin and Guerrant, 198Retri et al., 1987) and it can be blocked with 4.5mM GalNAc and
56mM galactose (Ravdin et al., 1985) histolyticehas also been shown to use this lectin to
bind Gal/GalNAgich bacterial strains, e.gE. coli serotype O55 (Béar et al.,, 2015).
Vermamoebavermiformispossesses a similar 170kDa transmembrane lectin to bind and
internalize Legionella pneuwphila which can be 789% blocked with 100mM GalNAc
(Venkataranan et al., 1997; Harb et al., 1998). In mammalian cells, the membrane galactose
ligand (MGL) is onlya. 40 KDa but produces dimers and trimers-{80KDa) (Napoletano et

al. 2012). It bindsmly GalNAc and blocking with 100mM GalNAc prevents of the upigke
Neisseria gonorrhoea@an Vliet et al., 2009). GalNAc residues are present in the cell walls of
both Grampositive and Gramnegative bacteria where they form part of the
glycosaminoglycas) teichoic acids, -“@ntigens, and slime(Speert et al., 1988;

Abeygunawardana et al., 198Btichael et al., 2002; Bogomolnaya et al. 2008).

To date, there have been no reports of true amoebae possessing a GICNAc receptor. Indeed,
no specific GIcNAc recept has been found in professional phagocytes, with GIcNAc
instead binding to either the mannose receptor (East et al.,, 2002), Peptidoglycan
Recognition Proteins (PGRPEju(et al., 2001pr DCSIGN (van Kooyk and Geijtenbeek,
2003. To date, there are no reports of protists possessing homologu€GatPer DG
SIGN sdGIcNAc might bind to the mannose receptor instead. Howeweg study has
argued that a specific GIcCNAc receptor is one of three lectins in the slime Dmiydstelum
discoideum(which has an amoebic stage in its growth cycle). Here, all three ardfarsta:
adhesion of cells to a surface (Bozzaro & Roseman, 1G88NAc is one of the main cell
surface carbohydrates bacteriawhich, together with Nacetylmurame acid, forms the
peptidoglycan layer of Gramegative and Granpositive cells (Rogers eil., 1980). It is
also found in the core polysaccharide of the lipbsaccharide layer (van Kooyk and

Geijtenbeek, 2003).

In addition to Gype lectins, a recent study by Sattler et al. (2018) has shown Ehat
discoideunpossesses homologous receptdosthe mammalian class B scavenger receptors,
LIMR2 and CD36, i.e. LmpA and LmpB, respectively. Scavenger receptors &er atass of
surface membrane glycoprotein used for the recognition of carbohydrates in phagocytosis
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(Perun et al., 2016). The CdaB scavenger receptors bind to the lipoteichoic acid of Gram
positive bacteria (Stuart et al., 2005; Hoebe et al., 2005) &mal lipid A of the
lipopolysaccharide layer of Granegative bacteria (Baranova et al., 2008)Dlrdiscoideum

LmpA was found iendosomes and phagolysosomes and played a role in the binding and
phagocytosis obacteria (particularly Gramositive strans) while LmpBvas localized to the
plasma membrane and early phagosomes and was exclusively involved in the uptake of Gram

positive bacteria (Sattler et al. 2018).

1.4.3.3.Phagosome formatiorand trafficking(Fig. 19, stages 36)

Little is known about the formation of phagosomes in protists but it is thought to be similar
to that of macrophaged-ere, phagosome formation is a colep molecular process but in

its simplest terms: Upon preseceptor binding, actin polymerisation ista@ted and two
pseudopodia extend out from the cell to surround the prey particle. Myosin is then recruited
to help seal the ends of the pseudopods ttygr and then the recruitment of dynamin leads

to the detachment of the phagosome from the cell surfaoethe cytoplasm (Levin et al.,
2016). The whole procesgand indeed phagosome trafficking [Duleh and Welch, 20i%0])
reliant on activation of theArp2/3 system (Sevetransmembraneactin-related proteins 2

and 3)which itself is activated via a plethoshmolecules and signalling cascades (Levin et al.

2016)(see Chapter 5).

Studies on protists have confirmed that actin, myosin and dynamin play aimotee
formation of the phagocytic cup, migration of newly formed phagosomes into the cell,
trafficking of phagosomes within the cell, and their fusion with lysosomes (Tiggemann and
Plattner, 1981; Tiggemann et al., 1981; Allen and Fok, 1983; Méténket).18 addition, all
sequenced protists to date have been shown to possess the Arp2/3 complex, mgcludi
amoebae;Acanthamoebacastellanii,Naegleria fowleri Entamoeba histolytica, E. dispar, E.
invadens and E. moshkovskiiww.amoebadb.org) Defecationin D. discoideumis also

dependent on the activation of the Arp2/3 system (Carnell et al., 2011).
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1.4.3.4.Defecationand membrane recyclingFig. 19, stages )

There is very little information on the recycling of phagosome membrane in amoebae and

most work has been performed on ciliates; though this is still very little. Ciliates are known to
possess a limited volume of membrane with which to form phagosomem(Al974) and the
O2yaidlyd NBOeOfAy3d 2F W2f RQ Llkel¥2 20 VYSYoN
cytostomed OSf f iessediadl ko@sure membrane availability for newly developing

LK 3242YSa 0! ftSys mdprnOd RSKRD LG dEl2fa 20062 rSBav
recycled has only been studied in the cilidaramecium(Allen and Fok, 1980). Here, the
membrane of a defecated phagosome fuses with the plasma membrane and is then retrieved

at the cytoproct by endocytosis. The resulting enalogs become flattened and disthaped
OWRAAO02ARIE @SarOf Sakedome dignédKorayundle ofmigfotubluke S a S ¢
ribbons which join the cytoproct to the cytostome, and the vesicles then travel along it and

reach the cytostome by 4 minfAf Sy ' yR C21 32 mMdpynod ¢KAA Aa |
i.e., noinvolvementoft§ f e@az2az2Ylf 2N D2t 3A aeadasSva 2y 0
cytostome (Allen and Fok, 1980). Direct membrane recycling has also been observed in the
ciliatesTerahymena(Grgnlienet al., 2002) andphrydium(Goff and Stein, 1981ut it is

currentlyunknown whether amoebae also employ direct membrane recycling.

1.5. Aims ofthe study

CKS 2@SNI(ff FAY 2F GKA& adGdzRe ¢l a (2 SOOI f
SYR20FYyYFoAY2AR 19! YR (KS LKed20FyyloAYy2AR
R FSERAYRYAS AYOPUKBANX BIRBASYSE (2 SOIFftdz S
Ott! wX 52LI YIORSIZE Ry DIER @SRA VY (0 Kt ihwedtigatdtheS 2 F |
evolutionary, andnon-receptor-based functioningof the EC3n amoeba
{ LIS@ ORI GIEMNBS &1 2 Y
1) 5SGSNXAYS (rS SYRSYANSRHFDNDE KBIKIRAYS 0 B S
SOl fdzl GAyYy 3 LAz (F KISAND yININGPaaSyKR 865 & $ISIDK S a
aL/ gt YR fSGKIFIf R2aSa gAGK (K2aS aSyaiaurgs
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Chapter2: Methods and Materials

2.1 Organismsand maintenance

2.1.1.Escherichiaoli

Escherichia co(E. cold 5 (Dp Karen Taitjvasmaintained as streak plateon Diagnostic
Sensitivity Test AgdDST)containirg chloramphenicol at 30 pg/hto retain a bacterial
plasmidcontaining a gene foa lactonase, which was required for a separate sjughee
Appendix1). The bacteumwasgrownat 23Cfor 3 daysprior to an experimentafter which

a bacterial suspensiorwas prepareddy floodng two plates with sterile distilled water and
scrapng the cellsinto suspension with a sterile spread@menumber of cel/ ml was then
determined (se&.3.J).

2.1.2.Synechococcusp. Pica)

Synechococcisp. SKH3(Dillon and Parry, 2009asculturedin aflaskcontainng Blue-green
11 broth (BG11 seeAppendixl). Cellswere sub-cultured 3 daysprior to an experimentand
incubatedat room temperature (23°C) in a 16:8 naturallight: darkcycle on a rotary shaker

(0.00118g). The number of cellsnl was then determined (se2.3.2.

2.1.3.Amoebae

Twentysevenstrainsof amoeba(Table2.1) were maintainedon Non-Nutrient Agar (NNA

seeAppendixl) with a thin streakof E.coliDH® downthe centerof the plate. Theywere
sub-culturedby removinga plug of agarfrom a previouslyculturedamoebaplate and placing
this, celkside-down, on the streakof E.colion a fresh NNAplate. Plateswere incubatedat

room temperature(ca.23°C¥or 7 daysprior to anexperiment Then, the agarplugtogether
with any residualE. coli streakand areaswith cysts,were removedfrom the plate prior to

flooding with Amoeba Saline(AS,see Appendix1) and suspendhg the cellsusinga sterile
spreader Thesuspensiorwascollectedin a 50 ml tissueculture flaskwhichwasplacedon a
rotary shaker(0.00118g) to promote the amoebic¥ T f 27 AiNMgEG oidthe formation of

cyst. Whenveryhighconcentrationsof anamoebawere required(feedingexperments[see

2.5] and pulsechaseexperimentgsee?2.6]), asuspensiorwasmadefrom 7-10 plates.
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Table2.1: Sourceof amoebaeusedin the study. CCARCultureCollectionof Algaeand Protozoa),
ATCGQAmerican TypeCultureCollection).

Amoeba Source I2f 4G4SR FTNRYX Year
Acanthamoeba castellanii CCAP1501/1A Soil; California, USA 1957
Freshwater; cooling tower, Lincoln, England,

Acanthamoeba polyphaga CCAP1501/18 UK 1985
Amoeba borokensis CCAP1503/7 Freshwater; pond, Borok, Russia 1974
Allovahlkampfianedeslanaiensi§ CCAP2502/3 Soil; pasture, Veluwe, The Netherlands 2011
Cochliopodium minus CCAP1537/1A Freshwater; pond, Madison, Wisconsin, USA 1965
Dermamoeba algensis CCAP1524/1 Freshwater; Pond, St Petersburg, Russia 2000
Echinamoeba silvestri CCAP1519/1 Soil; Wandlebury Wood, England, UK 1964
Flamella arnhemensis Freshwater; cooling tower, Arnheim,

CCAP1525/2 Netherlands 2004
Hartmannella cantabrigiensis | CCAP1534/8 Freshwater; ditch, Cambridge, England 1972
Hartmannella cantabrigiensi CCAP1534/11 Freshwater; ditch, Cambridge, England 1972
Mayorella cantabrigiensis CCAP1547/11 Freshwater; Cambridge Univ., England, UK | 1981
Naegleria grubeNEGM ATCC30224 No data ?
Phalansterium filosum CCAP1576/1 Soil; Khao Yai National Parkailand 2001
Saccamoeba limax CCAP1572/3 Freshwater, Scotland, UK 1977
Stygamoeba regulata CCAP1580/1 Brackish; Niva Bay, TB@und, Denmark 1994
Tetramitus aberdonicus CCAP1588/4 Soil; garden, Macauley Institute, Aberdeen, | 1972
Thecamoeba quadineata CCAP1583/10 Freshwater; roof gutter, Melsbach, Germany| 1998
Vahlkampfia avara CCAP1588/1A Freshwater; ditchSchneider, Indiana, USA | 1964
Vannella placida CCAP1565/2 Freshwater; stream, Wisconsin, USA 1964
Vermamoeba vermiformis CCAP1534/7A Freshwater; Pigeon Lake, Wisconsin, USA | 1964
Vermamoeba vermiformis CCAP1534/13 Freshwater; sedimeniegburg, Germany 1967
Vermamoeba vermiformis CCAP1534/14 CNBaKgl GSNIT I 1S> DN 2008

. . Dr Sutherland

Vermamoeba vermiformis37 Mclvor Soil, North Berwick, Scotland, UK 2000
Vermamoeba vermiformis72 arcﬁ/ztrherland Soil, Byron Bay, East Australia 2013
Vermamoeba vermiformis73 EAL?VL:;? eriand Soil, Byron Bay, East Australia 2013
Vermamoeba vermiformis74 arclsvztrherland Soil, Byron Bay, East Australia 2013
Vexillifera bacillipedes CCAP1590/1 Freshwater; Rock River, Wisconsin, USA 1968

2.2.Experimertal compounds

2.2.1Huorescentmicrospheresobi@ad<)

A suspensiorof yellow-greenfluorescentmicrospheresof 0.49um diameter (Fluoresbrite

Polysciencénc.)wasstoredat 4°C.Thenumberof beadg ml wasdetermined(see2.3.2.
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2.2.2.Agonists

Stocksolutionsof all agonists(obtainedfrom TOCRISyere preparedin ethanol and stored
at -20°C. Cannabidio(CBD, N-oleoylethanolaming OEA) N-palmitoylethanolaming(PEA),
GWO0742andRosiglitazonestockswere 10mM while Anandamidg AEAwas14.4mM When

necessarystockswere 10-fold dilutedin ASprior to use.

2.2.3 Antagonists

Stocksolutionsof all antagonistgobtainedfrom TOCRISyere preparedat 10mMin ethanol

and stored at -20°C. Theseincluded the PPAR antagonist&§W64716t t !, ®8K3787

Ot t ! wiTOOTIpiR ot t! w! 0 GKS R2 LBagpendd chNdli@ B LIG 2 NJ |
300andL-741,626andthe serotonin receptor antagonigS}WAY100135dihydrochloride

Whennecessarystockswere 10-fold diluted in ASprior to use.

2.2.4.Sugars

Threesugarsvere usedto blockamoebicCtype lectinfeeding receptorsprior to the addition
of CBD.D (+)}Mannose, N-AcetylD-glucasamine (GIcNAc)and N-AcetytD-galactosarnne
(GalNAc)Sigma) Sock solutions(1M) were freshly preparedin sterile water on the day of

anexperiment.

2.3.Countingcellsand beads

2.3.1CountingE.colicells

An E. coli suspension(see 2.1.1) was 10-fold diluted in sterile water down to 103 in
eppendork (volume 10QiL). A drop of the DNA stairl ' 6dimidino-2-phenylendol (DAP))
wasadded toeach dilutiorand leftto stainfor 30 min at roomtemperature.Aknownvolume,
of a known dilution, wasfiltered onto a white 0.2um pore-sizefilter (Millipore) under low
suction.Thefilter wasthen placedonto a drop of immersionoil on a glassslide Adrop of oil
wasplacedon the centerof the filter, followed by a coverslipandthen a final drop of oil was
placedon the coverslip. Thefilter wasexaminedwith an epifluorescencenicroscopg1250x

magnification) underUVexcitation whichmakesthe cellsappearblue.
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Awhipple grid (WG) wadocatedin the eyepieceof the microscope and cells weoeunted

in randomly selected WGs until Eeag 400 cellshad been countedThe average number of
cells peWG was deduced amdultiplied by23068 togivethe number of cells on the filter
Knowing the valme and dilution filtered, the concentration &. colicells in the undiluted

sample(cells/ml)could becalculated

2.3.2CountingSynechococcusellsand beads
The same method was performed as described in 2.3.1. but in the absence c$tBiARY
becauseSynechooccuscells naturally fluoresce red under green excitati@ue to the

presence 6Chlorophylia) andbeads fluoresce yellow under blue excitation.

2.3.3.Countingamoeba cellsin suspension

Twohaemocytometesslides,eachcontainingtwo haemocyometegrids,were loadedwith a
suspensiorof the amoeba(see2.1.3.). Thenumberof cellsin the mediumsizedsquaes (9
per grid) were determined(36 squaresn total) usinga light microscopg(x40magnificatior).
The averagenumber of cells per squarewas multiplied by 10,000to give the number of

celldml in the suspension.

2.3.4.Countingamoebacellson agarplates

All experimentalplates, inoculatedwith amoebacells,had a piece of acetategluedto the
backof the plate, which contained5 countingsquares(areaof each= 1.44cnv). Whenthe
plate wasviewedwith alight microsco (x40 magnification}the squareswere visible along
with the amoebacellson the surfaceof the plate. Thenumberof cellswere countedin each

square dividedby 1.44andthen averagedo givethe numberof amoelic celld cn.

2.3.5.Countingfluorescentprey inside Vermamoebavermiformiscells

Afixed suspensiorof the amoeba,obtainedin feedingand pulsechaseexperiments(see2.5

and 2.6), was loaded into a haemocytometerslide and viewed with an epifluorescence
microscopeusinga combinationof white light (to locate amoebacells)and either blue or

green excitation (to count ingested beads and Synechococcusrespectively). The
haemocytometegridlinesaidedthe locationof the verysmallcellsof V.vermiformis Atotal

of 20 cellsin eachsamplewere viewedandthe numberof ingestedprey/ celldetermined.
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2.4. Amoebapopulation growth experiments

2.4.1.Basicexperimentalprotocol

E.coliwaspreparedand countedasdescribedin 2.1.1.and 2.3.1. Amoebaewere prepared
and counted as describedin 2.1.3 and 2.3.3. All experimentsemployed NNAgplates (see
Appendix1) whichwasASsolidifiedwith agaroseasopposedto agarN°2 (which containsa
carbonsourcg. Thisprevented the growth of E. coli during the experiment. Furthermore,

NAAgplateswere prepared on a spirit-levelcheckedsurfacein the Clas< cabinet

The desired startingconcentratiors of an amoebaand E. coli were 15 celld cn? and5x1¢
celld cn?, respectively Sincethe surfaceareaof the agarin the 9 cmdiameterPetridishwas
63.63cm?, this demandedthat the inoculum(whichwasalwayslml) contained954 amoekic
cellsand 3.18x16 E.coli cells.Fora control inoculum,the amoebaand E.coliwere addedto
the eppendorfand the volumewasmadeup to 1ml with AS.Fortest inocul, the cellsand

compoundwere addedandthen madeup to 1mlwith AS.

Allthe 1ml inoculawere vortexedbefore pouring onto a NNAgagarplate, swirlingthe plate
to ensurefull coverageandthen leavingthe plateto dry on a spirit-levelcheckedsurfacein a
Class2 cabinet A pieceof acetatecontaining5 countinggridswasthen fixed onto the back
of the plate anda Tzero cOuntwasperformed(see2.3.4)beforeincubatingthe platesat 16°C
Theamoebacellson the Control plate were countedeverydayandonlywhenthe population

haddividedat leastthree timeswere the cellson the Test platescounted(normally3 days)

2.4.2.Initial screeningof amoebaefor sensitivity to the agonists
Theseexperimentsemployeda very high concentrationof eachagonist(200uM) with the
viewthat, if the amoebadid not respondat this concentrationit wasunlikelyto be sensitive
to the agonist. Experimentsfollowed that describedin 2.4.1. To achieve an agonist
concentrationof 200uM in the 1ml inoculum,20uLof undilutedCBD,OEAPEAGWO0742and
Rosiglitazonstocks, and 13.9uLof undiluted AEAstock,were used Theseexperimentswvere
repeated at least twice. Experimentsthat utilised the same controls were grouped for
statisticalanalysisj.e., (i) CBDand AEAvsa comnmon Control and, (i) OEAPEAGWO0742and

Rosiglitazonerss a common Control. Eachgroup was analysedusinga one-way Analysisof
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Variance (ANOVA).If PX.05 a posthoc Tukey test was carried out to disern which

treatmentwasgivingthe significantresult

2.4.3.Determiningthe MIC, IGoand lethal doseof agonistsagainstsensitiveamoebae

Theseexperimentsemployeda rangeof agonistconcentrationsand the procedurefollowed
that describedin 2.4.1. Experimentswere repeatedthree times. The %populaton growth
(comparedto the Gontrol) in eachreplicate of eachtest was deducedand plotted against
agonistconcentrationin Qtiplot, whichcalculatedhe 1Govalueandslope. TheMICandlethal
dose values were estimated from the graphs by extrapolating the linear decline in %

populationgrowth to 100%(for MIC)and 0%(for lethal dose)(seeFigure3.2asanexamplg.

2.4.4. Effect of antagonists opopulation growth

Theseexperimentstested AEA/CBIPPARagonistsat either 2uM or their 1Go value (see
relevantChapters)in the presenceand absenceof 10uM antagoniss for PPAR, Dopamine
and Serotoninreceptors. Eachantagonistwas added 20 mins before the addition of the
agonist Experimentsvere performedthree timesandthe % populationgrowth of the Tests
(comparedto the Control) were analysedwvith a one-way ANOVAThosethat gavesignificant
results (P00.05 were subjectedto doseresponseexperiments whereby the antagonist
concentratiorswere 10,1, 0.1,0.01and 0.001uM. Theseexperimentswere repeatedthree
times and data (% population growth comparedto Control)were analysedwith a one-way
ANOVAand those that gavesignificantresults (P0D.05)were further analysedusinga post-
hoc Tukeytest.

2.5. Feedingexperimentsinvolving Vermamoeba vemiformis

2.5.1. Basiexperimental protocol

The prey used for feeding experiments were either fluorescent microspheres (beads) or
Synechococcuslue their fluorescent characteristicallowing their visualization within
amoeba cells. Inoculation of expemmtal plates followed th procedure described in 2.4,1.

i.e., Iml inoculum but the concentration ofprey wasincreased ta3x10 particledcm? (this

concentrationwas optimised to ensure enough prey were consumed/cell in a relatively short
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time period) Also, a denser suspension of the amoeba was required (see 2.1.3). Tesainocul
were variable an@ontained the agonisind/or antagonistand/or sugars (se2.5.2 t02.5.5).

As soon ashe plateshad dried (considered Zro), four plugs of agar vere removed with a
sterile cork borer @mm diameter and placedinto a 15ml centrifuge tubecontained1ml of

AS and 5L of 10% glutaraldehydéinal conc. 0.5% v/Mp fix the cells.Further samples (4
plugs) were removednd fixed every 20 min for a given periodl tane. The cells were
dislodged from the agar surfadgato suspensiorby vortexingfor 2 min. The suspension was

loaded into a haemocytometer slide atfte number ofprey/ cell determinedsee 2.3.5).

The average pregell was plotted against time (mind provide a visual depiction of the
response. The linear portion of the increase in poey, for each treatment, wre compared
with an Analysis of Covariance (ANCO\®Agestion rate(prey cell min) was determinedas
the gradient of the linear increas® prey/ cell over time. The lag phagmin)was estimated
from the point at which thidinear increase crossed the x axis (where pcell is zero).

Ingestion rates and feeding lags were deduced for each replica and then averaged.

2.5.2. Effect of AEA ahCBD orV. vermiformisfeeding

The experiment followed that described in 2.5.1. usiogly AEA and CB&t aconcentration
of 2uM and both beads an&ynechococcuss prey It was only performed onctor the latter
prey so limited statistical analysigere carried out while it was performed three times for

former with full statistical analysief the data
2.5.3. Effect of CBD concentration @f vermiformisfeeding

The experiment followed that described in 2.5.1. using CBD @tlQ]1, 2 and 5uMand bead
as the pey. These experiments were performégice and full statistical analysis was carried

out.
2.5.4. Effect of PPAR agonists and antagonists of the feeding. eermiformis

The experiment followed that described in 2.5.1. using CBuMst, eads a theprey, and
the PPAR agonists (OEA, PEA, GW0742 and Rosiglitazone) atstheatués. Experiments

were performed in the presené¢absence ofa specific PPAR antagonist at\d, added 20
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min before agonist These experiments were performeitiree times and full statistical

analysis was carried out.

2.5.5. Effect of blocking amoeba prey recognition receptors, prior to adding CBDY.on

vermiformisfeeding

The experiment followed that described in 2.5.1. except that the amoeba waspubated
for 20 min with 100mM ofD (+}Mannose, NAcetytD-glucosamine(GIcNAcand NAcetytD-
galactosamine(GalNAc) to block amoebic @ype lectins Then, the experiment as
inoculated as normal with CBD apM and usingSynechococcuas the prey These

experiments wee performedthree timesand full statistical analysis was carried out.
2.6. Effect of CBD ophagosomeprocessing and defecation . vermiformis

Pulse-chase experimerstwere performedto monitor the fate of ingested prey (beads) in the
presence and alence of 2AM CBD.Two dense suspensi@of V. vermiformig1 ml) were
mixed with beadsgt 5x10 particlesml) andeachpoured ontoa level NNAg plate. Once dry,

four plugs of agar were removdrtbm each plateand fixedat 0, 5 and 10 min (see 2.5.1).

Immedately after thisthe chase was performed.e.,1 ml of AS was poured onto the surface
of each plate, the cells were dislodged into suspensimn added to 24 ml AB a tissue
culture flask. CBD was added to one of these flasksislt @est). Then, edcflask was used
to inoculate eight large NNAg plat€s40 cm diameter) with 1ml of the suspension. The
suspension was quickly spread across the surfabe.dilution into 25m AS coupled with
spreading the amoebae across a large area was intended tofstther ingestion ofbeads

and only allow only théate of the pre-ingested prey (up to 10 min) to be monitored.

A whole plate, foControl andTest, was sacrificed at=15, 20 25and 30min, thenevery 10

min up to 70 min, by adding 1mbf glutaraldetyde (0.5% v/ to the plateand dislodging the
cells into suspensiolwentycellsin eachsamplewere viewedand the numberof ingested
prey/ cellrecorded(see2.3.5) This experiment was performdtiree times and full statistical
analysis was carried oungestion rates and defecation rates were deduced for each replica

and then averagedRates were statistically compared with an ANCOVA.
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2.7.Bioinformatic analysis

Published genome databaseswere explored to verify whether the gene sequencesof
cannabnoid putativereceptorsandthe degradationenzymef cannabidiokxistedin single

celledeukaryotesor not. Threedatabaseavere used;www.amoebadb.org www.ciliate.org

and www.dictybaseorg.

38


http://www.amoebadb.org/
http://www.ciliate.org/
http://www.dictybase/

Chapter 3: Sensitivity of amoebae to CBD and AEA

3.1. Introduction

The effect of cannabinoids on amoebae has not be extensively researched. There is only one
publication (Pring et al. 1979) which has examined the effect of THC andoGB@egleria

fowleri and one Dey et al., 2010) which has examined the effect of ARA 2AG on
Vermamoeba vermiformjsAcanthamoeh castellaniiand Wilertia magna Some work has

been performed a the effects of THC and CBDtbe slime mouldictyostelium discoideum
(Bram and Brachet, 197PRerry et al. 2020). This mould has an amoebae stage in its growth
cycle but upon starvation the cells do not forms cysts, as do true amoebae, instead they

aggegate to form a slug followed by a fruiting body (Hayes et al., 2013).

Thefirst aim of the curent studywas toevaluate the extent to which true naked amoebae
respond to cannabinoid€onsidering the taxonomy of amoebae is still very fluid (Kang,et a
2017), it was necessary to obtain strains from reputable culture collections so that if their
genus/species name changed, their catalogue number would not; allowing others to repeat
the experiments if necessary. A representative strafrall the 20 spgeciesof non-marine
naked amoebae available in cultureat (2017) were tested here.Two species of
Acanthamoebawere included as this genus is well studied and of medical significance
(Thomas et al., 2009kEachamoebawas first subjected to a high conceation (200uM) of

CBD and AEA to determine whether they were sensitive or insensitive to theseoodg
Those strains that were sensitive were further tested to deduce their Migah@lethaldose

values.

3.2. Results

3.2.1 Initial screening of amdaae for sensitivity to AEA and CBD

Exposure of the20 species of amoeb@7 strains) to 200M AEA or CBD resulted in 14

insensitive species (Table 3al)d 6 sensitive species (Table 3.2).
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Table 3.1:Strains considered insensitive to AEA or CBD (auMDOANOVAs for each of two
experiments show no significant effect of the compounds on population growth, compared to the
Control (P>0.05).

Amoeba ANOVA P values
Acanthamoeba polyphag@d CAP1501/18 0.08/0.50
Amoeba borokensiSCAP1503/7 0.14/0.35
Allovahlkampfia nedeslanaiensti3CAP2502/3 0.68/0.81
Cochliopodium minuBCAP1537/1A 0.81/0.92
Dermamoeba algensiSCAP1524/1 0.46/0.50
Echinamoeba silvestiiSCAP1519/1 0.41/0.42
Mayorella cantabrigiensi€CAP1547/11 0.43/0.68
Phalansterium filosur@CA1576/1 0.89/0.99
Saccamoeba lima@CAP1572/3 0.29/0.92
Stygamoeba regulat& CAP1580/1 0.14/0.19
Tetramitus aberdonicuSCAP1588/4 0.12/0.89
Thecamoeba quadrilineatd CAP1583/10 0.16/0.58
Vannella placid®CAP1565/2 0.77/0.77
Vexillifera bacillipedeCCAP1590/1 0.18/0.53

Of the 6 sensitive species (Table 3.2) all strains were sensitive to CBD andFédinbeita

arnhemensisind Acanthamoeba castellanivere sensitive to AEA.

Table 3.2:Strains considered sensitive to AEA or CBD (at 00 ANOVA for each of two
experiments were significant (P<0.05) and plost Tukey tests identified which compound affected
population growth, compared to the control. All were sensitive to CBD and all butwaaétellanii
andF. anhemensiywere sensitive tAAEA.

Posthoc (vs Control) P values
Amoeba
CBD AEA

Acanthamoeba castellafiCAP1501/1A 0.001/0.036 0.25/0.90
Flamella anhemensisCCAP1525/2 0.002/0.007 0.18/0.29
HartmannellacantabrigiensisCCAP1534/8 0.001/0.005 0.001/0.003
Hartmannella cantabigiensisCCAP1534/11 0.001/0.001 0.001/0.001
Naegleria grubeNEGM ATCC30224 0.001/0.001 0.001/0.001
Vahlkampfia avar&CCAP1588/1A 0.001/0.007 0.001/0.006
VermamoebavermiformisCCAP1534/7A 0.001/0.001 0.001/0.001
Vermamoeba vermiformi€CAP1534/13 0.001/0.001 0.001/0.001
Vermamoeba vermiformiSCAP1534/14 0.001/0.001 0.001/0.001
Vermamoeba vermiformis37 0.001/0.001 0.001/0.001
Vermamoeba vermiformis72 0.001/0.001 0.001/0.001
Vermamoeba vermiformis73 0.001/0.001 0.001/0.001
Vermamoeba veriformis 174 0.001/0.001 0.001/0.001
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There appeared to be no strain differences amoebic response with all 7 strains of
Vermamoeba vermiformisaand both strains oHartmannella cantabrigiensishowing the
same response. Species difference were evideihin the genusAcanthamoebawith A.

castellaniibeing sensitive to CBD (Table 3.2) whilgolyphagavas not (Table 3.1).

3.2.2. MIG1Gso and lethal dosevalues for AEA and CBD against sensitive amoebae

All 13 sensitive strains (Table 3.2) werejeated to dose response experiments with CBD and
AEA. There now follows an example of the analysis ezhraut on each strain, using
Vermamoeba vermiformiSCAP 1534/7A with AEA as an exar(ipig. 3.1)

6
—o—Q0uM
5
) —=—5uM
8 10uM
P
- 15uM
—¥—20uM
—o—25uM
O T T T 1
0 20 40 60 80
Time (h)
Specific growth rate/(h) Lag phase (min)
OuM 0.035+0.002 0
5uM 0.028+0.001 14.65+2.08**
10uM 0.022+0.002* 26.79+2.21**
15uM 0.027+0.002* 21.3941.54**

Figure 31: The effect of AEA concentration on the population growttvefmamoeba vermiformis
CCAP 1534/7A at 23 together with cleulated specific growth rates/f) and lag phases (min).
Significant difference t@ontrol [OuM] *P<0.05, ** P<0.01.

Fig 3.1 shows the population growth ¥ermamoebavermiformis7A over 3 days in the
presence of various concentrations of AEA (0 to 25 M1puM, AEA induced a signifntdag
(P<0.01) after which the specific growth rate equaled that of@atrol (P=0.10) (Fig. 3.1).
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At 10 and 15pMAEAthe specific growth rates were equal (P=0.10) but significantly lower
than the Control and 5UMAEA(P<0.05). The lag period with thes®mncentrations was also
equal (P=0.15) and significantly longer than at 5AKA(P<0.01). AEA was lethal to the

amoeba at concentrations of 20uM and above (Fig. 3.1).

Vermamoeba vermiformiFA was subjected to further expenents using various AEA
concentations and the %urvival compared to control (after the control had divided at least
three times) was plotted against AEA concentrat{pM) in QtiPlot (Fig. 3.2). The Qtiplot
automatically generates two parameters4{d@nd Slope). The MIC and lethal dose (LD) values
were estimated from this graph (Fig. 3.2 blue lines). The parameter values wgre 263 +
1.26uM, Slope = 1.04 + 0.05, MIC = 0.3uM ang@dpM (Table 3.3).

Vv IA+HAEA - “Fopulation growth
140 %IC50
b Funcoon A2+ (AT-A2) (1 =02 10500 o)
RA2 = 5.27e-01
- IC%0 = 2 6300 - 1.26e+00
120 N p=1043e+00 + - 4 46a-01

100 — L ]
] -
i * _ hd
80 o 3
] s . @
i »
0 - '
*
1 »

KPopulation growth compared to control
»

A0 T T T T T T T T T TTITT] T T T TTITTT] T T T T T T
0,001 0,010 a0l ] (8] 10 L0
Conc. (uhl)

Figure 3.2Qtiplot of % population growtKicompared to thelontrol) against AEA concentrationh()
for Vermamoeba vermiformi@CAP 1534/7A. The programme generates valuesst(2l63uM) and
Slope (1.043), while MIC (&) and lehal dose (2QAM) are estimated from where the linear decline
croses theheWmn w>Q 6alL/ 0 YR m> o[ SUGKIf 52aS0®
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The above analysis was performed for all sensitive strains and data for the four parameters
are summarised in Table 3.3 (individuadol@lots an be found in Appendix 2Based on
comparison of 16 values Table 3.3Naegleria grubenvas the most sensitivstrainto CBD
followed by Vahlkampfia avaraand Flamella anhemensis The least sensitive strain was
Acanthamoeba castellaniV. vermiforms and Hartmannella cantabrigiensistrains showed
varying degrees of sensitivity, with vermiformis73 being the most sensitive and 137 being

the least sensitive (Table 3.3).

N. gruberiandV. avarawere less sensitive to AEA compared to CBD (Tabled3his was
also the case for BV. vermiformisand H. cantabrigiensistrains except fol. vermiformis
173 which displayed equal sensitivity to AEA and CBD (baseebp(Teble 3.3).

Table 3.3Calculated MIC, g; lethal dose|{M) and slope valuef®r AEA and CBD acting on 13 stsa
of amoebae.

CBD AEA
MIC | IGo Slope | Lethal | MIC | IGyo Slope | Lethal
Acanthamoeba castellan@CAP 1501/1A | 10 16.37 | 4.59 | >27 N/A | N/A N/A N/A
Flamella anhemensisCCAP 1525/2 0.4 0.97 | 247 | >4 N/A | N/A N/A N/A
Hartmannella cantabrigiensiS8CAP 1534/1] 15 17.93 | 18.15 | >21 0.1 3.63 | 0.53 | >100
Hartmannella cantabrigiensiSCAP 1534/8 | 1.5 4.1 1.96 | >13 14 23.71 | 3.46 | >41

Sensitive amoeba strains

Naegleria grubeNEGM ATCC 3022 0.2 0.72 | 163 |>3 0.21 |1.15 | 125 |>6

Vahlkampfia &ara CCAP 1588/1A 0.08 | 0.78 | 0.94 |>9 2.1 752 | 1.76 | >40
Vermamoeba vermiformis37 4 7.31 | 3.77 | >14 1.3 9.89 | 1.01 |>50
Vermamoeba vermiformis72 0.3 1.78 | 1.23 | >10 5 7.33 | 545 |>12
Vermamoeba vermiformis73 0.08 | 0.98 | 0.87 |>10 0.06 | 0.96 |0.72 |>13
Vermamoebavermiformisl74 1.6 298 |3.86 |>5 1.2 541 | 1.23 |>25
Vermamoeba vermiformi@CAP 1534/7A | 0.2 1.99 | 0.89 |>16 0.3 2.63 | 1.04 |>20
Vermamoeba vermiformi@CAP 1534/13 | 3 505 | 379 |>9 15 769 | 132 |>35

Vermamoeba vermiformi@CAP 1534/14 | 0.15 | 1.01 1.05 >8 0.15 | 2.33 0.74 | >30

3.3. Discussion

Thisstudyinvestigatedthe sensitivityof 20 amoebicspecieq27 strains)to the cannabinoids
CBDand AEAFourteenspeciesvere insensitiveto both, four were sensitiveto both andtwo
were sensitiveto CBDonly. Resultsshowed no strain differenceswithin a given species,
howeverdifferenceswithin the genusAcanthamoebawere evidentwith A. castellaniibeing
sensitiveto CBDwhile A. polyphagawas not. Also, the data suggestthat amoebaeare

generallymore sensitiveto CBDthan AEA.
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3.3.1. Differences in sensitivity of amoebae to AEA and CBD

There appears to be no pattern regarding the phylogenetic position of an amoeba and its
sensitivity toAEA and CBIODf those that were sensitiy&. vermiformis H. cantabrigiensis
A.castellaniiandF.arnhemensisrewithin the supergroupAmoebozogsub-phylumLobosa),
while V.avaraandN. gruberibelongto the Excavatgdsub-phylumPercolozoajFig.3.3).Also,
Echinamoebidand Vermamoebaare within the same order (Echinamoebida)g(R.3) but

the former was insensitive to both AEA and CBD while the latter was sensitive.

Figure 3.3Phylogenetic position of the 19 amoeba genera used in this study (adaptedSinanov
etal., 2011)Green= susceptible to CBD and AEAge =suscetible to CBD onlyed = not susceptible.
*Flagellate
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Saccamoeband Hartmannellaare within the same familyHartmannellidag (Fig. 3.3) yet

the former was insensitive to AEA and CBD while the latter was senéitloeahlkampfia,
Tetramitus VahlkanpfiaandNaegleriaare also in the same family&hlkampfiidag (Fig. 3.3)

but the former two were insensitive to AEA and CBDlavthe latter two were sensitive.

These is also a difference within the geficanthamoebgnot shown in Fig. 3.3) wherely
polyphagawas not sensitive to AEA and CBD wAileastellanivas sensitive to CBD onliwn.
addition, V. vermiformisvas previaisly described ablartmannella vermiformisintil 2011,

when Smirnov et al. described it as a new genus under the newly dedcolder
Echinamoebida (Figure 3.3). However, both these genera responded similarly to CBD and AEA
suggesting that they might behave the same and did not warrant such agpalbut see

Chapter 5 were their separation does appear warranted)

Consideringheir taxonomic position did not appear to govern sensitivity, attention turned to

the size of the amoebae (Table 3.4) and where they were isolated from (Z4hle

Tabk 3.4: Comparisorof cell sizesbetweenamoebaspeciesSensitivestrainsin bold. Adapted from
Page1988;MarcianaCabralet al., 2003;Garstecket al., 2005; Walochnikand Mulec, 2009 Tyml
etal., 2016;www. microworld;www.nies.go.jp.

Amoeba Cell length (UM)
Phalansterium filosum 6.3-8.5
Echinamoeba silvestris 7-21
Hartmannella cantabrigiensis 10-30
Naegleria gruberi 10-36
Vexillifera bacillipedes 10-70
Acanthamoeba castellanii 12-35
Flamella arnhemensis 13-34
Vermamoeba vemiformis 14-31
Vahlkampfia avara 14-33
Cochliopodium minus 16-42
Stygamoeba regulata 19-38
Allovahlkampfia sp. 2040
Acanthamoeba polyphaga 2540
Tetramitus aberdonicus 30-65
Thecamoeba quadrilineata 3580
Saccamoebémax 35-85
Vannellaplacida 40-75
Dermamoeba algensis 50-100
Mayorella cantabrigiensis 55180
Amoeba borokensis 210545
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Cell measurements fothe strains in the current study were not determined but Tablé 3.
indicates (using published data) that those susceptibleirséréin bold) are generally at the
lower end of the cell size spectrum. However, if cell size was a determinant of senstivity,
concentration of 20QM would have been expected ®gnificantlyaffect theverysmall cells

of P. filosumandE. silvestrigTable 3.4), but they did not

There was also no obvious relationship between the source of the amogibtheegards to
freshwater vs soil, country of origin or year of isolaticse¢ Table2.1). For exampleV.
vermiformisstrains were isolated from botkoil and freshwater in four countries, between

the years 1964 and 2013, and all were susceptiblEB® and AE&eeTable2.1).

It was interesting to note that even though there were no strain differences in the responses
of different strains oW. vermiormisor H. cantabrigiensito CBD/AEAhere was a difference

in responsebserved between species AtanthamoebaHere, the similarly sized (Table 3.4)

A. castellaniiwas sensitive to CBD while. polyphagawas not. The author cannot find
evidence fromprevious studies of the former being sensitive to a compound while therlatt
was not, but differencedetween these species in their responseaarticularcompound

has beerreported. For example, Henriquez, et al. (2008) showed fatastellaniwasmore
sensitiveto chlorhexidine (1§ 1.560 ®mMo >a 0 O AYpblyphaBaRGoB. B¢ ®H p.> a v
Also,McBrideet al. (2005) found thaf. castellaniwas far more sensitive to hexadgd>C

and octadecyPC(IGes both3.91-1 ®y mcompared toA. polyphagdlGoesof 31.25¢c H ®p > a
and 15.630 M®H p > a > NB@EILESSONIBA AASH eH@A RSy OS G KI O GKSe@

current study their difference with regards to susceptibility 80Cwas very striking.

3.3.2 Dosedependent effect of AEA and CBD on amoebic growth

TheMICsof CBDrangedfrom 0.08to 15uM, 1Gses from 0.72to 18uM and lethal dosesfrom
ca. 3to 21uM (Table3.3). Comparisorto previouslypublishedwork is limited, as only one
study has examinedthe effect of CBDon amoebae.Pringleet al. (1979)found that the
population growth of Naegleriafowleri (LEEwas suppressedy 47%and 73%after 3 days
incubationwith 15.9uM THCand CBD respectivelyIn the current study,a concentrationof
15.9uM CBDwould be lethal to N. gruberiNEGM (Lethaldosex o k @able3.3) suggesting

that N. gruberiis far more sensitiveto CBDthan N. fowleri.
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The MICs of AEA ranged from 0.06 to 14uMgsi€@om 0.96 to 24uM and lethal doses from
ca. 6 to 100pM (Table 3.3). Once again, only one study has examined the effect of AEA on
amoebae. Dey et al. (2010) showed thhé population growth of three amoebae, after 3
days, was negatively affected by AEAA@ but not 2AGether. The latter is anon-
hydrolysable form of AG therefore showing that it was theA&Gitself, and not a breakdown
product, that caused this negag effect. The I£gs ofV. vermiformigAx.5.2e4b)A. castellanii
(By02.2.4 andWilertia magnac2c Maky(ATCC PTFA824) with AEA were 14, 17 and 20 yM
respectively (Dey et al., 2010). TheyolfGr V. vermiformig14uM) is outside the range of that
recorded for the seveN. vermiformistrains tested in the current study (0.9689uM, Table
3.3). Also, the\. castellaniusedin the current studyCCAP1501/1A) was not sensitive to AEA
(Tables 3.2 and 3.3), unlike theain of Dey et al. (2010). This difference might be due to the
use of a different strain, although in the current study there was no differeecerded
betweenseveral strains of. vermiformisandH. cantabrigiensidHowever, there is evidence
of strain differences in susceptibility Polyhexamethylene biguanide (PHMBIithin the
speciesA. castellani{Huang et al., 2015).

Data showed thatin general, amoefe were more sensitive to CBD than AEA. With such little
amoebicdata with which to m&e comparisos, amoebicsensitiviy wascompared to those
of mammalian cell{Table 3.6)Firstly, i appeas that the CBD and AEA concentrations
required to elicit a regonse in amoebae aref the same ordeas thoserequired toelicit a
response in mammalian cells (Table 3$@condlythere is some evidenc® suggesthat
mammalian cells are morsensitiveto CBD than AEA. For exampBjmaldi et al. (2006)
showed that 10uM AEAwas not toxicto MDAMB-231 breast cancecells (after 24h) but
Sultan et al. (2018) recorded CBiduced apoptosis in these cells (after 24Rith an|Gso of
2.2uM (Table 3.6Ligesti et al. (2006alsofound these cells to be sensitive @BD at 8.2M
(after 4d) (Table 3.6)Rudies on C6 glioma cells (Table 3.6) have shown @&ibinduced
apoptosisoccurs(after 4d)with an1Gsy of 8.5uM (Ligresti et al., 200@)hile a concentration
of 15uM AEAonly suppressetheir growth by 66%after 5d) (Ortega et al., 2015).
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Table 3.6 The effect, and the effective concentrations, of CBD and AEA on mammalian cells.

Cannabinoid| Cell type Concentration | Effect Time Reference
after
treatment
MDAMB-231 hbreast | 1Go=2.2uM Induced 24h Sultan et al.,
cancer apoptosis 2018
T-47D hbreast cancer | 1Go= 5uM
10uM Activated 4-6h
arrangement of
autophagosome Koay et al.,
CBD Caca2 cells 2014
25uM Cell death 4-6h
Induced 24h De
h-carcinoma 1-10uM apoptosis Petrocellis et
al., 2013
MDAMB-231 hbreast | 1Go= 8.2uM Induced 4d Ligresti et
apoptosis al., 2006
C6 cells of glioma IGo = 8.5uM Induced 4d Ligresti et
apoptosis al., 2006
cardiac endothelioma
in rat, IGo=0.56 uM | Inhibition of 48-96h De
h-breast cancer G1/S phase Petrocellis et
al., 2000
H460 hlung cancer | 20uM Induced 2h Athanasiou
apoptosis et al., 2007
AEA - - —
h- melanoma 1Go= 5.8uM Induction of 24h Adinolfi et
cytotoxicity al., 2013
MDA-MB-231h-breast 10uM No effect 24h Grimaldi et
al., 2006
C6 cells of glioma 15uM Growth 5d Ortega et al.,
inhibition 2015

48




3.4. Conclusions

This study set out tdetermine the sensitivity of 20 naked amoeba species to CBD and AEA.
Fourteen species (70%) warsensitive while 6 species (30%) were sensitive. There appeared
to be no correlation between sensitivity and phylogenic position, @a#l ar habitat. For the
sensitive strains, (i) CBD and AEA reduced population growth over 3 days indedesdent
manner and, (ii) higher concentrations proved lethal but lower concentrations induced a lag

followed by reduced growth rate which was dedependent.

Chapter 4 now looks at one strain in more det&ié(mamoeba vermiformi€CAP 1534/14)
with regards to theeffect of AEA and CBD on its feeding behaviour, to see if disrupted feeding
is the reason for the lag phase followed by reduced population growth in the presence of

these compounds.
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Chapter 4: Effect of CBD and AEA on feedingemmamoebavermiformis

4.1. Introduction

The results of Chapter 3 indicated that CBD and Adelscesthe population growth of
sensitive amoehe in a dose dependent mannevermamoebavermiformisCCAP 1534/7A
(Fig 3.1showed two featureshat areevident during thesarly stage o€annabinoid (at sub
lethal concentrations)Firstly, there is a lag phase with no effect on subsequent population

growth and therthereis a longer laghaseaccompanied by a reductidanpopulationgrowth.

Successfulmoebicpopulation gowth requires successful ingestion and metabolism of prey,
so this part of the study examined whether it was the amoebic feeding process which was
being affected by the cannabinoids and causing #éigeand reduced growth rate$he feeding
process in amoede was described in Section 1.6.3 but a brief summary folldesprocess
begins when the phagocytic cell recognises the binding ligands of the prey cell in a receptor
dependent manner. In protistshese receptors have been identified agype lectins viich

bind carbohydrate residues (e.g. mannose, GalNAc, GIcNAc) on the bacterialgcéllién

and Davidowicz, 199®¥enkataraman et al., 199. Actin polymerisation is activated and two
pseudopoda extend out from the cell to surround the prey partithen myosin is recruited

to help seal the ends of the pseudopodia together (Levin et al., 2016). The recruitment of
dynamin leads to the detachment of the phagosome from the cell surface and ieto th
cytoplasm (Levin et al.,026) where itmaturates via aomplicated series of fusion events
with endosomes and lysosomes (Haas, 26@iwelset al., 2017. Fusion of the phagosome
membrane withthe outer membrane then leads to the defecation of any undigestederial

and then the spentphagosomemembrane is endocytosed and used to make new

phagosomesAllen and Fok, 1980

AlthoughV. vermiformistrain 173 was the most sensitive to CBD and @&Ble 3.3), feeding
experiments employed the second most sensitive strainyermiformisCCAP 1534/14as it

is held within a culture collection andvailable to other researchers. Two fluorescent prey
were used live Synechococcusp. SKH3 (Dillon andParry, 2009)and polystyrene
microspheres (beadspoth of which are indigestible td. vermiformigPickup et al., 2007)
The concentration of CBD/AEA wasdvPwhich is close to the kgvalues of both cannabinoids

(Table 3.3), and would allow a directneparison of their effects on amoeba cells.
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4.2. Results

4.2.1. Effect of AEA and CRRuM) on V. vermiformisfeeding on indigestible beads and
Synechococcus Wt A 02 QO

These experiments were only performed once, alongside each other, with three regkeas (

2.5.2). The same controls were used for Figa4id b.

a)s0
50
3
3 40
o —e— beads alone
o
%S 30 AEA+beads
8 Pico alone
e .
E 20 —e— AEA+pico
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aif —e— beads alone
o
5 —0— CBD+beads
L pico alone
S
>
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—e— CBD+pico
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Time (min)
Figure 4.1Effect of a) AEA and b) CBD (both|a®2 on the feeding o¥/ermamoeba vermiformis
CCAP1534/1dn beads and livéynechococcus Wt A O2 Q0 ® 9ELISNAYSyd 61 a LISNI
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Although it pears from Fig. 4.1 that. vermiformiSCCAP1534/1hgestsbeads to a lesser
extent than Synechococcu@n the Controls), there was no significant differenge their
uptake (P=0.91). Estimated ingestion rates weae0.26 and 0.28 prey/ckmin for beads

and Synechococcusespectively.

AEA induced a lag in feeding (Fig 4.¢a)31 min for beads anch. 21 min forfSynechococcus

yet surprisingly only the latter was significantly different to @entrol (P<0.05). After this,
feeding in he presence b AEA was higher than th€ontrol with both beads and
Synechococcu@P<0.01), which was also surprising. This disruption of feelirgily a
negative effect followed by a positive eff¢eippeared unlikely to be the reason for reduced
populdion growth d V. vermiformiswvith AEA (Fig. 3.1) but before removing AEA from the
feeding study, this experiment was repeated a further two times with beads as the prey (Fig.
4.2). Composite data, and a full statistical analysis, confirmed that AEAcodiciduce a
significant lag phase (P=0.17) and dit result in an elevated ingestion rate, compared to
the Control (P=0.77). AEA was therefore considered to have no significant effedt on

vermiformisfeeding and experiments with AEA ceased.

45 -
40
35
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25

—e— Control

+AEA

20
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Time (min)

Figure 4.2 Effect ofAEA (M) on the feeding oVermamoeba vermiformi€CAP1534/1dn beads.
Experiment performed three times.

52



CBD caused a significant (P<0.01) lag in the uptake of both bead€8§ min) and
Synechococcusa. 59 min) followed by aessumption of feedingat rates equivalent to the
CGontrol, with Synechococcu$=0.37) but lower than th€ontrol, with beads (P<0.05) (Fig
4.1). This disruption in feeding might therefore contribute to reduced population growth of

V. vermiformisn the presence of CBD aftedays so further studies on CBD were performed.

4.2.2. Effect of CBD concentration on tfeedinglag and ingestion rate o¥. vermiformis

V. vermiformisCCAP1534/1was fed with beads at 3x1@articles/cn? in the absence and
presence of CBD (03uM) (see 2.5.3)and the number of beads/celécorded over time (Fig.
4.3). This experiment was performed twice. Ingestion rates (prey/cell/min) and feeding lags
(min) were deduced for each replicate (n=6) and averagjethese experiments th€ontrol
showed aca. 42 min lag in feeding (Fig4.3) ® this was subtracted fronfest lag times to

provide net lag times (Fig. 4.4a).
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Figure 4.3:.Consumption of beads (as beads/cell)\tlsrmamoeba vermiformi€ CAP1534/1h the
absence (Control) and presence of CBDbatentrations ranging from 0.1 tqu.
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Figure 4.4a shows that CBD did not induce a significant feeding lag juivti{P<0.05), after
which the lag duration appeared to be dedependent. The ingestion rates at 0.1 and 1uM
were not significantly differento the Control (P=0.89), but thosat x2uM were significantly
lower than theControl (P<0.05) (Fig 4.4b).
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Figure 4.4:Effect of CBD concentration (8510uM) on a) the feeding lagmin) and b) subsequent
ingestion rates(beads/cell/mn) of Vermamoebavermiformis CCAP1534/14eeding on beads.
Significant difference t@ontrol, *=P<0.05 **=P<0.01.
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Plotting the net lag phase against ingestion rate (Fig. 4.5) shows a strong inverse relationship,
whereby the longer the lag the lower the lssequent ingestio rate. Data therefore suggest

that the immediate negative effect of CBD is to stop feeding completelyjnduce a lag,

then when feeding resunsdt does so at a slower rate. A complete cessation in feeding could
be due to CBD (i) bleimg ingestion mehanisms such as feeding receptors and/or the
formation of new phagosomes or, (ii) blocking the trafficking of phagosomes in the cell so that
no membrane becomes recycled to form new phagosomes. The latter was testeddest (
4.2.3)

y =-0.0014x + 0.2392
R2=0.7225

Ingestion rate (beads/cell/min)

-20 0 20 40 60 80 100 120
Net lag phase before feeding (min)

Figure 4.5:Relatimship between the duration of a CBiEduced feeding lag and subsequent
ingestion rate ilvermamoeba vermiformiSCAP1534/1feding on beads.

4.2.3. Effect of CBD on phagosome trafficking witMnvermiformis

Pulsechase experiments weiperformed three times, using beads as the prey, in the absence

and presence of CBD apid (see2.6). This CBD concentration yieldgaa 36 min lag in

feeding (Fig. 4.4a). During the first 10 min (no CBD in either treatment), ingestion of the beads

was evident and by 10 mitv. vermiformisCCAP1534/14ells contaied ca. 23 beads. At 10

min, both treatments were diluted (to prevent furthemptake of beads) and CBD was added

to one treatment(Test) The loss obeads inpre-formed phagosomesver time was hen

monitored. If CBD stoppephagosomeprocessing and defecation inside the cell éaxr 36

min the graphical response would mirror thethown by the orange dotted line (Fig. 4.6). It

RAR y2id ' yR IfiK2dAK (KS LINBa 6id&dsydicker . 5 | L
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than the Control, with defecation rates of 4.17+£0.46 and 3.74+0.37 beads/cellfmirnTest
and Controlrespectively, lhese rates were not significantly different (P=0.50). It therefore
appears that CBD does not affect the trafficking deéecation of phagosomeso attention

turned to its potential effect on the ingestion process.
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Figure 4.6:Effect of CBD on the defation of bead in phagosomes formed over the first 10 nimn
Vermamoeba vermiformi@CAP1534/14he amoeba was diluteat 10 min and CBD(®1) added to
one treatment. If CBD haltgghagosomadrafficking and defecation, the loss béadswould begin at
ca. 46 min; it did notExperiment repeated three times.

4.2.4. Interaction between CBD and the feeding receptord/ofermiformis

V. vermiformiSCCAP1534/14vas incubated for 20 min with 186@M of D (+)mannose, N
AcetytD-glucosamine (BENACc) or NAcetytD-galactosamine (&INAc)to block Gtype lectins,
before performing feeding experiments witBynechococcua the absace and presence of
CBD (BM) (see2.5.5). These experiments were performed three times (Fig. 4.7). Any feeding
lag exhibited by th€ontrol was subtracted froriest lag times to provide net lag times (Table
4.1).
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Figure 4.7Feeding o/ermamoebaermiformisCCAP1534/1dn SynechococcuPico)in the absence

(Control) and presence of CBD (@afV® with/without a 20-minute preincubation with a) GalNAc b)
GIcNAc and ¢) mannose (10W01). Feeding in the presence of the sugar alone is also shown.
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CBD aine caused a significant laghich was quite variable (50.324.41 min)Table 4.1put
the subsequent ingestion rates were less variable (00042 pco/cell/min) (Table 4.1).
These ingestion rates were significantly lower (by58%0) than those of the&lontrols
(P<0.01).

The presace of the sugars alone caused no significant lag phase but did significantly reduce
ingestion rate (Table 4.1) suggesting that all three are involved in the feeding process of this
amoeba. The presence GalNAc, GIcNAc and maosesignificantly (P<0.01) reduced prey
ingestion rate by 53%, 73% and 66%, respectively (compared to the Control). GalNAc alone
reduced ingestion rate to the same level as CBD alone (P=0.25) while GIcNAc and mannose
alone caused a significantly lowegaestian rate than with CBD alone (P<0.01).

Table 4.1:Feeding laggdmin) and subsequent ingestion rate@@rey/cell/min) of Vermamoeba

vermiformis CCAP1534/14eeding on Synechococcuin the presence/absence of CBDUK®)
with/without a 20-minute preincubdion with a sugar (GalNAc, GIcNAc or mannae)O00mM.

Significant difference (P<0.05)t@2 y i NBf > dadzaAlI NJ I f2ySs w/ .5 Ff2ySo
Sugar/Parameter ’ Control | CBD alone \ Sugar alone \ Sugar then CBI
GalNAc
Net lag phase (min) 0 cp®dcHpMI11.02+1.06 74.61+6.39¢
Ingestion rate (pey/cell/min) | 0.205+0.004 | 0.112+0.022* | 0.096+0.006* | 0.065+0.007*"
GIcNAC
Net lag phase (min) 0 pn®oHpT1O0 MAMDPHP K
Ingestion rate (prey/cell/min) | 0.247+0.014 | n ®m n n § s 0.066+0.001**| 0.087+0.010*
Mannose
Net lag phasémin) 0 Tnodnmp T 5.71+4.21 pod®oypgrp
Ingestion rate (prey/cell/min) | 0.190+£0.012 | n ®m n ¢ § ] 0.065+0.003** n dn My p N

The effect of preincubating the amoeba with sugaend then adding CBBiffered with each
of the sugars (Fig. 4. TheCBDBinduced lag phase was not affected by jmeubating with
GalNAc (P=0.76) or mannose (P=0(d4ble 4.1put it was significantlfP<0.01)jncreased
(2-fold) upon preincubation withGIcNAc (Table 4.1)

Addition of CBD had no effect on the ingestrates of GalNA@nd GIcNA@re-treated cells
as rates (with CBD) were equivalent to those in the presence of the silgae (P=0.35,
P=0.81 respectively)(Table 4.1) However, addition of CBD to mannggsee-treated cells
significantly (P<0.05) reducetgestion rate compared to both mannose alone and CBD alone

(Table 4.1)
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To summarise all three sugar treatments significantly reduced the ingestion rate/ of
vermiformisto varying degrees (GIcNAc [by 73%], mannose [by 66%], GalNAc [by 53%]) but
none induced a lag phase. A lag phase wabyinduced in the presence of CBD and-re
blocking the GalNAc and mannose receptors had no effect on its duration whereas blocking
the GIcNAc receptor doubled its duration. CBD did not affect the ingestion ratedAGa

and GlcNAre-treated cells but di significantly reduce that of mannogee-treated cells.
4.3. Discussion
4.3.1. Effect of particle type oN. vermiformisingestion rates

V. vermiformisCCAP1534/1#vas able to successfully ingegstt9um diameterbeads (0.065
um?volume) and live&SynechococcuBKH3 cells (1.04 ptwolume, Dillon and Parry, 2009) at
equivalent rates (Fig. 4.1). In these, asdbsequent experiments (see later Chapters),
ingestion rates only ranged from 0.17 to 0.28 prey/cell/mim (d.416.8 prey/cell/h)
irrespective of particle type (at 3xI(articles/cnt, 23C); further suggesting no effect of prey

type.

These rates are within the range of some previously published ingestion rates (Table 4.2)
although data are scarce on thegestion ofSynechococusiowever,one study (Dillon and
Parry, 2009Yyecordedan ingestion rate of 1.68 prey/cell/h whdichinamoebasp. fed on
SynechococcU8KH3 (at 1x10cells/cn?, 23C), which is the same prey used in the current
study. Their ingestiorate is lower than that obtaineldere withV. vermiformisCCAP1534/14
which might be due to their lower prey concentration and/or the smaller sifcbfnamoeba

(7-21um) compared tdV. vermiformig14 x 3um) (Table 3.4).

The author cannot find a studyhich has directlicompared the ingestion rates of beads

verses live prey in amoebae. However, such studies have been performed with other protists,

with differing results. Some studies have shown that ciliates and flagellates ingest beads at a
lower ratethan live or heakilled bacteria $herr et al., 1987; Nygaard et al., 1988gens

and ~imek, 2000; Boenigk et al., 2001a; Parry et al., 2001) while other studies have shown

they are consumed at equivalent rates (Sherretal., 1882:f | y | Yy R7; Boerfgbdt>~ M dd
al. 201b).
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Table 4.2:Published ingestion rates (IR) of various amoebae. Adapted from Rogerson et al., 1996;
Butler and Rogerson, 1997; Mayes et al., 1997; Heaton et al., 2001; Huws et al., 2004, Xinyao et al.,
2006; Pickup et al., 2007jlDn and Parry, 208

Amoeba Bacterial prey Bacterial Temperature IR
Concentration °C)
(prey/ cell/h)
Platyamoeba australis Gram-ve 4-350x106 cellgml 4 1.2-28.6
Isolate 5 Gram-ve 4-350x1G cellgml 4 0.86-34.59
Platyamoebasp. Planococcus 2.5x1G cellgml 20 0.2
Vahlkampfia damariscottae | Planococcus 2.5x1G celis/ml 20 9.7
Vannella caledonica Planococcus 2.5x1G cellgml 20 2.2
Trichosphaerium sieboldi Planococus cal.4x10 celldcn? | 20 1465
Unidentified filose Planococcus cal.4x10 celldcn? | 20 10
Stereomya ramose Planococcus cal.4x10 celldcn? | 20 111
Saccamoeba limax Escherichia coli 7x1C celld cn? 20 58
Hartmannella cantabrigiensis| E. coli 7x1C celld cn? 20 243
Vermamoeba vermiformis E. coli 1x10 celld cn? 20 139
Acanthamoeba castellanii E. coli 1x10 celld cn? 20 964
Echinamoebap. Synechococclspp. 1x10 cellg cm? 23 0.62.9
Acanthamoebasp. Synechococclspp. 1x10 cellg cm? 23 7.614
Naegleriasp. Synechococcisp. ? 28 5.6
Naegleriasp. Anacystis nidulans ? 28 136
Naegleriasp. Microcystis aeruginosq ? 28 3.3
Naegleriasp. Aphanocapsa elachist ? 28 8.3

4.3.2. Effect of AEA on the feeding ¥f vermiformis

AEA (RM) was found to have no significant effect on the feeding\of vermiformis
CCAP1534/14eventhough a slight lag weaevident in its presence (Fig. 4.2). And, although it
was removed from the current feeding studies there may be merit in revisiting this because
the AEA concentration might have been too low to give a significant result. A corto@mtra

of 2uM AEA and CBRas chosen as this value was close to thejs V@uesand would allow
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a direct comparison of their effect. But, 2uM is above thg 1@ CBD (I§s=1.01uM) and
below the IGo for AEA (165 = 2.33uM) (Table 3.3). Experiments sitw be repeated with

higher concentrations of AEA to confirm/deny any effect on feeding in this amoeba.
4.3.3.Overall dfect of CBD on the feeding &f. vermiformis

CBD (at @M) induced a significarfeedinglag followed by a reduced ingestion rakden V.
vermiformisCCAP134/14 fed onbeads (Fig. 4.4) anBynechococcuJable 4.1). The effect
of CBD was dosgependent with the lag being induced at a lower CBD concentratiquiVL
then the reduction in feeding (2uMJFig 4.4); a response also recorded with populate growth
(Fg. 3.1) Alonger lag resulted in lower ingestion rates (Big); implying there are connected
in some way. It also suggests that the effect of CBD lamiing; >260min at 5uM. This
contrasts to the response of the ciliafBetrahymena pyriformjswhereby the effect is

relatively shortlived; 4660 min at 4M (Parry, personal communication).

It is unknown whether these protists differ in their abilitydegrade CBD, which might affect

its longevity in their cell$n all human cells, CBD is metabetl by cytochrome P450 oxidases,
sulfotransferases and glucuronyl transferases (Ujvary and Hanus, 2016). Most work has been
performed on P450 oxidases (C)Wkich are enzymes necessary for the metabolism of drugs

0 ~ NB 2 6 S NJ. Brén thodghiorgam5sa € YXP enzymes exist, only six of them (CYP1A2,
CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP3A5) are responsible for metabolising 90% of
medicinal drugs(Lyhch and Price, 2007)Of these, CYP2C9 metabolises THC and CBN,
CYP2C19 metabolises CBD, and CYPaAMetabolise all thre¢Stout and Cimino, 2014).
Interestingly, Tetrahymena thermophilpossesses 102 CYP homologuea\.ciliate.org,

the slime mould Dictyostelium discoideumpossesses 9 wivw.dictybas@ whilst
Acanthamoeba castellanjppossesses only 1 anBintamoebaspp. andNaegleria fowleri
possess none \Www.amoebadb.oryy None of the above protists possess glucuronyl
transferases but thy all possess sulfotransferases, although there is very little information
on the latter with regards to metabolism of CBBIC (Ujvary and Hanus, 2016). Therefore, it
might be thatV. vermiformislike other amoebae, possessa limited ability to degrad€BD

within their cells and this might explain the longevity of the drug actiorWorermiformis

compared toT. pyriforms.
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Whether CBD is metabolised or not, amoebic feeding was affected by this phytocannabinoid,

but which stage of the feeding processs being targeted (Fig. 4[8ame as Figl.9 but

inserted here to accompany the discussion of each g)age

Figure 4.8Diagrammatic representation of membrane dynamics in the phagocytic cycle. 1) Receptors
and membrane are available for preuptake and phagosome formation. 2) Binding of prey to
receptors (e.g. ©pe lectins) leads to 3), actin polymerisation and formatad pseudopodia which
surround the prey. 4) Myosin is recruited to help seal the ends of the pseudopods together. 5)
Dynanin is recruited to allow detachment of the phagosome into the cytoplasm. 6) The phagosome
matures via a series of fusions with endoss and lysosomes and the contairmadterialis digested.

7) Phagosome membrane fuses with the plasma membrane and releastigestedmaterial 8)
Plasma membrane is endocytosed to form vesicles. 9) Vesicles are transported to the site of
phagocytosis bynicrotubule ribbons and used to form new phagosomes. Stages 3 to 7 are known to
be reliant on activation of thé&rp2/3 sysem.

4.3.4. Effect of CBD on phagosome trafficking and defecatiag. (.8, stages-@)

Pulsechase experimentsiith V. vermiformisCCAP1534/14howed that CBD did not affect
the processing of prformed phagosomes (Fig. 4.8tages €7), i.e., they wee trafficked
through the cell and defecated at the same rate as@batrol (Fig. 4.6). Theacuole passage

time (VPT) was less than 10 min, as demonstrated by an immediate loss of prey from the cell
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upon the chase at 10 min. Published VPTs are rare fopadson, but Thurman and Parry
(2010) reported that the VPT in the ciliale pyriformisfeeding onSynechococcigp. SKH5,

was variable but that the minimum VPT was 30 m@iliates possess a single rudimentary
mouth (cytostome) at one end of the ceWhere all the ingestion of prey takes place, and a
single rudimentary anus (cytoproct) @iie other end of the cell, where undigested material is
expelled from the cell. Becaughagosomedravel along the whole length of the cell, it will
take time, andbecause there is only one exit point, pimed phagosomedave to queue
before their cortients are expelled which results in variable VPTs (Thurman and Parry, 2010).
Amoebae, on the other hand, have no defined cytostome and cytoproct and appear to ingest
and defecate prey at any point in their outer membrane (Page, 1988), which might explain
their shorted VPT. However, the slime moDiddiscoideunexhibited a VPT of 80 min when

feeding on the yeastryptococcus neoformaii@/atkins et al. 2018).

The laclof effect of CBD on phagosome trafficking and defecation (Figstddes 67) mirrors

the results obtained withT. pyriformis(Parry, personal communication), and suggests that

/ .5Qa GFNBSO Aad a2YSOKAY3a Ay@d2t gibRpoténtiall K (G KS
target(s) could be, (i) prey capture (Fig.,4#ges 12), (ii) formation of the phagosome (Fig.

4.8, stages &) and/or, (iii) phagosome membrane recycling after defecation (Figst&@es

8-9). Separating these out is difficult apigt one of these processes fails, no ingestion of prey

takes pace; and this is what was measured in all experiments (as prey/cell).

4.35. Effect of CBD on phagosome formatigRig. 4.8 stages3-5)

Upon preyreceptor binding, actin polymerisation is acted and two pseudopodia extend
out from the cell to surroundhe prey particle. Myosin is then recruited to help seal the ends
of the pseudopods together and then the recruitment of dynamin leads to the detachment of
the phagosome from the cell surfat@the cytoplasm (Levin et al., 2016). The whole process
(and ndeed phagosome trafficking [Duleh and Welch, 2010]) is reliant on activation of the
Arp2/3 system (Sevetmansmembraneactinrelated proteins 2 and 3) which itself is activated
via a plethoraof molecules and signalling cascades (Levin et al. Zdissed further in

Chapter 5).
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Phagosome formatiotherefore appears to use the same cytoskeletal machinery, and the
same Arp 2/3 complex, as that used fidragosomerafficking and defecation, inich were

not affected by CBD M. vermiformi<CCAP1534/14This implies that at least the machinery
for phagosome formation might have been fully functional in the presence of CBD in this
amoeba. In addition, CBD is known to become incorporated intgoptaema membrane of
cells and increase membraruidity (Watkins, 2019). Increased membrane fluidity, by
decreasing the saturated:unsaturated fatty acid ratio, has been shown to increase
phagocytosis in both macrophages (Schumann, 2016)Parwdstellani{Avery et al., 1995).
Thus, one might have egpted anincreasan feeding in the presence of CBD, with functional
machinery present, but this was not recorded. However, even functional machinery would
only be able to form phagosomesttie prey recognibn receptors were fully functional

and/or there was enough membrane available at the site of pregeptor binding
4.3.6. Effect of CBD on phagosom@embrane recycling (Fig. 4.8tages &9)

The constant recycling of phagosome membraneiliates is esentialto ensue membrane

availability for newly developing phagosomes (Allen, 19C#ates uséP RA NS Ol NB Oe Of A
Y2 AYy@2t @SYSyd 2F GKS t&az2a2yYl fromahdbyD@dctaA aeéa
to the cytostome (Allen and Fok, 198Boff and Stein1981; Grgnlienet al., 2002)

Itis currently unknown whethedirect recyclingpccurs in amoebabut amembranerecycling
process has been shown to be imperative for the correct formation of pseudopodia (for
locomotion) inD. discoideun{Zanchi et al. 2010). Here, SecA mutants (with no ability to
defecate) became paralysed within minutes and cells shrunk in size. This was because the
block in defecation resulted in a net endocytosis of plasma membrane and an accumulation
of small vesiclethat remained close to the plasma membrane. This ultimately reduced the
outer cell membrane area, reducing cell size and restricting pseudopodia expansion (Zanchi
et al. 2010).This does imply then, that membrane recycling would also be imperative for
phagpsome formation, as expansion of pseudopodia around a particle is part of the process
(Fig. 4.8)If this recycling was somehow affected by CBD, there would be limited membrane

available for the functional cytoskeletal machinery to form phagosomes.
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Obsenations of CBBreated V. vermiformiSCCAP1534/14ells in feeding experiments did
not show an obvious difference in cell size between@atrol cells and those treated with
CBD. No difference in cell size has also been recorde@dotrol and CBBreated T.
pyriformiscells (Parry, personal communication). In both cases, thet@BaEed cells of these
protists would have been defecating normally (known from pulsase experiments) and
thus, constantly adding membrane to the outer plasma membrane. Begibent endocytosis
(Fig. 4.8stage 8) was blocked (with no phagocytosis was taking place) the cells would be
expected toincreasen size)but they did not. So, endocytosis might therefore be functional
and, in the presence of CBD, the cell size woult be expected to change (which was
recorded). But this lack of cell size change doe<lastfywhether the endosomes remain at
the site of defecation or whether they are transported to the site of new phagocytosis, i.e.,
whether the transport system isifictional (Fig. 4.8tage 9), as cell size would not change in
either case However, vith such little published information on sta@et is difficult to discuss

this further.
4.3.7. Pre-phagosomemembraneavailability at the site ofphagocytosis (Fig. 8, stage 1)

An observation made throughout the current study was that the @#iDced lag phase
durationsin V. vermiformi<CCAP1534/1were highly variablbetweenexperiments. This has

also been observed with. pyriformis(Parry, personal communicatioppssibly indicating

GKFG /.5Qa GFNBSG Aa KAIKE & @I NR lnoghtBe dhey G KS
to the amount of membrane available at théesof phagocytosiskFor example, in wefied

cells the majority of membrane might alreadg bsed up in prexisting phagosomes, leaving

only a small volume for new phagosomes; which would be demonstrated by a low ingestion
rate inControl cells. Converde@ = A F G KS Oé&«isting phagosdtesy thailedvOuld2 ¥ LIN.
be more membrane availablfor new phagosomes (yielding a high ingestion rat€ointrol

cells). Indeed, others have observed tistarved cells feed faster than wd#d cells and the

accepted explanation is that it is due to variations in the nutritional and physiological

conditions of the protist at the start of the experimerBgenigk et al., 2001

Although V. vermiformiswas prepared in the same way for each experiment (grown to
stationary phase for 7 days on a streakkofcol), these cells wouldot be exactlythe same

between experiments and their membrane availability for phagocytosis might have differed.
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Indeed, ingestion rates &f. vermiformigSontrol cells ranged from 0.17 to 0.28 prey/cell/min,
with 3x10 prey/cn?, which is not a great deal but does segtthat menbrane availability
might have been different at the start of each experiment. When these ingestion rates (as a
proxy for membrane availability) are plotted against the lag phase duration in corresponding
CBDtreated cells, there is amalltrend towards slorter CBBinduced lag times occurring
when more membrane is availablélhis is opposite to what was expected, but it might be
suggesting a doseesponse at the molecular level whereby binding of CB®l&vger area of
nascent phagosome membrammight be dluting its effectiveness. However, this is just

speculation at present.
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Figure 4.9:Relationship between ingestion rate @bntrol Vermamoeba vermiformi€ CAP1534/14

cells (as a proxy for the level of membrane available in the cells for the formdtiphagosomes)

against the length of a 2uMBDBinduced lag phase (minHigh ingestion rate is a proxy for low
membrane availability andice versa

4.3.8. Effect of CBDn receptormediated prey uptake (Fig. 4,8tages 12)
4.3.8.1. Prey uptake in the bsence of CBD

Previous studies have shown thattype lectins are involved in the ingestion of prey by
amoebae, particularly lectins for mannose (Bracha et al., 1982; Allen and Davidowicz, 1990;
Garate et al. 2004; Alsam et al., 20@Bd GalNA¢Ravdin ad Guerrant, 181; Ravdin et al.,

1985; Petri et al., 1987; Venkataraman et al., 1997; Harb et al., 1998; Béar et al., 2015). The
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current study found that ingestion ddynechococcusy V. vermiformisCCAP1534/14vas
reduced in the presence of mannose, GatNdd GIcNAc, bt no lag phase was induced.
GlcNac was the most potent sugar blocker (73% reduction in feeding), followed by mannose
(66% reduction) and then GalNac (53% reductidmis might suggest that either, (i) this
amoeba possesses three distineiceptors for hese sugatigands as doed. discoideum
(Bozzaro & Roseman, 1983) or, (ii) it might oméve only two receptors (mannose and
GalNAc), as do professional phagocytdgcause although the mannose receptor
preferentially binds mannose (anddose) it can, to a lesser extent, bind GlcNltargent et

al., 1984; lobst and Drickamer, 1994; Roseman and Baenziger, 2000).

The binding of GIcNAc led to the strongest inhibition of ingestiov. imermiformisuggesting

Al 6l a y2i 2ytie bAYRNYZa9sQBDORIR2NI 6dzii | f a2«
its own receptor. In addition, blocking with GIcNAc affected theadan of the CBEnduced

lag phase whereas blocking with mannose did not (Table 4.1). These data therefore support

the case dér three distinct sugar receptors M. vermiformis as has been suggested for

discoideum(Bozzaro & Roseman, 1983) and mageantly,for T. pyriformigBoboc, 2019).

The location of carbohydratbinding receptors in cells can be visualized with #soent
derivatives of plant lectins such &oncanavalinA (ConA) which bindsnBnnose (Goldstein
et al., 1965), wheat germ agginin (WGA) which binds GIcNAc (Wright, 1992), and peanut
agglutinin (PNA) which binds GalNAc (Macartney, 1986). A handfuldeés have used such
techniques to detect these receptors in ciliates and dinoflagellates.nTdrenose receptor
has been showna be associated withthe whole feeding process, i.e., prey capture,
phagosome formation, phagosome trafficking, defecation mr@ibrane recycling (Scott and
Hufnagel, 1983; Wilks and Sleigh, 2004; Roberts et al., 2006; Wootton et al., 2007; Durichen
et al, 2016). Wilks and Sleigh (2004) showed a distinct series of events of ConA staining in
Euplotes mutabilisstarting with the #ining of the cytostome only, then simultaneous
staining of the cytostome and phagosomes, then staining of the phagosomes only, followed
by no staining. IT. pyriformis the mannose receptor has been shown to affehigosome
trafficking by detecting theature of the internalised prey, i.e., inducing early exocytosis or
full trafficking (Durichen et al., 2016) and has also been shown to be important in defecation
(preventing membrane defecation alongside the cargo) and the endosytoisiplasma
membraneat the cytoproct (Scott and Hufnagel, 1983).
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Staining ciliates with WGA (binds to GIcNAc) has shown it to be associated with early
phagosomes near the cytostomé&V({lks and Sleigh,2004; Dirichen et al., 2006 In T.
pyriformis WGAbound to patchesof these early phagosomemembraneswhereasConA
boundto the whole membrane(Durichen et al., 2016). Its role in prey capture is less clear as
Wilkes and Sleigh (2004) detected WGA binding at the cytostorBe mitabilidout Roberts

et al. Q006) andDurichen etal. (2016) did not detect cytostome bindingkuplotesrannus
andT. pyriformis respectively. With regards to GalNAxpberts et al. (2006) found that the
binding of PNA occurred only in tpbhagosomesf E. vannusvhereas Wilks and Sleigh (2004)

recorded bindingat the cytostomein additionto phagosome®f E. mutabilis
4.3.8.2. Prey uptake in the presence of CBD

The most striking feature of CBD was its ability to completely arrest feeding. in
vermiformisCCAP334/14for 50-74 min; butnot arrest subsequentphagosomerafficking

Addition of mannose, GalNAc and GIcNAc alone did not induce such a lag phase suggesting
that these arenot the receptors involved in inducing a lag. Piecking cells with mannose

or GalNAC prior to adding CBD did not aftacs CBEBinduced lag suggesting no interaction

with CBD. Indeed, receptors for both GalINAc and mannose are associated with the-full life
span ofa phagosomgWilkes and Sleigh, 2004; Roberts et al., 2006; Dirichen et al.,,2016)
and the mannose receptatself is important for defecation and membrane recycl{ggott

and Hufnagel, 1983)et the trafficking and defecation of thegghagosome were not

affected by CBD; further suggesting no interaction between these receptors and CBD.

The GIcNAc receptornothe other hand, is not associated with matupbagosomesand
defecation and is only associated with newly formmthgosomest the cytosbme (Wilkes

and Sleigh, 2004; Durichen et al., 200Mhen GIcNAc was added Yo vermiformigrior to

the addition d CBD, the lag phase was doubled, suggesting some level of interaction
between the GIcNAc receptor and CBD during the stage of phagosommatfon. The
GIcNAc receptor itself appeared to be the dominant feeding receptdr.imermiformis
When it was blockd, feeding was reduced by 73% compared to the blocking of the
mannose and GalNAc receptors which reduced feeding by 66% and 53%, redpectiv
However, is unknown whether the GIcNAc was binding to the GIcNAc receptor alone, or

whether it was also bindingveaklyto the mannose recepto(to yield a culminative 73%
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reduction in feeding) Addition of CBD after blockingith GIcNAc did not affecthis

reduced feeding rate.

One could therefore make an initial assumption that CBD npgissibly bebinding to the

Df Ob! O NBOSLIi2N) 62 Ol dzasS I NBRdAzOUAZ2Y Ay F¢
receptor (to cause a lag). When both receptor égpare availableCBD binds to both and

causes a 5tin lag with a 53% reduction in feeding. When the GIcNAc receptaocked

withDf Ob! O /.5 Oly 2yfté o0AYR (G2 GKS WwW2{iKSND
feeding is due to GIcNAc binding tetbIcNAc receptor. However, thiighlyspeculative

and there is already evidence against this theory.

Firstly, here is no evidence to date thatt¢pe lectins can bind cannabinoidSecondly, if

CBD does not bind to the GalNAc or mannose receptarifpothesised) it would only be

FofS G2 60AYyR (2 GKS W2iKSNXD NBOSLIb2thdid y R K
not. Thirdly, aCBDinduced lag (and reduced feeding) was recorded when the prey were
polystyrene beads and these do not possesdace carbohydrate moieties for recognition by

Gtype lectins. Indeed, thmannose receptor has been showatto be involved in the uptake

of beads inA. castellanii(Allen and Davidowicz, 1990); no data on GIcNAc and GalNAc

receptors.

However, in slightlefenseof the theory,there is somevidence that @ype lectins can bind

lipids (Cummingsand McEver 2006) For example, the macrophage inducibletype lectin
(Mincle) typically binds mannose and glucose residues but possesses hydrophobic pockets
which can bind lipidsGhiffoleau, 2018). To the authors knowledge;ame has actually
tested whether cannabinoidsao bind to Gype lectins so it is not known for dain whether

they can or notThere have also been a couple of reports @f® lectins being involved in

the uptake of beads in professional phagocytes, via hydrophobic interactions, specifically the
mannose receptor Ichinose and Sawada, 199é6nd the G&NAc receptor $hinzaki et al.,

2016); no reports of the GalNAc receptor being involved.
4.39. Working hypothesis on how CBD affects feedingvinvermiformis
A hypothesis is proposed whereby C&yo A Y Ra (2 WI y 2 ddeSmeindNE OS LJi

to the GICNAc receptor. It does however require an acknowledgement that the process of
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phagosomeformation is not necessarily controlled by those receptors that capture prey

and move them into thphagosomeTolil KS | dzi K2 NR&a 1y 26f SRIST (KA

RA&0dzaaSR Ay (GKS fAGSNI GdzZNBE G2 RIEGS- T YR
encompassing term which combines both processes. Here, we separate them out and
suggest that the receptors for CBD and NBic are involved with phagosome formation
whereas receptors for mannose and GalNAc are involved with prey capture and

phagosome filling.

It is proposed that CBDnly binds to a yet unidentified receptor which firstly stops
phagosome formation completelynd then causes phagosome formation to proceed at a
slower rate than normal, i.e., aa. half the rate seen i@ontrol cells. Even though-tgpe
lectins, which do not bind CBD, may have bound many prey cells, they can only fill the
phagosome at the same ta at which it is being formed; so CBD is governing overall
WAY3ISadAzy NI (S Qdypdlectng are\ bfockedyby thex FespacKvd augar /
there will be less prey captured ammhagosomeswill be filled with less prey. If this is
coupled with areducedphagosomédormation rate due to the presence of CBD, one would
expect asynergistimegativeeffect on ingestion rate, and this is what was observed when
the mannose and GalNAc receptors were blocked (Table 4.1). Ingestion ratesllfor
treated with both the sugarand CBD were significantly lower than rates with CBD alone in
both cases, and lower than rates with the sugar alone (but this was only significant for

mannose Table 4.1

As for the GIcNAc receptor, it is proposed that this is predamily involved in controlling
phagosomeformation rate. When blocked with GIcNAc, no lagas formed but the
formation ratewas reduced by 73% that of tH@ontrol; more so than with CBD alone (after

its lag). In the presence of both GlcNac and CBD thereanMag which was twice the
duration of that with CBD alone, suggesting some level of synergistic negative effect on lag
duration. However, it isproposed that the CBIihduced lag itself was not prolonged but
that instead,the combination of a 73% reductidn phagosome formation rate (by blocking
with GalNAc) together with a 50% reduction in rate due to the presence of CBD led to a
phagosome formation rate that waso slow there wasvery Imited ingestionoccurring,

and so it appearedas if the CBBnducedlag had been prolonged. Why after 100h this

combinedYagQwas lost, and phagosome formation rate reverted to that equivalent to
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blockingwith GalNAc alone, is currently unclear as the action of CBD would be expected to

persst as it did in experiments ioWwing mannose and GalNAc.

A feature which lends weight to the GIcNAc receptor being specifically associated with
phagosome formation is the observation @ftrichen et al. (2016) wherebWGA (for
GIcNAc)ound to patchesof early phagosomemembraneswhereas ConA(for mannose)
bound to the whole membrane.Thisimplies somelevel of specificityasto the location of
GIcNAaeceptorsin phagosomanembraneslt is alsointerestingthat both Wilksand Sleigh
(2004)and Dirichen etal. (2016 only found GIcNAaeceptorsto be associatedvith early
phagosomesafter which they disappearedunlike mannoseand GalNAaeceptors).Where
do GIcNAaeceptorsgo?Are they recycledto nascentvesiclego help control the formation

of new phagpsomes?

As for the identity othe CBD receptor, this could be anything involved in stages 9 through to

5 (Fig. 4.8). However, further observations suggest it is not involved with stages 4 (phagosome
closure) and 5 (phagosome detachment into the cytoplashhe reason for this is thaif,

these were the targets, phagosomes would still have developed and become filled with prey
in the presence of CBD. This would have been observed and prey/cell counts would have

increased; this was not the case.

With regards to phagocytic cup formatidfig. 4.8, stage 3), was noted that phagosome
formation and trafficking utilise the same cytoskeletal machinery and considering the latter
was unaffected by CBD it implied that vermiformisad the functional machiery in place

to form phagosome. Hower, no evidence of phagocytic cup formation was recorded
which might suggest that this machinery wast activatedbetween stages 2 and 3 (Fig.
4.8). Actin polymerisations reliant on activation of theArp2/3 system wich itself is
activated via a pletbra of molecules and signalling cascades; cascades which can differ
depending on cytoskeletal function/location in the cell (Levin et al. 2@®&ecauseCBD
stopped phagocytic cup formation (Fig. 4.8, stagec8inpments ofthe signalling cascade

betweenstages 2 and 3 continue to be a possible target for CBD.
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4.4. Conclusions

V. vermiformisCCAP1534/14vas able to ingest inert beads and li8ynechococcuat
equivalent rates. These rates were reduced in the presence mannose, GalNAc and GIcNAC
suggesting that this amoebgpossesseshree correspondingGtype lectins. Itwas proposed
that the former wo receptors are involved with prey capture and phagosoiftiad while the

latter is involved with controlling phagosome formation rate.

AEA had no effg on V. vermiformisfeeding but CBD induced a feeding lag (MIM)
followed by a reduced ingestion rate (MIG2uM). The longer the lag, thelower the
subsequent ingestion ratgeuggesting they are coupled in some wahelongterm effect of
CBD onV. ermiformis compared toT. pyriformis was thought to be due to a reduced

capacity for metabolizing CBidthin the amoebiccell (possiblydue tothe lack ofCYPS)

Ld 61 & LINRPLRZ&ASR KL (type le&is Hut aret IiBeBtilied getepito. vy 2 (I U K
Based on experimental evidence, this receptor was not considered to be invivivibeé

following stayes of feeding (Fig. 4.8): phagosome closure (stage 4), phagosome detachment
(stage 5), phagosome trafficking (stage 6), phagosome defecation (stagd &nhdocytosis

(stage 8)So, the current hypothesis is that CBD acts on a tdrgeteenstages8 and 3 (Fig.

4.8)andthat it is involved in controllingghagosome formation rather thaprey capture and
phagosome fillingFurther speculation now stops uiltadditional evidence is obtained. In

Chapters 5 and 6 the effects of blocking putative CBD receptors is performed to see if this
eliminates the effects of CBihdwhich couldoffer clues as to the mechanism by which CBD

affectsamoebicfeedingbetween sages 8 to 3.
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Chapter 5: Involvement of Peroxisome ProliferateActivated Receptors

(PPARS) in the mode of action of CBD agawWstmamoeba vermiformis

5.1. Introduction

The working hypothesis from Chapter 4 was that, at-gthal concentrations, dBacts on
Vermamoeba vermiformi€ CAP1534/18y binding to a yet unidentified receptor which
leads to a complete cessation of ingestion followed by a reduced ingestion raieaslt
considered that CBD acted on phagosome formation (along with the GIcNAptoe)
rather than prey capture and phagosome filling. Phagosome formation relies on effective
membrane recycling to the site of phagocytosis (Fig. 4.8, stage 9), effecéy@gueptor
binding (Fig. 4.8, stages2) and the activation of actin polymeason via a signalling
cascade (irbetween stages 2 and 3), for the formation of the phagocytic cup (Fig. 4.8, stage

3). The target for CBD is considered to lie somewhere betwbese stages.

As for the identity of the CBD receptor, 11 receptors for @Bie been reported in the
literature (Bih et al., 2015). Protists are already knawenhto possess homologues of the main
receptors CB1, CB2, GPR55 and TRRuR4&tland et al.2006),which reduces the number

of potential receptors to seven, i.e., recepsdor Nicotinic Acetylcholine, Adenosine, Glycine,
Opioids, Serotonin, Dopamine, and Peroxisome Proliferation. Homologues of the latter,
Peroxisome Proliferatefctivated Recgtors (PPARS), have not been identified in protists to
datebut protists do possss peroxisomed. (dewigKlingner et al., 201 gnd PPARS in animals

are known to be involved in controlling their feeding behaviour (Romano et al., 2015; Satta et
al., 2018) Since feeding iN. vermiformisvas affected by CBD (in Chapter 4) these reaspto

were investigated first.

In animals, the predominant ligands for PPARs are the endocannabinoids Oleoylethanolamide
(OEA) and Palmitoylethanolamide (PEA) (Sullivan, 2018). aD& PEA are known to be
synthesised by the ciliat€etrahymena thermophilAnagnostopoulot al., 2010) and the

slime mouldictyostelium discoideuliiHayes et al., 2013PEA has a strong anorexiant effect

on mice, i.e., it can stop feeding completely and then reduce food intake; PEA is less potent
than OEA and AEA has no effect on feeding at all (Rodriguez de Fonseca et al., 2001; Diep et
al.,, 2011). The effect of OEA amce is remarkably similar to the effect of CBD ¥n
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vermiformis in that feeding completely stops and then resumes at a slower rate (and AEA has

no effect) (Chapter 4). Although PPARs exist in three isofdrms (@and‘), OEA and PEA

have highest affities forPPARO w2 YI y2 S | f ®X wnamp0y @gKAES [/ .
2016).
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(Rodriguez de Fonseca et al., 2001; Diep et al., 2011). This mode of action might also be
pertinent to protists, in that, if membrane is limited for phagosome formation (at satiation),

or there ae defunct receptodriven signalling cascadesprotists cannot produce

pseudopodia to fee@Boenigk et al., 2001

¢tKS F2ft26Ay3a SELSNAYSyiGa (SaiSR GKS -Ayg2t g
induced feeding lag and reduced feeding rate \in \ermiformis CCAP1534/14which
ultimately leadgo a reduced population growth rate. It involved the use of four known PPAR
agonists, OEA and PEA (for PPABWO0742 (for PPAR Yiand Rosiglitazone (for PPARD

see if they gave the same amoebic responsetlzat exhibited with CBD. The latter two
agorists are synthetic. Rosiglitazone is a member of a Thiazolidinediones (Lehmann et al.,
1995) and, because only bredkwn products of endocannabinoids activate PPAR
GWO0742 has been specifically manufacturag a selective agonist for this receptor
(Szrmidman et al. 2003). Experiments then blocked the PPAR receptors with antagonists
specific for each PPAR isoform to see if this alleviated the effect of the PPAR agonists and
CBD. All amoebae (20 species) waubjected to 2day growth experiments wheredseding

experiments were only performed witfi. vermiformisCCAR534/14.

5.2.Results
5.2.1. Growth experiments
5.2.1.1. Response of all amoebae to four PPAR agonists

All amoebae that had been tested for theensitivity to AEA and CBD in Chapter 3 (Table 3.1)
were subjected to 200uM of OEA, PEA, GW0742 and Rosiglitazone, and amoebic growth after
three divisions (normally 3 days) was compared to the Control (no addBigieriments were

performed twice (foAEA/CBD sensitive strains) and once (for AEA/CBBenmsitive strains).
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All the strains which had been shown to be insensitive to CBD and AEA at 200uM (Table 3.1)
were also found to be insensitive to the four PP&g®nists (Table 5.1). However, some of
those strains that were sensitive to AEA/CBD, were insensitive to the four PPAR agonists, i.e.,
Naegleria gruberi, Vahlkampfia avara, Flamella arnhemensis, Acanthamoeba cassgithnii
Hartmannella cantabrigiensi@able 5.1, bold).

Table 5.1:Amoebae thatproved insensitive to PPAR agoni®EA, PEA, GW0742 and Rosiglitazone

(at 200uM). Onevay ANOVA P values shown. Experiments performed once (for strains not sensitive
to AEA/CBD) or twice (for strains sensitive to AEA/CiBbold).

Amoeba ANOVA P value
Acanthamoeba castellaniCCAP1501WA 0.08/0.72
Acanthamoeba polyphag@CAP1501/18 0.47

Amoeba borokensiSCAP1503/7 0.99
Allovahlkampfia nedeslanaienstCAP2502/3 | 0.74
Cochliopodium minuBCAP1537/1A 0.96
Dermamoeba algensiSCAP1524/1 0.69
Echhamoeba silvestri€CAP1519/1 0.63

Flamella amhemensi€CAP1525/2 0.33/0.48

Hartmannella cantabrigiensi€CAP1534/8 0.16/0.57
Hartmannella cantabrigiensi€CAP1534/11 | 0.89/0.90

Mayorella cantabrigiensi€CAP1547/11 0.79
Naegleria gruberiNEGM 0.72/0.75
Phalansterium filosur@CAP1576/1 0.53
Saccamoeba lima@CAP1572/3 0.9
Stygamoeba regulat& CAP1580/1 0.75
Tetramitus aberdonicuSCAP1588/4 0.77
Thecamoeba quadrilinea@CAP1583/10 0.89
Vahlkampfia avaraCCAP1588/1A 0.45/0.55
Vannella placid CCAP1565/2 0.99
Vexillifera bacillipede€ CAP1590/1 0.58

Only strains oW. vermiformisshowed a response to the four PPAR agonists (Table 5.2). All
AGNI Aya 6SNB aSyaArdAgdS G2 wnnx/anard all bt two 9 !
strains CCAP1534/13 and 137)weieSy a A G A @GS G2 w2aAiA It AdLT2yS
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Table 5.2:All V. verniformis strains were sensitive to PPAR agonists at 200uM {@ne ANOVA,
P<0.01). Subsequent pasbc Tukey test P values show which agonist affected which strain (P<0.05)
and which ones did not (P>0.@5n bold). The effect on the majority of strains wees 0%survival,

except for CCAP1534/7A where Rosiglitazone and PEA yielded 53% and 60% survival, respectively*.

Vermamoeba vermiformistrain Posthoc (vs Control) P values
Gw742 Rosiglitazonel OEA PEA

CCAP1534/7A 0.001/0.001 | 0.003/0.003* | 0.001/0.001 | 0.013/0.009*
CCAP1534/13 0.010/0.003 | 0.107/0.840 | 0.011/0.005 | 0.050/0.039
CCAP1534/14 0.001/0.015 | 0.001/0.012 | 0.001/0.012 | 0.013/0.016
137 0.001/0.001 | 0.097/0.061 | 0.001/0.001 | 0.013/0.004
172 0.001/0.001 | 0.001/0.001 | 0.025/0.001 | 0.001/0.001
173 0.001/0.001 | 0.001/0.001 | 0.001/0.001 | 0.001/0.001
174 0.001/0.001 | 0.001/0.001 | 0.001/0.001 | 0.001/0.001

Further growth experiments, with eacW. vermiformisbeing subjected to different
concentrations of each PPAR agotiestceptfor CCAP1534/7A with Rosiglitazone &1eA,
Table 5.2*), were performed to deduced the MICs0lGlope and lethal dose (Table 5.3).
Individual G graphs can be found in Appendix 3.

Table 5.3:Calculated MIC, kg; lethal dose |{M) and slope values for four PPAR agonists (OEA, PEA,
GWO0742Rosiglitazone) acting on the population growth of 7 straingarinamoeba vermiformis

OEA PEA
Vermamoeba vermiformistrain | MIC IC50 | Slope| Lethal | MIC | IC50 | Slope| Lethal
CCAP 1534/7A 06| 094 1.17 >6| ND|ca200| ND ND
CCAP 1534/13 0.20( 2.60| 0.85 >23| 0.75| 2.87| 1.69| >10
CCAP 1534/14 0.19| 0.81] 151 >5| 0.25| 2.55| 091 >23
137 0.08| 2.12| 0.67 >35| 3.10| 4.79| 5.78 >8
172 2.70| 4.28| 8.79 >9| 2.70| 3.68| 7.00 >5
173 0.04| 0.63| 0.81 >10| 0.04| 0.50| 0.85 >8
174 1.00| 4.77| 1.32 >24| 3.20| 4.62| 6.89 >7
GwW0742 Rosiglitazone
Vermamoeba vermiformistrain | MIC IC50 | Slope| Lethal | MIC | IC50 | Slope| Lethal
CCAHRS534/7A 25| 6.31| 2.24 >17| ND|ca200| ND ND
CCAP 1534/13 0.29| 2.50| 1.01 >20( ND ND| ND ND
CCAP 1534/14 0.60( 1.75| 2.10 >5| 0.16| 0.78| 1.41 >3
137 2.00| 1.80| 1.83 >20| ND ND| ND ND
172 0.25| 1.89| 1.09 >14| 4.00 6.2| 55 >9
173 0.01| 0.48| 05 >20| 0.14 1 1 >8
174 1.50| 5.00 1.75 >19| 0.90| 2.35| 3.33 >6
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The most sensitive strain to the PPAR agonists (basedseddt@a) was strain 173 followed
by CCAP 1534/14 which was the same pattermwigls AEA and CBD sensitivity (Table 3.3).

Apart from this, there was no obvious patterns between strains or between agonists.

5.2.1.2. Response of all. vermiformisstrains to FPAR agonists in the presence and absence

of specific PPAR antagonists

Antagorh 3 0a 60f 201 SNBRUO ALISOAFAO F2NJ SFOK 2F SIO
tested against all th&/. vermiformisstrains in the presence/absence of the four agonists at
their 1Go value (Table 5.3). Experiments were performed three times. Resoits/.

vermiformisCCAR534/14are shown in Figure 5.1 (data for other strains are in Appendix 4).
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Figure 5.1:Threeday population growth (compared to the Control) demamoeba vermiformis
CCAP1534/14 in the presence of a) OEA, b) PEA, c) GAr@Vrdp Rosiglitazone (each at theigdzalue

[Table 5.3]), with/withouta prét y Odzo | GA 2y G6AGK mnkxa 2F GKS tt!w Iy
D{YoTtyT 60/ 20t Rtthwir 60f201a tt! w! 0o DNER ¢ i Ay
also shown. *significant difference to agongbne (P<0.01).
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None of the antagonists on their own had a significant negative effect on amoebic growth,
compared to the Control (P=0.12) (Fig. 5.1). The negative action of OEA and REA on
vermiformisgrowth was only blocked by GW6471 (P<0.01), ti&@€A FA O t t ! wh | y (I =
5.1. ab). The blocking was 100% effective with GW6471 + OEA or PEA being equivalent to
GW6471 alone (P=0.59 and 0.25, respectively). This response was recorded with all

vermiformisstrains (Appendix 4).

The actionof RbA It AGI T 2yS gl a 2yfte o6f201SR o6& ¢nnr
(Fig. 5.1 d). The blocking was also 100% effective with Rosiglitazone in the presence of TO07
being equivalent to TO07 alone (P=0.33). This response was recorded Withvatimiormis

strains (Appendix 4).

A w2 7 oA 9~

¢tKS OGA2y 2F D2nanTtnH 61 & SELSOGSR G2 1165 of 2
antagonist, but it was blocked by tréed¢ nnt ot fr n®damM0OT GKS tt! w! |y
both cases, the blocking was 100% effectivthweW0742 in the presence of GSK3787 and

TOO7 being equivalent to GSK3787 and T007 alone (P=0.44 and 0.25, respectively). This

response was recorded with Ml vermiformisstrains (Appendix 4).

5.2.1.3. Response of all. vermiformisstrains to AEA andED in the presence and absence

of specific PPAR antagonists

EachV. vermiformisstrain was prancubated with 10uM of each PPAR antagonist to see if it
blocked the negative effect of AEA and CBD (at 2uM). Experiments were performed three
times. Resultsdr V. vermiformi<CCAR534/14are shown in Figure 5.2 (data for other strains
are in Appendix 5).

¢KS | OGA2Y 2F /.5 gl a 2yfte of201SR 06& wmnxa C
was 100% effective as there was no difference between GW6471 avithithout CBD
(P=0.33). This response was recorded witkf allermiformistrains (Appendix 5) and suggests

Fy AYUSNI OGAzy o Sdike @&pflorfor.this sgegeR | t t ! wh

The action of AEA was also significantly blocked by GW6471 (P<0.04 )vbstfar from being
100% blocked (as with CBD) (Fig 5.2 b). The interaction between AEA and these antagonists

was only tested oW. vermiformi<CCAR534/14 as AEA was not the major cannabinoid being
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studied (based on data from Chapter 4). Further worik®mteraction with PPAR antagonists

was not carried out.
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Figure 5.2:Threeday population growth (compared to the Control) dermamoeba vermiformis
CCAP1534/14 in the presence of a) CBD and b) AEA (each at 2uM), with/withoutieupegion with

mMmnka 2F GKS tt!w FydGlFr32yAraia D2dontm o60f201a tt!
tt! w! 0® DNRgGK Ay (GKS LINEB a SvhSSighificanSdiffér&ncelto/ i+ 32y
agonist alone (P<0.01).
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5.2.1.4. Response of alV/. vermiformis strains to CBD in the presence of varying

concentrations of specific PPAR antagonists

Doseresponse experiments withv. vermiformis CCAP1534/14, and allantagonists,

O2y TANXVSR GKIG GKSNB gla 2yfte Fy AYyGSNI OdGAz
interaction between CBD and GSK3787 (ANOVA P=0.67) and TOO7 (ANOVA P=0.24) (Appendix
5). The action of CBD was blocked at all GW6471 concentrations exgiphv(P=0.35) and

0.001uM (P=0.09) (Fig. 5.3) suggesting an ®0LCuM. There was a strong dosespense

with each antagonist concentration (+CBD), being significantly different to each other
(P<0.05). A concentration of 10uM GW6471 completely blockecetfect of CBD (GW6471

with and without CBD, P=0.84). All oth¥r vermiformisstrains showed the aane dose

response as that exhibited by strain CCAP1534/14, i.e., all gave 100% blocking at 10uM and

the MIC was0.1uM (Appendix 6).
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Figure 5.3Population growth (compared to the Control) \éérmamoeba vermiformi€CAP1534/14

in the presence of BD (at 2uM), with/without a préncubation with different concentrations (0.001

Mmnxao 2F GKS tt! wh | yil 32y A dfeachéoscentratioh of GV6UE1S (1 K A
alone is also shown. Significant difference (P<0.05) to CBD alone”™ or GW64%*1 alone
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5.2.2. Feeding experiments withl. vermiformisCCAP 1534/14

The feeding oV. vermiformion beads was monitored in the presence of GBIM) and the
four PPAR agonists, OEA, PEA, GW0742 and Rosiglitazone (atglteindéntration), in the
preserce and absence of their respective PPAR antagonist (at 10uM). Experiments were

performed three times.

Figure 5.4 shows that all the agonistadha negative effect of amoebic feeding, i.e., they
induced a lag phase and then a reduced ingestion rate, cordgarthne Control. These effects

were eradicated in the presence of the respective PPAR antagonist (Tables 5.4 and 5.5).
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Figure 5.4 Feeding oVermamoeba vermiformi€ CAP1534/14 on beads in the presence/absence of

a) OEA, b) PEA, c) GW074Rad3iglitazone (each at theirst@alue [Table 5.3]) and e) CBD (at 2uM),
with/without apreA y Odzo F A2y 6AGK wmnxa 2F GKS tt!w Fydl3z
60ft201a tt!lwio YR ¢nnt 606ft2014a tt! w! @®alsoCSSRAY
shown.

82



All PPAR agorssinduced a feeding lag with an equivalent duration (Table 5.4, P=0.46) at their
|Gso values for reduced population growtlOEA, PEA, GW0742, Rosiglitazone at 0.81, 2.55,
1.75 and 0.78M, respectively). Howeverjsual examination of the graphical datad. 5.4)
clearly showed that CBD completely stopped feeding for up to 40 mins (at 2uM) whilst the
PPAR agonists (at 0-285uM) allowed some level of feeding to occur.

Table 5.4:Significant (P<0.01) feedit@gs inVermamoeba vermiformi€CAP1534/14nduced by each

agonist alone. No significant difference between the agemduced lag times (P=0.46). No lags were
recorded in the Control, blocker (antagonist) alone and agonist with blocker. GW6471 = blocker for CBD,

ho! yR t 9QSK3387tblpge8 NIZF2NJ D2/monk y&®Rt wnwit I 6f 201 SN
ott!wi 00
Lag phase (min)
Treatment
OEA PEA GWwW0742 Rosiglitazonel CBD

Control 0.00+0.00 | 0.00£0.00 | 0.00£0.00 | 0.00%0.00 0.00+0.00

Blocker alone 0.00+0.00 | 0.00£0.00 | 0.00£0.00 | 0.00%0.00 0.00+£0.@

Agonist alone 19.6615.31| 22.97+£2.26| 26.65+£3.64 | 26.71+5.18 | 34.42+t1.58

Agonist and blocken 0.00+0.00 | 0.00+0.00 | 0.00+£0.00 | 0.00+0.00 0.00+0.00

With regards to subsequent ingestion rates, all PPAR agaiigtsicantly reduced ingestion
rate compared tahe Control (Table 5.5); a response that was also recorded with CBD. This

negative effect was 100% blocked with the respective antagonist (Figure 5.4, Table 5.5).

Table 5.5:Significant reductions (comparet the Control) in ingestion rates dfermamoeba
vermiformisCCAP1534/14, induced by each agonist alone (*P<0.05, **P<0.01). No reduction in rate

was recorded with blocker (antagonist) alone and agonist with blocker. GW6471 = blocker for CBD,
OEAandPEAt t ! wh 0 D{YoTtyT [ 0/f PnO P& NDIdRNIr Rdsiglitazore o6t t ! \
ott! wi 0®

Ingestion rate (beads/cell/min)
Treatment __
OEA PEA GWO0742 Rosiglitazone | CBD
Control 0.211+0.006 | 0.169+0.003 | 0.183+0.004 | 0.166+0.011 | 0.185%0.009
Blocker alone 0.183+0.004 | 0.163+0.002 | 0.172+0.006 | 0.153+0.005 | 0.178+0.014
Agonist alone 0.105+£0.004**| 0.139+0.021* 0.151+0.009**| 0.141+0.010**| 0.079+0.003**
Agonist and blockerl 0.180+0.001 | 0.165+0.004 | 0.183+0.004 | 0.156+0.007 | 0.174+0.017
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In order to compare the effect of each agonist on amoebic ingestion ragkyeen
experiments (although the agonist concentrations used were variable), ingestion rate was
converted to % ingestion rate compared to the relevant Control in each experimgn&(b)

and data were analysed using a emay ANOVA. Feeding in the preserat CBD (2uM) and

OEA (0.81uM) were equivalent (P=0.90) suggesting that, in reality, OEA is more detrimental
to feeding than CBD. Feeding in the presence of OEA and CBD wassidyn(fP<0.01) lower

than with PEA (2.55uM), Rosiglitazone (0.78uM) andOBA® (1.75uM), which were
themselves equivalent (P=0.79); although it is unknown whether Rosiglitazona. giM)

would have yielding reduce feeding comparable to CBD.
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Figure 5.5% ingestion rates dfermamoeba vermiformjcompared to the Cdrol, in the presence

of PEA, Rosiglitazone (ROS), GW0742 and OEA (each atstheilukC[Table 5.3]) and CBD (at 2uM).
All were significantly (P<001) lower than the ControlteRawith OEA and CBD were equivalent
(P=0.90) but significantly (P<0.01) kvthan those with PEA, Rosiglitazone and GW0742 (which were
themselves equivalent P=0.79).

5.3. Discussion
5.3.1. Sensitivity of amoebae to PPAR agonists

All those amoebae that were not sensitive to AEA and CBD (Table 3.1) were also not sensitive
to the four PPAR agonists. This suggests that they might not be susceptible to any form of N
acylethanolamine (NAE), although it remains to be seen whether tregusceptible other

ligands of the endocannabinoid system, such as monoacylglycerols (Aefgglidpamines,
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N-acylserotonin, Fatty acids amides of amino acids (FAAASs) or-@ix&tives (Piscitelli,

2015). But this is future work.

Of those species thatere sensitive to AEA/CBD, oMy vermiformisstrains were sensitive

to the PPAR agonists. Thadat were not, wereNNaegleria gruberand Vahlkampfia avara
(both in the subBPhylum Percolozoaflamella amhemensi@n the subPhylum Conosa),
Acanthamoehl castellanii(in the subphylum Lobosa, Class Discosea) &fatmannella
cantabrigiensigin the sib-Phylum Lobosa, Class Tubulinea, alongsideermiformi} (Fig.
3.3). V. vermiformiswas previously described ddartmannella vermiformisuntil it was
redassified in 2011 due to (i) differences in shape, length/breadth ratio and its tendency to
branchwhen changing the direction of locomotion and, (ii) the fact that it always grouped
with Echinamoebaand not with other hartmannellids, in published phyloggic trees
(Smirnov et al., 2011). Now, we have recorded that these genera also differ in thgomnse

to PPAR agonists which lends further weight to thelessification oH. vermiformigo V.

vermiformis

A recent phylogenomic study of amoeba, carpg 325 protein genes from 98 taxa, has
resulted in some slight changes to the amoeba taxonomge {as depicted in Fig. 3.3), but
Vermamoebais still most closely related techinamoebaand distinct fromHartmannella
(Kang et al., 2017There is alsoo evidence to suggest thatermamoebdas evolved earlier

or later than other genera (Kang et &(Q17)so why it is theonlygenus that is susceptible to
PPAR agonists remains a mystery. However, it nmghbe the only genus, but without any
trend whasoever in susceptibility/nosusceptibility one would have to test every single
genus of amoeba toonfirm this. This study has already tested all the available genera ef non

marine naked amoebae available in culture; other genera are currently unculéurab

All V. vermiformisstrains responded to AEA, CBD, OEA and GWO0742 but there were strain
differences with regards to their susceptibility to PEA and Rosiglita&traans CCAP1534/13

and 137 were nosensitive to Rosiglitazone (at 200uM) and CCART23required very high
concentrations of PEA and Rosiglitazone to elicit a response (Table 9.3hesé
O2Yo0AYylFiA2ya 6SNB RSSYSR WAYaSYyaArAiuA@dSQoe h¥
were evident with regards to MIC,s{and lethal dose @ble 5.3) but values were within the

same range and were similar to those obtained for CBD (TaB)eRor example, kegvalues
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ranged from 0.631.77uM (OEA), 0-8.79uM (PEA), 0.48.31uM (GWO0742) and 0.7&@2uM
(Rosiglitazone) (Table 5.3) while those @BD were 0.98.31uM (CBD) (Table 3.3); all were
below 10uM.

5.3.2. Response of. vermiformisto PPAR antagonists
5.3.2.1. Growth experiments

There were noV. vermiformisstrain differences evident in their responses to PPAR
antagonists blocking the action of an agonist. In all cases the action of OEA and PEA was 100%
blocked with 10uM GW6471 onlj, KS & LISOAFAO tt ! wh [ yilF3z2yArai
blocked with 10uM T00 2yt &% GKS ALISOAFAO tt!w! Fydl 32y
MmnmE: o0f 201 SR o6& 020K MDintagomisgandTO0d @iSlopVLEe StA TA O t
al. (2002) examined TO®/nding selectivity using adipocyte differentiation assays in HEK293
celllines and found it blocked the effect of Rosiglitazone with andf®.01uM but could also

0f 201 GKS I OGA B2 B Tn olytyd Rvatd t igands (gh & 4.8 1M).Since

this antagonist was used at 10uM it might be expected to blockgalhests but it did not.

And, if higher concentrations are required to block amoebic PPARs then one would expect
¢nnt G2 L2aarote of201 tt! wh oxpeerd\Esulttist | wi K 1

discussed further below.

The results might suggest thalbé majority ofV. vermiformisstrains contain three PPAR
isoforms but this is difficult to believe as to date, the three isoforms have only been reported
in bony fish, mammals, bisd and amphibians; not invertebrates (Zhou et al. 2015).
Phylogenetic analysis has also shown that PR#id PPAR Kk cluster together, whereas the
branch of PPARis distinct, suggesting the latter is the earliest ancestor of the PPAR gene
family (Zhou et b, 2015). However, not all. vermiformisstrains responded to Rosiglitazone
and if PPARwas the ancesal form of PPAR, one would expect this isoform to be present in
all these primitive cells. It is therefore more likely that vermiformispossesses aingle
promiscuous PPAlke molecule which can bind each PPAR agonist and each PPAR

antagonist.

Structurally, a PPAR molecule is divided into five distinct functional regions; #iDiAg

domain (DBD), a ligadainding domain (LBD), activation funati@ (AF1), activation function
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2 (AF2), and a variable hinge region (Zhou et al., 2015). ThewBBimlly large and spacious

Ay tt!lwa FYRTZ a | O02yaSldsSyoSs GKSe& I NB NBf
2008). It might therefore bethi G KS tt!w 32y Addaklydadld2yrad
like molecule at different sites in tHeBD. For example, the PPA&htagonist might bind to

the same site(s) as OEA and PEA and the iIPRARtagonist might bind to the same site as

GWO0742. Howewe the PPARantagonist (which also seems to block GW0742 as well as
Rosiglitazone) might span thénding sites of both Rosiglitazoa@dD2 nTnH Ay GKA&

The agonists themselves can also be promiscuous. For example, in addition to binding to
PPAR, PEA can bind to the CB2 receptor (Facci et al., 1995) and OEA can bind to TPRV1 and
GPR119 (Ovesh et al., 2006; Kleberg et al., 2014; Piscitelli, 2015). A very promiscuous
agonist is CBD which, to date, has 11 reported receptors (Bih et al., BOth&) current study,

all V. vermiformisstrains showed the same response with CBD in that its agtias 100%

0f 201 SR 6AGK mnxa D2cnTtm 2Yyf & oresponse,lyielding( I 32y
anMICokn®mkxad /.5 Aa y20 (y2¢ey (G2 o0AYyR G2 tt !\
OAYR 02 tt T ghdKohF{ dzl £ A I lenfratiiwithintheranger n n o v
of IGovalues (0.98 ®om ka0 NBLR2NISR F2NJ /.5 0AYRAy3 (2

The Gy values for CBD witll. vermiformisvere shown to be within the same range as those
concentrations required to elicit a response irmmmalian cells (see 3.3.2) and indeed, the
IGsos for the four PPAR agonists are also within the same range as mammalian cells. For
example, Lueneberg et al. (2011) showed that 0.1uM of OEA caused no cell death in mouse
granule neuron cells over 24h whilket same concentration of PEA induced 50% cell death.

Di Marzo et al. (2001) showed that 5uM PEA caused-4030 decrease in MEFbreast

cancer cells after 4 days of treatment. OEA has also been found to suppress the migration of
metastatic tumour cells imice at 2100> a(Sailler et al., 2014). Girroir et al. (2008) tested

the effect of GW0742 on the growth of human UACC903 melanoma cells after 4 days of
treatment and 1uM caused a 77% reduction while 10uM caused 100% cell death. With
regards to RosiglitazpS > Yl yeé& &addzRASa KIFI @S Ay@SadA3alraSR
human cancer cells such as bladder cancer and colorectal cancer cells (e.g. Miao et al., 2011;
Cerbone et al., 2012; Xu et al., 2017), with all studies agreeing that concentrations thig
Mmn>a O dzasS wmnmr: OStf RSIFIKO®

87



5.3.2.2. Feeding experiments

The unique characteristic of CBD in Chapter 4 was that it caused an immediate lag/cessation
in V. vermiformisCCAPL534/14 feeding whereas the addition of sugars (to block feeding
receptors)did not. However, in this Chapter, it has been shown that a lag can also be induced
with agonists for the three PPAR isoforms (Table 5.4) at theirci&hcentration. These
concentrations were variable (OEA, PEA, GW0742, Rosiglitazone at.9%81,.25and 0.78

MM, respectively) and therefore a true comparison to CBD {#¥1)2cannot be made.
However, at these Kzconcentrations the lag times were equivalent to each otfieble 5.4)

and to that with CBWhich was close to its $¢0of 1.01uM (Table3.3). After this lag, CBD and

all the PPAR agonists caused a reductiongestionrate compared to the Control (Table 5.5)

but OEA was the most potent, followed by CBD. In addition, these negative effects could be
abolished bylOuM of their respectve PPAR dagonist. The action of CBD was only blocked

by GW6471 (for PPAR) ®

Therefore, it appears that the whole PRANE molecule I{, i /4 and* binding sites) irVv.
vermiformismight be involved, in some way, in the feeding proceds. eermiformisand that

CBD behaves most like the ligands that bind thste, particulay OEA. Indeed, there are
striking similarities between OEA and CBD with regards to their mode of action in animals and

V. vermiformis.

Firstly, OEA has an anorexiant effect in mice, i.e., it can stop feeding completely and then
reduce fad intake(Rodrigez de Fonseca et al., 2001; Diep et al., 20Ih¢ same response
was recorded iV. vermiformisvith all PPAR agonists and CBD. Secondly, PEA is significantly
less potent than OEA and AEA has no effRaidriguez de Fonseca et al., 20Diep et al.,
2011). This response was also recorded withvermiformis Thirdly, administration of OEA in
mice causes a dos#ependent delay in the feeding onset (Gaetani et al., 2003; Karimian
Azariet al., 2014). The effect of CBD on the feeding lagrayestion rates 6V. vermiformis

was dosedependent (doseaesponses of PPAR agonists were not performiedjirthly, OEA

does not reduce feeding in animals if they lack a functional PRgRe, suggesting that
PPAR activation is crucial for mediating itsypophagic actions (Fu et al., 2003). In the current
study, all agonisinduced lags and reduced feeding rates were abolished with PPAR

antagonists, and for OEA and CBD, this was thekisig of the PPARreceptor only.
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It is also interesting to note thaDEA only evokes a delayed feeding onset and reduced meal
size in fooddeprived rats (only the former in well fed miggaetani et al., 2003; Karimian
Azariet al., 2014). In the currestudy, V. vermiformisvould have also been foecdeprived
after 7 day culturing prior to experiments. It would be interesting to repeat experiments with

well-fed cells to see if only a lag phase is induced.

The underlying mechanisms of OlBAuced anoexia in animals is currently unclear although

much work is being caed out as it has potential therapeutic uses for the treatment of

obesity FernandezRuiz et al., 2015 OEA acts as a satiety signal, which is generated in the
intestine upontheingestiy 2F FIL G o0t N2@SyaAl SO f dBAQHAMO
signalling pathway which is transferred to the hypothalamic nuclei of the brain where
different neuronal pathways, including oxytocinergic, noradrenergic, and histaminergic
neurons, eem to mediate its hypophagic action (Romano et al., 2013 considered that

upon binding to PPARIitA Y RdzOSa WaS@OSNIf GNFYAONRLIIAZ2YI

cascade (Romano, et al., 2015), suggesting that it is a PPAR genomic response (see 1.2.4.1).

However, the observed effects of PPAR agonists@BD in bothV. vermiformigcurrent

study) andT. pyriformis(Parry, personal communication) appear to be instantaneous; a
feature which is considered too rapid to be attributed to the biosynthesis of mMRNA or protein
in the classical PPAR genomic respdirsgkenstein et al., 2000). In atidh, no homologues

of RXR have been found in protists to date (see 1.2.4.1). It is therefore possible that a non
genomic PPAR response might be occurring in these protists, although this has not been

studied as extensaly as the genomic response to date.

5.3.3 PPARNduced norrgenomic response

PPAR noigenomic responses are rapid (Falkenstein et al., 2000) and do not involve the
binding of PPARs to RXR, but instead, PPARs bind to other proteins (Unsworth et al. 2018)
Non-genomic functions occur if AIRs are associated with the cytosol, plasma membrane or
intracellular organelles, such as mitochondria, whilst genomic functions are restricted to

when they are localized in the nucleus (Unsworth et al. 2018).

89



Most workon the PPARhduced norgenomic reponses have been performed on anucleate
platelets and the mechanism of action of PPAdhd PPAR{ appears to be very similar
whilst that of PPARIs distinct (Figure 5.6). The former two isotopes inhibit Affulated
platelet activation by binding to RK (Protein Kinase €) which then limits its availability to
facilitate downstream signalling events; which then increases the level of cAMP (Ali et al,
2006, 2009a). PPAR can also be activated by the prostagland@IP (Ali et al., 2009b) but

its invdvement in platelet inactivation has yet to be tested (Unsworth et al. 2018).
PPARa ligands PPARB/S ligands PPARa ligands

Fenofibrate and Statins GW0742 and L-165041 (15dPGJ2,
thiazolidinediones, Collagen, CRP

simvastatin) ".f
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4 \ A ';:, ' PPARC. v a-<” '_r“.-

« % PLCr2 PLCR3
4 cAMP < - - PKCa 4Ca?
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Figure 5.6Non-genomic regulation of platelets by PPAR ligands. PRARPPAR ligands cause a
reduction in intracellular calcium mokihtion and platelet activation. Téiinhibition is due to the
attenuation of PKC through its interaction with PPARor PPAR/L, which limits its availability to
facilitate signalling downstream. Treatment with PPABands inhibits the phosphorylation of Syk
and LAT that mediate signalljrinitiated by the collagen receptor GPVI (Unsworth et al. 2018).

Activation of PPARE 2 y { K Sinhiits KoflalyarsiirhujatRdplatelet function through
modulation of sigalling downstream of the collagen receptor GPVI (Moraes et al., 2010).
Spedfically, in its udigated state, PPARnteracts with Syk (Spleen tyrosine kinase) and LAT
(a transmembrane adaptor protein Linker for Activation afells) and their phosphorytian

leads to the activation of proteins downstream, e.g.-R(®hosphoingitide 3kinase). Upon
ligation of PPAR an interaction with Syk and LAT is prevented, so no phosphorylation takes

place and downstream signalling stops (Moraes et al., 2010)adthers have yet to discover
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if PPAR is recruited to a signalling proteicomplex (with both Syk and LAT) or whether

interaction with Syk and LAT occurs independently.

What is interesting is that Syk, LAT and PKC are involved in the initial stagegadq@ha

formation in macrophages; specifically the signaling cascade betstages 2 and 3 (Fig. 4.8).

5.3.4.Signalling cascades responsible for phagosome cup formation (Fig. 4.8, stdpe 2

Current evidence suggests that a rgenomic response can occur via bindingP&fAR or
I K to PKE and binding of PPARto Syk, LAT or a SUAT complex. Considering.
vermiformismight possess one promiscuous PPAR molecule, evidence for the involvement of

these four molecules (PPAR, Syk, LAT antl)RK@hagocytosis is reviewed.

5.3.4.1.0psonized phagocytosis in macrophages

Syk is the first of the four moleculeslbe involved in phagosome formation in macrophages
(Figure 5.7, Stage ii) and is particularly associated with the activation of feeding receptors
(Levin et al., 2016)Upon ligand binding to the receptor binding domain, the receptor tail
(which extends ird the cytostol) initiates the signaling cascade which culminates in the
extension of pseudopods (Levin et al., 2016). Receptor tails contain tyrosine residues within
atyrosine-based activation motif (ITAMJnd it is the phosphorylation of these residues b
Srefamily tyrosine kinases (SFKst starts the signaling cascadeitgerAttas et al., 2000).

To safeguard their phosphorylation, receptors move laterally witthi@ membrane via
cytoskeletal remodelingJaumouillé et al., 20149nd cluster togetheiin order to exclude

Protein Tyrosine Phosphatases (PTPs) such ag& ShiPSI2 (Yamauchet al., 2012).

Phosphorylated tyrosines theserve as a docking site ftie tandem SH2 domains &yk
(Johnson et al.,, 1996 { &1 | Y LI A U $uitherZphospyidryfating” dearby &ail 0 A 0
tyrosine residuesM6csai at al., 2010and (ii) by recruiting and phosphorylation adapter
proteins such as growth factor receptor boumpdotein 2 (Grb2), Grbassociateebinding

protein 2 (Gab2), the Src homology 3 ($HB@mairbinding protein 2 (SH3BP2) and linker of
activated T cellsL@AT) (Tridandapani et al., 2000; Yu et al., 2PpA6is these adapter proteins
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that then recruit cytoslic effectors to carry out the extensive lipid and cytoskeletal

remodeling that acempanies the phagocytic process (Levin et al., 2016).

sealing

+:\ Phagocytic .. \Phagosome
("l)cup formation (IV)

(i)
! Pidins(3.4.5)P,
! Pdins(4,5)P;

Figure 5.7Cellular events that lead to vacuole formation in macrophdgiesin et al., 2016%ee text for detadl
of stages ii and iii.

hyS 2F GKS  Udnddeliny le@gtdNJto fodclIAiR local increase in
phosphatidylinositol 4,%isphosphate [Ptdins(4,5)P2Bdtelho et al., 2000 mediated by
phosphatidylinositol 4hosphate Skinases (PIP5Ks) whose mgitment is bolstered by the

local activation of phospholipase Byér et al., 2004)Shortly after accumulating however,
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t GRLYaonpo0tH A& &AIYyAUOlIyGfe RSLISGSR FNR)
conversion into Ptdins(3,4,5)P3 by phosphoinositékinases (PI3KMarshallet al., 2001).

Ptdins(4,5)P2 can also be broken dowro diacylglycerol (DAG) and inositol (1,4,5)
trisphosphate (IP3) by phospholipase Cc (PUajshallet al., 2001). DAG and intracellular
calcium regulate a number of fettors involved in phagocytosis, including members of the
protein kinase C (PKC)rfaly and myosin light chain kinaskdrseret al., 2002). PKC has a
range of downstream targets that are implicated in phagocytosis. For example, plekstrin, the
major PKC Iposphorylation target in platelets, is expressed in macrophages and recruited to
the phagosome membrane during receptorediated phagocytosis (Brumell et al., 1999),

although its role there is unknown.

The culmination of this signaling cascade downstredmeceptor tails, together with the
generation of lipid intermediates at the sitd @ceptor engagement, leads to the spatial and
temporal activation of Arp2/3 by the local recruitment of nucleatjgromoting factors (NPFs)
(Goleyet al., 2004). Specifly, Arp2/3 binds tdoth Ptdins(4,5)P2 and Rifamily GTPases
particularly Cdc42mRac (Levin et al., 2016). These GTPases are activated locally by GEFs,
which are themselves recruited by signals at the plasma membrane such as PtdOH and PtdIns
(3,4,5)P3 This then gives rise to the elaborate branched actin networks associated with

phagocytosis (Levin et al., 2016).

The above signaling cascade describes that which is induced upon ligand binding to Fc
receptors, which areisgle span transmembrane protesrinvolved in opsonized phagocytosis
(Huber et al., 1976)0psonized phagocytosis involves Fc recepinding to particles coated

with opsonins, i.e., soluble molecules such as antibodies, surfactant proteins, mannose
binding proteins (Stuart and Ezekowit2005). Compared to opsonized phagocytosis;- hon
opsonizedphagocytosis has received far less attention but it is the type of phagocytosis

carried out by protists.

5.3.4.2. Noropsonized phagocytosis in macrophages

Non-opsonised phagocytosis involvegtimternalisation of particles via the direct recognition
of bacterial ligands (Pathogekssociated Molecular Patterns [PAMPs]) without the need of

enhanced stimuli given by opsonirgefg et al., 2016)Two main families of receptors are
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involved in noropsonic phagocytosis:-@pe lectins (Harb et al., 1998) arfsicavenger
WSOSLIi2NE o0t SNHzZ SO It ®X HamcO® az2dald AYyTF2NY
binding, is available for the mannose receptor (MR/CD206) which exists in both macrophages
(Drickamer and Fadden, 2002nd amoebae (Allen and Davidowic890). Howevergven

though activation ofPKCby MRIligand binding has been known for some time (Allen and
Aderem, 1996yletails of the other components of the signalling cascade have only come to

light recently (Rajaram et al., 2017).

The MR is a typell80-kDa transmembrane-y/pe lectin thatconsists of five domains which
includes a binding domain and a tail (Stahl et al., 1980). The tail is crucial for phagocytic
functions and its removal cangsiificantly reduce the uptake of prey (Ezekowitz et &90).

The MR cytoplasmic tail does not contain an ITAM motif and possesses only one tyrosine
NB&aARdzS® | 2chdh@uihibtEcontainsCa® WAM motif) is constitutively bound to it
(Schweizer efl., 2000) (Fig. 5.8).

Phagocytosis

M.t
(| e

i

Actin cytoskeleton re-
arrangement, phagocytosis &
endocytosis

Figure 5.8Main components ofhe signaling cascade induced upon the binding/gtobacterium
tuberculosigM.tb) to the mannose receptor in macrophages. See text for detRgaram et al.,
2017)
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In a study by Rajaram et §2017), it was thought tha$rc kinasanediated phosphoration

of the tyrosine residues was occurring in the MR, but this was not confirmed. However, the
authors did confirm thaBykbecame phosphorylated and 4ocalized with the MR early upon

MR activéion. They considered that Syk might be activated by a recruited Src kinase or
alternatively by binding to a constitutively 2 dzy” R-ch@ii® fihe study then went on to show
that the adaptor protein Grb2 (see Fig. 5.7ii) was recruited and phosphorylate&ty
Another 47 proteins were detected but their identity was undisclogedjaram et al., 2017)

so it is unknown at present whether one of these might have beaAi The study also
confirmed that Grb2 activated the Rdg Cdc42 and PAKwhich are importat for Factin

polymerization(Rajaram et al., 2017)

So, it is beginning to look as if the signaling cascades induced by receptors involved in both
opsonized and nowopsonized phagadic cup formation are similar and involve Syk and PKC
(and possibly LATWhat is also interesting, is that the ligand Rajaram et al. (2017) used for
activating the MR waMycobacterum tuberculosi@.tb) (Fig. 5.8) and there are reports of

tt ! w! gofddyh®E:nhanging its survival within host cells.
5.3.4.3. Phagocytosiof Mycobacteriumspp. and the involvement of PPAR

Mycobacterium tuberculosignfection begins with entry into macrophages where they
multiply within the phagosomes, by preventingggosome fusion with lysosomes (Armstrong
FYR RQ! NOeé& | | NdbsecappeuTlipoarabinotn&nSan fManLAM) from tive
tuberculosiscell surface has mannose and GIcNAc residues and interacts strongly with the

mannose receptor (Kang et al., 2005).

Rajaam et al. (2010) were the first td RSy (i A Trdediated sWjmaling paK g 8 Q A Y
macrophages that linked engagement of the mannose receptoiVbytuberculosis(or

ManLAM) with PPARactivation;alongside the activation of the p38 MAPK pathwflg. 5.9).

tt!tws FTOOGAGDEGAZ2Y SyKIyYyOSR 0l (Rajsandetal, 2@NE 4 ( K
whilet t ! wilencing decreased {fMahajan et al.,, 2012). The latter response was also
confirmed to occurin vivg using a macrophag& LISOA UO tt ! w! rthodd O] 2 dzi
(Guirado et al., 2018). Thus, PPARtivation in macrophagesicreasathe susceptibility of

host cells tdVl. tuberculosisnfection.
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Figure 4.9:A model proposing mannose receptor/PPAdRosstalk inMycobacterium tuberculosis
infection Rajaramet al., 2010).

More recently, Diaz Acosta et al. (2018) studied the infectof Schwann cells (SCs) with
Mycobacterium lepraeAn active crosstalk between the mannose receptor (CD206) and
tt!w! gla RSGSOUSR GKF UG f S Rorniafon an&BostagiaiazO i A 2 v
E2 (PGE2), which are fundamental players itdveat pathogenesis (Diaz Acosta et al., 2018).

A model proposing a key role for the phenolic glycolipid | (P@dured CD206 (mannose

NBE OS LJi 2 ND k t t M.uepraeed@patiodendsi§ was pfoposed (Fig. 5.10).
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Figure 5.10A model proposing key role for the phenalic glycolipid | (PGlnuced CD206 (mannose
NB OS LJi 2 ND k t t MyasobactériN® lapiatdurbpathojgfiesis (Diaz Acosta et al., 2018). See
text for details.

The model states that the recognition M. lepraeManLAM by baséie levels of CD206
Ffft26a a2YS oF OGSNARIt Sy (DMBAcbsis Rt alg 048). THerQ G A DI+ |
CD206 is upegulated, more bacteria are sensed which triggess@ N2 Y IS NJ aA Iy | f ¢
Fig. 5.10), where internalized. lepraepromotes K S | YLIX A FA Ol GA2Y 2F [ 5Hr
(Diaz Acosta et al., 2018). Details of the signalling cascades are absent or vague in this study

but the insinuation isthatas PPAR A & dzLINB 3 dzf | § SRY aM. leprae2 A ad (K

Indeed, stimulationof PPAR with the agonist MDG548 has been shown to increase
phagocytosis in the murine microglial cell line MMGT12 and increase the levels of the
mannose receptor and a scawgar receptor (CD68) (Lecca et al., 2018). Interestingly, when
cells were not prestimulated with bacterial lipopolysaccharide (LPS), PPadRvation
increased phagocytosis of necrotic neurons but not latex beads. Only when cells were pre

stimulated with IPS was there an increase in bead consumption (Lecca et al., 2018).
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In the current study, activation of th&. vermiformis®PARike molecule with known agonists,

and CBD, didot result in increased phagocytosis; quite the opposite. The reason for this is
currently unknown. However, it is interesting thadth models (Figs. 5.9 and1®), and the
study ofLecca et al. (2018jpvolve a PPARducedgenomicresponse in the nucleuand
therefore appear to be describing PPAR activation via mechaniS@e312.4.1. and Fig. 1.4).
There has been no mentiaiw date of a possible link betwen the mannose receptofor
indeed any other receptor)and a PPAlkhduced nongenomic response, wlah we
hypothesise to occur in protists. This might be the reason for the different responses obtained

here although this will require further study.

5.4. @nclusions

Of the 19 amoeba genera tested, it was ovilwermiformighat responded to PPAR agonists.

All severV. vermiformisstrains were susceptible tOEA and GW0742 but there were strain
differences with regards to their susceptibility to PEA anddtitazone. Each PPAR agonist
induced the same feeding response a®CBe., a feeding lag followed by reduced ingestion
rate. These negative responses were eliminated by blocking the PPAR with a specific
antagonist. Only the blocking with the PPA&htagonist eliminated the negative effect of
CBD.

It is hypothesised thaV. vermiformisdoes not contain three separate PPAR isoforms but
contains a promiscuous PPARKe molecule which can bind PPAR agonists and antagonists;
and CBD at the-binding site. liis also hypothesised that, due to the instantaneous effect of
PPAR activation of amoebic feeding, PPAR induces -germmic response whereby PPAR
does not bind to RXR in the nucleus but binds to other proteins outside the nucleus.Heom t
limited information available on this response, potential proteins for PB&Ring included
Syk, LAT and PKC which are all involved in the very early stages of reueptated

phagocytosis (whether opsonized or ropsonized).

Amoebae feed by noopsonized phagocgsis and receptors for mannose, GalNAc and
GIcNAC exist iv. vermiformisout CBD did not appear to interact directly with any of them
(Chapter 4). There isoweverevidence for crostalk between the mannose receptor and

PPARIn macroph@es, with the agvation of both leading to increased phagocytosis, possibly
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via a PPAlhduced genomic response (information on GalNAc and GIcNAc receptors is
unavailable). However, id. vermiformisactivation of PPAR did not increase phagocytosis, it
completely stoppedeeding for a given period of time. Therefore, the nature of any ctals
between a feeding receptor and a PPAR in an amoeba appears to be different and might be
due to it being a nomgenomic responselt might be that un-ligated PPARbindsto a given
protein (SyKLATPKChllowingits phosphorylationand downstreamsignalingto occur,but

on ligation this binding is prohibited, no phosphorylationtakes place and the signalling
cascade,which would normally culminate in actin polymerisationand phagocyic cup

formation, becomeson-functional(in the lag)andlessfunctional (after the lag)
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Chapter 6: Involvement of the dopamine and serotonin receptors in the mode

of action of CBD against amoebae
6.1. Introduction

The serotoninand dopamine receptors areneurotransmitters that are involved in
physiological processes such as appetite, emotmavement and cognitiofde Pedro et al.,

1998a, b; Frazer and Hensler, 1988shraet al., 2018).There are at least sevetistinct

serotonin receptor families @ ¢ s ddL X W@ @GCNI T SNI I yR | SH®Ef SNE
(a ligandion channel) being GCPR4azak et al., 2009). CBD has been shown to bingst to

HTia (De Gregorio et al., 2019) while AR#&s been shown to binB-HT; (Racz eal., 2008).

Dopamine receptors are all GPCRs and the family consists of D1, D2,8D8, D&eceptors

(Rashid et al., 2007AEA and CBD have been shown to bind to D2 (Beltramo et al., 2000;
Seeman, 2016) while THC has been shown to bind to D1 (Migaghad., 1996).

Dopamine receptor D1 has been identified in the cilidtetrahymena tiermophilaand
serotonin receptors have been identified Tretrahymengpyriformis(Csaba et al., 201Qjd
Daulaet al., 2012). So, this part of the study evaluated Wieetamoebae might have them,
and whether they played a role in theEA/CBBnduced redution in population growth
(observed in Chapter 3) and GBiduced feeding lag and reduced ingestion rate (observed in

Chapters 4 and 5).

The following experimentsuge F2dzNJ 60 f 201 SNA ® | | f 2 haSkddhaR2f A &
it blocks both receptor types. However, it does possess a higher affinitgeiamtonin
receptors (particularlyp-HT) over dopamine receptoréroeze et al., 28 Li et al., 2015 It
alsoexhibits selectivity for DR]ke dopamine receptors with Ki values of 1.2, 1.7, 2.3, 80 and
100nM for D2, D3, D4, D1 and D5, respectively (Lindsley and Hopkins, BO@thA)lockers
were specific for dopamine receptors. The tlirsE 300, is a potent D1 agonist with Ki
values of 0.08..9nM and 645nM for D1 and D2, respectively, although it does also display a
moderate affinity for the 8HTa receptor (Ki value of of 20nM) (Kassack et al., 2008¢.
second wa&.741,626, whiclkexhibits a strong antagonistaffinity for D2 with Ki values of 2.4,
100 and 220nM for D2, D3 and D4, respectively (Strange, 2008). The final blockeFWAY (S)
100135 dihydrochloride, a potent and selective inhibitor of the serotonin receptdfia (IGso
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of 15nM) with very littlesensitivity towards 8H4Tigz M/ I H I h me> 100anM} Y R 5 H
(Fletcher et al., 1993).

6.2. Results

6.2.1. Growth experiments with Haloperidol

All strains that were sensitive to AEA and/or CBD (Table 3.2) were subjegiegutation
growth experiments (with AEA and CBD at thé€is, Table 3.3) in the presence/absence of
10uM Haloperido{added 20 min prior to agonistiHaloperidol was slightly toxic to amoebae
at this concentration and induced a significant (P<0.05)%reduction in growth, compared
to the Control, in most awebae. The only exceptions werscanthamoeba castellanii
Flamella arnhemensis, Hartmannella cantabrigief€€AP1534/11) (see Appendix 7) and
Naegleria gruberiFig. 6.1).

OnlyN. gruberishowed 100% blocking (P<0.@i) Haloperidobf the negative effet of CBD;
it did not block the negative effect of AEA (Fig. 6.1) (data for other strains in Appendix 7).
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o

Fig 6.1:Blocking putative dopamine and serotonin receptordNimegleria grubarwith Haloperidol
(10uM) pre-incubation abolished the negativefett of CBD (at 0.78V) on population growth but did
not affect the action of AEA (at 148l). **Significant difference (P<0.01) to agonist alone.
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A dose response experiment, performed three times, showed that the population growth of
N. gruberiwith CBDalone (0.72M) was significantly lower than in the presence of 10uM and
1puM Haloperidol (P<0.01) but was equivalent in the presence of 0.1uM Halopf?=0.75),
suggesting an MI€1uM (Fig. 6.2).

120 *% *% *% *% *% *%
100 -
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% population growth compared to control
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o
|

Figure 6.2Population growth (compared to theo@trol) of Naegleria gruberin the presence of CBD

(at 0.72uM), with/without a preincubation with different concentrations (0.0aOuM) of
Haloperidol. Growth in the presence of Haloperidol alone is also shown. **Significant difference
(P<0.01) to CBDale.

6.2.2. Feeding experient with Haloperidol

The feeding ofN. gruberion beads was monitored in the presence of CBD (0.72uM)
with/without 10uM Haloperidol. Experiments were performed three tim€&D induced a lag

of 24 min (Fig. 6.3) and then ingeastirate was significantly Yeer compared to the other three
treatments (P<0.01). The presence of Haloperidol, with CBD, abolished the lag phase and
alleviated the negative effect on ingestion rate, although it was not 100% alleviated as rates

for Haloperiabl alone and Haloperidol witCBD were significantly different (P<0.01).

Thus, either the blocking of the dopamine receptor or serotonin receptor (or both) were
considered responsible for this alleviation of the negative effect of CBD. Experiments went on

to try and separate out thee two receptors using more specific blocking agents.
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Control 0.217+0.001 0.00+0.00
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CBD 0.150+0.006** 24.16%2.72**
CBD Haloperidol 0.190+0.008 0.00£0.00

Figure 6.3: Feeding ofNaegleria gruberbn beads in the presence/absence of CBD (at 0.72uM),
with/without a pre-incubation with 10uM Haloperidol. Feeding in the presence of Haloperidol alone
is also shownCalculatedspecific ingestion rates (prey/cell/min) and lag phases (min) also shown.
**Significant difference (P<0.01) to Control [OuM].

6.2.3. Growth experiments with separate dopamine and serotonin receptor blockers

Growth experiments were carried out witiN. grberi and CBD (0.72uM) in the
presence/absence of three blockers at concentat ranging from 0.001 to 10uM.
Experiments were performed three timesxperiments with LE300, specific for dopamine D1,
were unsuccessful because the blocker itself was taxi¢. tgruberieven at 0.00uM. At this

concentration it was more toxic thaBBD alone at its $6{Fig. 6.4a).
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L741,626, which specifically blocks D2, was also toxM. tgruberiand yielded a 4%0%
population growth, compared to #nControl, in the presence of 10, 1 and 0.1uM @=idp). It

was less toxic at 0.01 and 0.001puM which allowed some level of statistical analysis to carried
out. It appeared that blocking this receptor at 0.00D1uM had no significant effect on the
actionof CBD (ANOVA P=0.11).

The final blocker was (8YAY 100135 dihydrochloride which is a potent and sele&iMa:a
antagonist (Fig. 6.4c). This blocker was not as toxI. tgruberias the dopamine receptor
blockers but it did significantly reduce poptibn growth by 15% at 1@nd 1uM SWAY
(P<0.01) but not at 0.1uM (P=0.11). CBD alone (atuMj2educed population growth by

50% and this was alleviated byWFAY concentrations dfO to 0.01uM (P<0.01) but not at
0.001uM (P=0.54) suggesting an MICO1uM. The blocking of CBD IBWAY was 100%
effective at concentrations of 10 and 1uM with no significant difference between the effect
of SWAY alone and-8/AY+CBD (P = 0.27 and 0.69, respectively). Blocking was not 100%

effective at 0.1uM and 0.01uM, indittag that a doseresponseexists here.

6.3. Discussion
6.3.1. Effect of CBD adN. gruberifeeding

The feeding of wtreated N. gruberishowed no feeding lag and gave an ingestion rate of
0.217+0.001 beads/cell/min (Fig. 6.3). This is within the rangerded for the similasized
(Table 3.4)V. vermiformisfeeding on the same concentration of beads (GQlZ8
prey/cell/min, Chapters 4 and 5Jhe presence of CBD (at OuiR2) induced a feding lag of

ca. 24 min and reduced the ingestion rate compared lie Control (Fig. 6.3). The lag was
shorter than those recorded by. vermiformis but these themselves were highly variable

(34.4274.41, Chapters 4 and 5); a feature of the response thatirrently unexplainable.

However, what this experiment showed@wa G Kl 0 /. 5Qa yS3l GABS STFS
a different species t&. vermiformisand so evidence is starting to build up that the reduction

in amoebic population growth over three gamight be primarily due to its effect on feeding.

However, this annot be said for AEA, as demonstrated by a lack of effest.arermiformis

feeding with this cannabinoid (Figure 4.2).
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6.3.2. Blocking experiments
6.3.2.1. Suitability of the chosen repgor blockers

Of the four blockers used in this study, data fromyotwo were reliable enough for robust

statistical analysis, i.e., Haloperidol andV&Y. The dopamine receptor blockers were very

toxic to N. gruberiand induced a reduction in populatiogrowth at concentrations of

0.003uM (LE 300) and 0.¢M (L741,626)These were lower than the toxic concentrations of

SWAY (0.uM) and Haloperidol (16a 0 @ ¢ KS adzLJLJX A SND&a al ¥Sadeée RI
available data on the toxicity of LEE 30041,65 and SNVAY but classifies Haloperidol (the

least toxic to amoebagys being acutely toxic. Although these experiments gave encouraging
results with regards to the presence of a putative serotonin receptd.igruber; less toxic

dopamine receptor blocks should be sought in order to repeat these experiments.

6.3.2.2. Population growth of amoebae in the presence of AEA and CBD with/without

Haloperidol

The population growth of 6 amoeba species (13 strains, Table 3.3) were monitored in the
presence of AEA/CBD with/without {1 Haloperidol. Only one specids, gruberj showed

an alleviation of the CBD effect, but not the AEA effect (Fig. 6.1). Halopbluiking was

then shown to act in a dosdependent mannerNIIC>0. DHuM, Fig. 6.2)This was a species
that had not been responsive to PPAR agonists (Table 5.1). Selyeall sevenV.
vermiformis strains responded PPAR blocking (see 5.2.1.2) but nasponded to

Haloperidol.

This might suggest an either/or situation with regards to what cannabinoid receptor is present
in amoebae, as opposed to their cells possagsmltiple targets, but it is far too early to say

for definite. But it was expected &t V. vermiformisvould show a response to Haloperidol
because there are some studies which have reported a link between OEA) BRéARe
dopamine receptor (Melis et al., 200Buchicchi et al. 2010; Tellez et al. 2013; Hankir et al.
2017). The proposeahechanism also involves a ngenomic effect whereby PPAIReceptor
activation by OEA, activates protein kinases responsiblénéophosphorylation status of the
nicotinic acetylcholine receptors (NAChRS). This then modifies the response of dopaminergic

neurons to nicotine (Melis et al. 2008; Luchicchi et al. 2010). Considering the action of CBD
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on V. vermiformisvas most like OEA i Ay 02T SR/ RVta S wO 2-yidudedR S NB R
non-genomic effects to occur in amoebae (Chapter 4), this study expectsth@mitant
dopamine receptor to be present, but it was not. However, it would be worth testing this
amoeba species again with specific (non tgxaxdpamine receptor blocker as Haloperidol,

even though it can block dopamine receptors, has a much higHertaffor serotonin
receptors (Kroeze et al., 2003; Li et al., 2016); and it was a putative serotonin receptor that
was identified inN. gruberiwith both Haloperidol and-8VAY.

Also, Haloperidol is described as a classic antipsychotic that employstitsramainly via
dopamine DZeceptor antagonism and slow receptor dissociation kinetics (Li et al., 2016). In
addition, Haloperidol is a subtygelective NmethylD-aspartate antagonist that belongs to
the first generation of antipsychotic drugs whichnche classified into different chemical
classes such as phenothiazines (Samara et al., 2014), thioxanthenes (Fux and Belmaker, 1991)
and diphenylbtylpiperidines (GunduBruce et al., 2013).It is the most common
antipsychotics drug used in the treatment patients diagnosed with chronic or acute
schizophrenia disordgGeddes et al., 2000). Haloperidol is also used in the therapy of other
disorders for instance, psychosis, bipolar and behavioural disorders (i.e. hyperadqtividip)

and Ishizaki, 1999). Howevelrthere is evidence that it does not alleviate the effect of CBD in
patients. Zuardi et al. (1995) studied the administering of Haloperidgbatients with
schizophrenia who had been given CBD. Haloperidol had no effgbe antipsychotic action

of CBD.

6.3.2.3.Population growth ofN. gruberiin the presence of CBD with/without-8VAY

A putative serotonin receptor was identified é grukeri based on the fact that Haloperidol
and SWAY both blocked the negative effeof CBD on population growth. This was an
interesting result because CBD is known to bind-téTin animalsDe Gregorio et al., 20)9
and SWAY is a potent anderyselecive inhibitor of 5SHT:a (Fletcher et al., 1993). Indeed, De
Gregorio et al. (201)%howed that rats treated with a repetitive low dose of CBD exhibited a
reduction in anxiety symptoms after activation of theH3iareceptor, and that this arti
anxiety effet was alleviated by a potenti3Tia antagonist (WAY 100635). Others have found
similar responses in different animal modé@Hind et al., 2016; Sartim et al., 2016; Lee et al.,

2017).
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Considering a serotonin receptor has been reported to be presefdtiahymena pyriformis
(Csaba et al., 2010) it is not inconceivable thagruberimight possess one too. The study of
Csaba et al. (2010) however is vague, and little can be gained regarding any direct cellular
effect of receptorligand binding. Phagocyseof the immune systa possess serotonin
receptors and have been studied more extensively; although there is still very little with
regards to their role in phagocytosis. Macrophages possess serotonin receptors eHihe 5
class (Sternberg ell., 1986) wile monocytes possesreceptors from five of the seven
families (51 ¢ s  dzHE) {Hellstrand and Hermodsson, 199Bjirk et al., 2005). With
regards to feeding, Nannmark abL (1992) showed that direct treatment of
polymorphonuclear leukocytes with serotonin suppressedayaminduced phagocytosis. In
contrast, Norhover (1961) showed that serotonin stimulated polymorphonuclear leukocyte
phagocytosis of staphylococci and Schwfiérner and Splettstoesser (1999) went on to show
that this was doselependent. Andjn vivg CBDhas been shown to stop the hyperphagia
behavour in rats that is activated by-HTia receptor agonist OHDPAT (Scopinho et al.,
2011).

6.4. Conclusions

Of the 6amoeba species (13 strains) tested, it was d¥lygruberithat responded to the
antagonistc action of Haloperidol and\WAY, in the prsence of CBD. Both blockers abolished
the effect of CBD on population growth at 10 and 1uM, but not at 0.1uM. CBD induced a
feeding lag and reduced ingestion rates, as had been previously recorded.wighmibrmis

This now shows that the feeding oflaist two amoeba species is affected by CBD, and is the
possible reason for reduced population growth over three daialoperidol abolished the
feeding lag and reduced ingestion rate apuM It is hypothesise that CBD is binding to the

5-HTiareceptor, as it does in higher animals.
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Chapter 7: General Disgssion

Endocannabinoids, e.g. Anandamide (AEA), are lipid compounds which together with their
receptors (e.g. CB1, CB2), and metabolizngymes, form the human endocannabinoid

system (ECS) (Gtanus et al. 2013); affecting mood, cognition, appetite, pain, memory etc.
{AYAEFNISTFSOGa | NB [|-t@rahydibcanrBlbtdiob(BHC/psyghgactive) & R dz
and cannabidiol (CBD, ngusychoactive) receptebinding. However, many of their effec

cannot be attributed solely to binding to these receptors and another 63 molecular targets

have been proposed (Bih et al. 2015). Further knowledge regarding these alternative targets

could increas the potential therapeutic use of phytocannabinoids.

Sirglecelled protists such as amoebae and ciliates do not possess any of the main
cannabinoid receptors (CB1, CB2, GPR55 and TRPV1) (McPartland et al. 2006) yet they
respond to cannabinoids, often shavg a reduction in motility and arrest in cell division
(McClean & Zimmerman 1976; Pringle et al. 1979; Zimmerman et al. 1981; Dey et al. 2010).
Accordingly, these protists offer an opportunity to examine the role of alternative molecular
targets in the ation of cannabinoids on cells. This study therefore eatd the role of three

such targets (PPAR, Dopamine, Serotonin) on the action of CBD and AEA on naked amoebae.
7.1. Amoebic sensitivity to AEA and CBD

A total of 27 amoeba strains, which compris#ispecies, were tested for their sensitivity to

AEA andCBD. Fourteen species (70%) were insensitive while 6 species (30%) were sensitive.

All 6 were sensitive to CBD but only 4 were also sensitive to AEA. There appeared to be no
correlation between sensvity and phylogenetic position, with differences in séivity being

evident within a single order (e.g. Order Echinamoebid®¥ermamoebad a8 Sy a A 1 A @S¢
Echinamoebat y 21 &aSyaAidA@dSeéod ! fa23y RAFFSNByOSa g4
family Hartmannellidae Hartmannellad & S y & Sagchr@oSba ¥ 280y 338 0 A @S €0 | Yy R
difference within the same genus (e.gcanthamoebac A. castellanid a8 Sy & MO A @S¢ >

polyphagad y 2 i ASYyaAiaA@Séuv o

Regarding cell size, in general, the susceptible strains were at the lower end of the cell size

spectrum (Table 3.4), kaver, the very high concentration used (200uM) would have been
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expected to significantly affect the very athcells oP. filosumandE. silvestriff cell size was

a compounding factor, but it did not.

Lastly, there was no relationship between sengiivand the source of the amoeba, for
example, V. vermiformisstrains were isolated from different environmts (soil and

freshwater) in four different countries and all were sensitive to CBD and AEA.

For those sensitive strains, CBD and AEA reduced pgapulgrowth over 3 days in a dose
dependent manner and, higher concentrations proved lethal. Lower condsrsainduced

a lag followed by reduced growth rate which was dose dependent. It was discovered that, for
CBD, this reduction in population growthass due to the disruption of amoebic feeding

(Section 7.3) however, this was not the case for AEA (Secpn 7.
7.2. Amoebic response to AEA

AEA, at 2uM, had no significant effect ¥nvermiformideeding, although a slight lag was
evident. However, the BA concentration might have been too low to give a significant result.

A concentration of 2uM AEA (and CBI2s chosen as this value was close to their IC50 values
and would allow a direct comparison of their effect. But, 2uM is above the IC50 for GBD (IC

= 1.01uM) and below the IC50 for AEA (IC50 = 2.33uM) (Table 3.3). Experiments should be
repeated with hidper concentrations of AEA to confirm/deny any effect on feeding in this

amoeba.

AEA, at 2uM, did have a significant effectvarnvermiformigpopulation growth however, and
considering this is not due to reduced feeding the reason for this remains unknown
Population growth relies on successful ingestion and assimilation of prey so the mode of

action of AEA might be at the assimilation stage, andim@ingestion phase.

Assimilation is the process by which digested material in the food vacuole/phagosome i
absorbed into the cytoplasm of the cell to generate progeny (Verma, 2001). In protists,
assimilation efficiency, or more commonly termed Grosswind=fficiency (GGE), is defined

as the volume of carbon produced (in protists) from the volume of preywuoesl (Rose et

al., 2009). GGEs are always <100% because protists notoriously convert much of the organic
carbon, nitrogen and phosphorus in theiregrto inorganic forms, then release them in a

process known as remineralisation (Coull and Chandler, 2001).
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GGE estimates for amoebae are rare but one study (Butler and Rogerson, 1996) provided
estimates for 10 species at ZD which is close to the 23 u®d in the current study. GGEs
ranged from 13.7% to 56% with variations within a genus being evident-2038%
(Stereomyxa ramose, Dactydamoedia, Rhizamoebap.), 26.636.1% Yannella caledonica
Paraflabellula reniformis,Vahlkampfia baltica and 41.156% Clydonella rosenfieldi
Platyamoebasp., Vahlkampfia damariscottae, Vannelip.) (Butler and Rogersot996).
Zubkov and Sleigh (1998) recorded a GGE of 60%/danella septentrionalidut no
temperature was stated, and it is known that GGEs increstie increasing temperature
which suggests that amoebae convert food into biomass with increased efficmigher

temperatures (Butler and Rogerson, 1996).

The energy required for assimilation and cellular respiration is provided by mitochondria. It
has been reported the AEA can directly inhibit the function of mitochondria in rats and
decreased the sensitity of C&*in a dosedependent manner (Catanzaro et al., 2009). The
study continued to indicate that these effects are not due to AEA recdptating, but due

to its direct effect on mitochondria and it was accompanied with decreasing of membrane
potential and increasing the fluidity of the membrane. Moreover, AEA has been proposed to
inhibit the synthesis of ATP (Zaccagnino et al., 2011).ditiad, treatment with AEA reduced

the respiration of mouse brain mitochondria by 30% mediated by CB1 rec@pénard et al.,
2012). Anandamide also inhibited the activity of complexes I, Il/lll and IV of transport chain in
pig brain mitochondrigSinghet al., 2015). Other studies indicate that AEA negatively affects
the function of mitochondria in different tissues such as the nerve cells and sperm resulting
in an inability to perform their functions properly (Rossato et al., 2005; Zaccagnino et al.,
2011). In addition, AEA has been shown to reduce oxygen consumption and decrease the
potential of the mitochondrial membrane, and its permeability, in rats (Epps et al., 1982;

Athanasiou et al., 2007).

Considering amoeba possess mitochondria, they could ppessible target for AEA. Further
studies on the effect of AEA on mitochondria in amoebae should be performed to evaluate
whether AEA is targeting the mitochondria or not, and this could be carried out by measuring
the ATP molecules produced and the wityi of the ATPase enzyme. Zaccagnino et al. (2011)
examined the effect of AEA on mitochondria by direct measurements of mitochondrial FoF1

ATP synthase complex. This study concluded that AEA inhibited the oxidative phosphorylation
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and reduced the releassg of ATP, resulting in dysfunction of mitochondria. Repeating such a

study Including measurements of oxygen consumption with amoeba would be beneficial

Alternatively, AEA might directly target the cell cycle of amoeba as it has been reported to
cause antproliferation action on mammalian carcinoma cells (Xie et al., 2012). This study
indicated that AEA caused inhibition of proliferation in the Huh7 cell line by causing cell cycle
arresting at the G1 phase and stimulated apoptosis. In addition, AEA luhit tancerous
cells in the gastric gland to arresting the cell cycle in the G2/M phase (Dong et al., 2014).
Furthermore, other cannabinoids such as CBD have been shown to hayeaii@ration

and antidifferentiation effects orDictyostelium discoiden (Bram et al., 1976).

Whatever the mode of action, it did not appear to involve the binding of AEA to receptors for
PPAR, Dopamine or Serotonin, as when these receptors were blocked with antagonists there
was no alleviation of the AEAduced reduction irpopulation growth. AEA therefore seems

to act on cells in a very different manner to CBD and future work should look at whether any
of the other molecular targets summarised in Bih et al (2015), such as opioid and

acetylcholine, are involved.
7.3.Effect ofCBD on amoebic feeding
7.3.1. Amoebic feeding in the absence of CBD

Feeding experiments witN. vermiformisshowed that it could ingest inert beads and live
Synechococcuat equivalent rates. These rates were reduced in the presence mannose,
GalNAc and GINAC suggesting that this amoeba possesses three correspondime C

lectins.

Many studies have indicated thatt{pe lectin receptors are involve in the feeding of amoeba,
particularly lectins for mannose (Bracha et al., 1982; Allen and Dawdp®®90Garate et

al. 2004; Alsam et al., 2005) and GalNAc (Ravdin and Guerrant, 1981; Ravdin et al., 1985; Petri
et al., 1987; Venkataraman et al., 1997; Harb et al., 1998; Bar et al., 2015). The current study
recorded a reduction in ingestion &ynecbcoccusby V. vermiformisin the presence of
mannose, GalNAc and GIcNAc, however, no lag phase was induced. GlcNac was the most
potent sugar blocker (73% reduction in feeding), followed by mannose (66% reduction) and

then GalNac (53% reduction).
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Treatment with GEkNAc led to the strongest inhibition of ingestion YA vermiformis
adZAaA3SadAy3a AlG sla y2ia 2yte o0AYRAYy3I WgSE1fteqQ
WEAGNRY3IfTeQ (2 AdGa 26y NBOSLII2NX® LYy bfRAGAZ2YS
CB>-induced lag phase whereas blocking with mannose and GalNAc did not. These data
therefore support the case for presence of three distinct sugar receptdrs vermiformisas

has been suggested f@r. discoideun{Bozzaro & Roseman, 1983) andrececenty, forT.

pyriformis (Boboc, 2019). Future work could look at other amoebae and see if this is a

common feature between them.

In addition to Gype lectins, another group of receptors (Scavenger receptors, SRs), that are
also surface membraneygloprotens, are used for the recognition of carbohydrates in prey

to facilitate phagocytosis (Perun et al., 2016). The Class B scavenger receptors bind to the
lipoteichoic acid of Gramositive bacteria (Hoebe et al., 2005; Stuart et al., 2005) and the
lipid A ofthe lipopolysaccharide layer of Gramegative bacteria (Baranova et al., 2008). In
2018, Sattler et al reported thabD. discoideunpossesses homologous receptors to the
mammalian class B scavenger receptors, EINIRd CD36, i.e. LmpA and LmpBpezxtivey.

The LmpA was found in endosomes and phagolysosomes and played a role in the binding and
phagocytosis of bacteria (particularly Grgoositive strains) while LmpB was localized to the
plasma membrane and early phagosomes and was exclusivelyeahalthe uptake of Gram

positive bacteria (Sattler et al. 2018).

An unpublished study in Lancaster university also investigated the participation of SRs in the
feeding of protist, specifically, in the ciliale pyriformis(Parry, unpublished). The styd
concluced that SRs were not involved in the uptakePsieudomonas aeruginosewever,

they appear to be involved in the uptake of li@gnechococcuells. Since the current study
employed the same prey (liv&ynechococcuells) in amoebic feeding experents, t would

be interesting to see if CBD interacts with these receptorg.irermiformiqusing Dextran

Sulphate to block the scavenger receptors).
7.3.2. Amoebic feeding response in the presence of CBD

CBD induced a feeding lag followed by a redbLingesion rate in bothV. vermiformiandN.

gruberi This should be tested on the other 4 susceptible amoeba strains to confirm that this
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is the inherent effect of CBD on amoebae (and not just the specific effect on these two

species).

The longterm effect of CBD orV. vermiformiscompared torl. pyriformis was thought to be

due to a reduced capacity for metabolizing CBD within the amoebic cell (possibly due to the
lack of CYPSs). It is unknown whether these protists differ in their ability to de@®&be whic

might affect its longevity in their cells. In all human cells, CBD is metabolised by cytochrome
P450 oxidases, sulfotransferases and glucuronyl transferases (Ujvary and Hanus, 2016). Most
work has been performed on P450 oxidases (CYPs) whichnayenesnecessary for the
YSiFo2tAayYy 2F RNHZAa 6~NB20SNI SG FfdX Hamyo o
six of them (CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP3A5) are responsible fo
metabolising 90% of medicinal drugs (Lynch ancelP2007) Of these, CYP2C19 metabolises

CBD, (Stout and Cimino, 2014). Interestinggtrahymena thermophil@ossesses 102 CYP
homologues (www.ciliate.org), the slime mouldictyostelium discoideunpossesses 9
(www.dictybase) whilsAcanthamoeba castellarpossesses only 1 anBntamoebaspp. and

Naegleria fowleri possess none (www.amoebadb.org). Although there is very little
information on the amoeba with regards to metabolism of CBD (Ujvary and Hanus, 2016), it
might be thatV. verniformis, like other amoebae,gssesses a limited ability to degrade CBD

within their cells and this might explain the longevity of the drug actiorWorermiformis

compared toT. pyriformis

Moreover, the longevity of drug in the cell is depending oe #ificiency of dissociationfo
drug from its corresponding receptor (Vauquelin and Charlton, 2010). Therefore, the rate of
dissociation is considered a crucial element to determine the effectiveness of drugs, the
slower the dissociation rate, the longdre effect will last (Holdgat2017). This rate depends
on different factors including temperature and the existence of the catalysis enzymes

(Cooper, 2000).

The enzymes responsible for catalysis and metabolism of lipids are present dominantly in the
endodasmic reticulum (ERRA4ff et al., 2002). Since CBD is a lipid molecule, it raises the
possibility that the effect of CBD on amoeba might be occurring within the ER, leading to a
slow dissociation of this cannabinoid and long lasting activity in thede éd$o, it has been

reported that CBD causes apoptosis of Hepatic stellate cells (HSC) in mice by evoking stress
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activity on the ERy stimulating Protein kinase-lke endoplasmic reticulum kinase (Lim et
al., 2011). Thus, a study to examine the dffec CBD on the ER in amoebawd be

interesting step to evaluate the extent of CBD potency on them.

The fact that a longer feeding lag resulted ilower subsequent ingestion rate suggested the

two responses are coupled in some wagBD did not appeao directly interact withV.
vermiformiQd FSSRAY 3 NBOSLII2NEZ a2 Ad &l & LINRBLR2AS
receptor. When the @ype lectins were individually blocked (mannose, GalNAc and GIcNAc)

in the presence of CBD, there was no inteiaetbetween mannose and GalNAeceptors

FYR / .5® |1 2SOSNE GKS Df Ob! O NBOSLII 2N WAy G SN
presence of CBD led to double the duration of feeding lag. It was hypothesised that the
unidentified CBD receptor and ®lAc receptor were both involek with controlling

phagosome formation rate whereas receptors for mannose and GalNAc are involved with

prey capture and phagosome filling. No other studies have been carried out on this process

to which the results of this stly can be compared.
7.4. Modeof action of CBD iv. vermiformis

There are many stages involved in the successful formation and processing of phagosomes
FYR -NBKOSIFGI2ND O2dzZ R 0SS Ay@2ft SR Ay |yeé 2F |
evidence, ths receptor was not consideregd be involved in phagosome closure, detachment,
trafficking, defecation and endocytosis. Instead, it was considered to be involved in

phagosome formation) and/or membrane recycling.

The mechanism of phagosome formation andtaration in protists is stilpoorly described

but is considered to be similar to that of macrophages. the process begins when the
phagocytic cell recognises the binding ligands of the prey cell in a reeggp@ndent way

(Levin et al., 2016)This recogition leads to signal pathwaythat stimulate the reshaping of

the actin cytoskeleton and the extension of pseudopodia to enclose the prey in a phagocytic
cup (Duhon and Cardelli, 2002; Cosson and Soldati, 2008; Pauwels et al., 2017). The complete
closirg of the phagocytic cup leadls the formation of the phagosome, which is inert until it
maturates via a complicated series of fusion events with endosomes and then with lysosomes
(which contain digestive enzymes) (Haas, 2007; Pauwels et al., 2017)ndlrsdge is the

defecation ofwaste materials and the recycling of the phagosome membrane to make new
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phagosomes (Allen and Fok, 1980; Gotthardt et al., 2002). It has been highlighted that Syk,
LAT and PKC are involved in the initial stages of phagosanmatfon in macrophages; in
specific, the signaling cascade in the recognition of prey and signalling pathway of extension

of pseudopodia to form the phagocytic cup (Unsworth et al. 2018).

As far as the possible identity of the GEIReptor was concernedhree potential targets

were @l f dzZF SR o6tt!wX {SNRO2YAYZ 52LI YAYS0O® h¥
resulted in the alleviation of the CBD effect Vh vermiformis This was a very specific
interaction as, out of all. 20 amoebic species testedais only. vermiformighat responded

to PPAR agonists. All sewénvermiformisstrains were susceptible to OEA and GW0742 but

there were strain differences with regards to their susceptibility to PEA and Rosiglitazone.

Each PPAR agonist induced the sdeeding response as CBD,,ia&feeding lag followed by

reduced ingestion rate. These negative responses were eliminated by blocking the PPAR with

I ALISOAFAO Fyldl3I2yAadod hyte GKS o0ft201Ay3 GA
effect of CBD.

PPARs have been shown to irgter with Syk,LATand PKCproteins in the Nongenomic

regulation of platelet§Unsworth et al. 2018) ¢ KSNBlF a tt ! wh | yR tt! wi
decrease in intracellular mobilization of calcium and activation of platelgtsworth et al.

2017) Thisinh 6 AGA2Y A& RdzS G2 GKS NBRdAzOGAZ2Y 2F tY
tt! wh 2Nt tetemnings itstaaiability toRacilitate downstream signalling (Ali et

Ff®S Hangpod® ¢NBIFOGYSYyld sAOGK tt! w! AJitgy Ra Ay
signaling initiated by the GPVI collagen receptor (Unsworth et al. 2018).

Therefore, it is hypthesised thatV. vermiformigontains a promiscuous PPAke molecule

GKAOK Oly O0AYR tt!w | 32y Aadildinding/dRe. Dug (dhed 2 y A & U
instantaneous effect of CBD on amoebic feeding, it suggests that PPAR inducegeaoionic

response whereby PPAR binds to proteins outside the nucleus. Potential proteins for PPAR
binding included Syk, LAT and PKC which are all involved in the tegeg ®f receptor

mediated phagocytosis. It might be that digated PPAR binds to this protein aliog its
phosphorylation and downstream signaling to occur, but on ligation this binding is prohibited,

no phosphorylation takes place and the signallingceae, which would normally culminate
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in actin polymerisation and phagocytic cup formation, becomes-functional (in the lag)

and less functional (after the lag).

Protein phosphorylation is a distinctive sign of signalling cascades and has a crudial role
different biological activities in the cell, such as detection of activation and deactivation of
receptors (McCance and Huether, 2014). Therefore, further studies to confirm the
highlighted hypothesis should be performed on this amoeba by detectirg pitotein
phosphorylation and measure its level using a suitable protein detecting method such as
Kinase Activity Assays or ELISA. Also, sequencing could give a deeper understanding on what

this amoeba has in its genome.

Although protists do not perform gonised phagocytosis, complement proteins (CPs) have
been found in the cytoplasm of singbell eukayotes (Elvington et al., 2016). Vinculin is one
such CP, and is an actin binding protein which plays an important role, with Talireatid,F

in formingstable cell matrix adhesion (De Beco et al., 2012). Vinculin is also a key factor for
phagosome forration, and interacts with cascades involving Syk, FAK, Pyk2, and Src (Allen
and Aderem, 1996; Jaumouillé et al., 201®oreover, it has been indicated thahe
mechanism of action of alpHsl beta-2 integrins couple to actin cytoskeleton to form the

phagogtic cup is mediated by Talin and Vinculin (Allen and Aderem, 1996).

Interestingly,V. vermiformigpossesses a gene for the Vinculin (Kang et al., 202Ghang is
some evidence in other cells, that Vinculin interacts with CBD (Elbaz et al.,2015)t dtwis,
be that CBD interacts with VinculinVfh vermiformisresulting in an inhibition of phagosome

formation but this requires testing.
7.5. Comparien of V. vermiformisresponse to cells of higher animals

There are significant similarities betwe@EA and CBD with regards to their mode of action

in animals andVv. vermiformis These similarities can be summarised in that OEA has an
anorexiant effectn mice, i.e., it can stop feeding completely and then reduce food intake
(Rodriguez de Fonseca et, &001; Diep et al., 2011). The same response was recordéd in
vermiformiswith all PPAR agonists and CBD. Moreover, PEA is significantly less patent tha
OEA and AEA has no effect (Rodriguez de Fonseca et al., 2001; Diep et al., 2011). This response

was also recorded witNW. vermiformis Furthermore, administration of OEA in mice causes a
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dosedependent delay in the feeding onset (Gaetani et al., 2008Han Azariet al., 2014).

Also, the effect of CBD on the feeding lag and ingestion ratés gérniformis was dose

dependent (doseesponses of PPAR agonists were not performed). In addition, OEA does not
reduce feeding in animals if they lack a functoh t t ! wh 3ISyS> &dza3asSai
activation is crucial for mediating its hypophagic actions €fal., 2003). Similarly, in the

current study, all agonishduced lags and reduced feeding rates were abolished with PPAR
antagonists, and for OEAandCBDG KA a ¢l a GKS o0f201Ay3 2F GKS

It is also interesting to note that OEA onlyokes a delayed feeding onset and reduced meal
size in fooddeprived rats (only the former in well fed mice) (Gaetani et al., 2003; Karimian
Azariet al., 204). In the current studyy. vermiformisvould have also been foedeprived
after 7 days culturingnpor to experiments. It would be interesting to repeat experiments with

well-fed cells to see if only a lag phase is induced.

However, the mode of action @EA in animals is not completely understood, but it has been
reported that an elevated concentrayp 2 ¥ h 9! | LJIJSFNAR G2 WIiINRO]Q
are full (satiated), which stops them feeding (Rodriguez de Fonseca et al., 2001; Diep et al.,
2011).This mode of action might also be pertinent to protists, in that, if membrane is limited

for phago®me formation (at satiation), or there are defunct receptiniven signalling

cascades, protists cannot produce pseudopodia to feed (Boenigk et al., 2001).

7.6. Involvement of serotonin receptors in the mode of action of CBD against

amoebae

Only N. grubei responded to the antagonistic action of Haloperidol andiVAY, in the
presence of CBD. Both blockers abolished the effect of CBD on population gral@tfaadl

1uM, but not at 0.1uM. CBD induced a feeding lag and reduced ingestion rates, as had been
previously recorded withV. vermiformisThis showed that the feeding of at least two amoeba
species is affected by CBD, and is the possible reason for regopedation growth over

three days.

There is very little on the role of serotonin receptors and phagocytosis, however, serotonin
has been found to increase the phagocytic action of macrophages in mouse; mediated by the
51 ¢m! NBOSLII 2 NI 6.,CNB)ANGEover OBD bas beenSshiato ktdp the
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hyperphagia behaviour in rats when theHa 1A receptor is activated by the agonisDBt
DPAT (Scopinho et al., 2011). The current study proposedNthgituberipossesses aBT1A
serotonin receptor but due to lack of time, the current stughuld not continue studying the
effect of serotonin receptor and CBD on the feedingNof gruberi This needs further
examination to understand the mechanism in which serotonin receptors mediated feeding

processes in this amoeba.
7.7. Conclusions

Overal] the study concludes that CBD is more potent against amoebae than AEA and that
there is no correlation between sensitivity and amoebic phylogeney. CBD affects amoebic
feeding (by targeting vacuole formation/membrane recycling) while AEA might possday aff
processes involved with the assimilation of prey. The study suggestsvthegrmiformis
possesses a promiscuous PRKR molecule that can bind CBD at a potential alpfize site

and instigate a noenomic response which prevents phagocytic cupmition. It is
hypothesised thalN. gruberpossesses aBHT1A serotonistype receptor whiclkcan bind CBD

but the phagocytic stage which is targeted has yet to be confirmed.

¢tKS addzRe KlFla OGKSNBT2NBE ARSYGATA piwposedbyd | G f
Bih et al. (2015) are involved in amoebic feeding and population growth. Tirapiesand

easy to culture, cells now provide a viable cell model for further studies on the interaction of

these receptors with CBD; as these cells do not pos§essS WO2YLIX AOI A2y Q
cannabinoid receptors CB1/2, GPR55 and TRPV1, as do otheyaidkaells. In addition,

further work on these amoebae will provide important information on the ancestry of the ECS

in eukaryotic cells.
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APPENDIX: Media formulations

AmoebaSaline(AS)
Stockl.:
NacCl
MgSaQ. 7H:0
CaCl. 6H0
Distilledwater
Stock2:
NaHPQ
KBPQO
Distilledwater

12.0g
0.4g
0.69
500ml

14.2g
13.69
500ml

Preparestocksand store at 4°C. Add 5ml stock 1 and 5ml stock 2 to 990ml distilled water.

Autodaveat 121°Cfor 15min.

BG11Broth

Stock 1:
NaNQ
K:HPQ
MgSQ: 700
CaG- 20
Citric acid
Ammonium ferric citrate green
EDTANa
NaCQ
Distilled water

Stock2:
HBQ
MnCb-4H0
ZnSQ-7H0
NaMoOs-2H0
CuS®@5H0
Co(NQ@)2-6H0
Distilled water

15.0g
4.0g
7.59
3.69
0.69
0.69
0.1g
2.0g
1000 ml

2.869
1.81g
0.22g
0.399
0.08g
0.05g
1000m

Preparestocksand store at 4°C.Add 10ml stock 1 and 1ml stock 2 to 989 ml distilled water
Adjust pH to 7.1 with 1M NaOH or H8litoclave at 121°C for 15 minutes.

Diagnostic Sensitivity Test (DST) agar with chloramphenicol (gugl)

Add 37.5g of Diagnostic Sensitivity Test agar (MAST laboratories) to 1L distilled water.
Autoclave at 12X for 15 min.Cool to ca. 50°C before adding 1ml of filter sterilized

chloramphenicol solution (30 mg/ml).

Non-Nutrient Agarwith agar(NNA)or agarose(NNAQ)
Add 15g of either AgarN° 2 (for NNA) or agarose(for NNAg)to 1L AmoebaSaline(AS).

Autoclaveat 121°Cfor 15min.
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Appendix 2:1Go graphs ofall sensitive amoeba strains with AEAand CBD

(Section 32.2)

Acanthamoeba castellaniCCAP1501/1A (CBD only).
Estimated MIC =10.00C50=16.37, Slope= 4.59, Lethal dose >27
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Flamella arnhemensi€CAP325/2 (CBD only).
estimated MIC =0.40, IC50=0.97, Sloge#, Lethal dose >4
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Vermamoeba vermiformiscCCAP 1534/7A (CBD only, AEA in Fig. 3.2)

estimated MIC =0.20, IC50=1.99, Slope=0.89, Lethal dose >16
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Hartmannella cantabrigiensisCCAP1534/8

CBD estimated MIC =1.50, IC50=4.10, Slope= 1.96, Lethal dose >13 AEA estimated MIC =14.00, IC50=23.10, Slope= 3.46, Lethal dose >41
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Naegleria gruberi NEG&/

CBD estimated MIC =0.20, IC50%8, Slope=1.63Lethal dose >3
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Vahlkampfia avaraCCAP 1588/1A
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AEA estimated MIC =0.21, IC50=1.15, Slope=1.25, Lethal dose >6
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CBD estimated MIC =0.08, IC50=0.78, Slope=0.94 , Lethal dose >9 AEA estimated MIC 2.10,IC50=7.52, Slope=1.76, Lethal dose >4
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Vermamoeba vermiformid.37

CBD estimated MIC =4.00, IC50=7.31, Slope=3.77 , Lethal dose >14 AEA estimated MIC =1.30, IC50=9.89, Slope=1.01, Lethal dose >50

V.137+CBD
V137 +AEA
FLE Q
i 120
\
1
- 100
£ \ 3 ote
5 o E
g 5
s g o
z £ N
5 E
- g Th
N z
E £ 50
£ £ *
: £
£ a0 z
ES g 40 LN
= = e
s 5 k4
< 204 *  %population growth = }\
2] IC50 . 2 2° . cropul N AN
% 1| Function Az=a1-A2)/ 1+ 00/ 1C5014p) $ Teagtemarowt AN
| RM2=8.135e-01 Function A2 +(A1-A23 /(1«3 /ic50040) :
0] 1650= 7.311e=00 =/~ 1.228e+00 O ~HRre= 557 T TS A UG 72 T
4 p=3.768e-00 ~/- 2.257e 100 C50- 0.8RGe 00 /- 5.361e 00
— - T P 1.012e400 -/~ 4.131e-01
. i 1 — T R
20 T T — 1 20 — T T T T 1

0.01 0.1 1 10 100 1,000 0.01 0.1 1 10 100 1,000

Conc.(uM) Conc.(un)

Vermamoeba vermiformid 72

CHD: estimated MIC =0.30, IC50=1.78, Slope=1.23, Lethal dose >10  AEA estimated MIC =5.00, IC50=7.33, Slope=5.45, Lethal dose >12
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Vermamoeba vermiformid.73

CBDestimated MIC =0.08, 1C50=0.98, Slope=0.87 , Lethal dose >10 AEA estimated MIC =0.06, IC50=0.96, Slope=0.72, Lethal dose >13
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Vermamoeba vermiformid74

CBDestimated MIC =1.60, IC50=2.98, Slope=3.86 , Lethal dose >5 AEA estimated MIC =1.20, IC50=5.41, Slope=1.23, Lethal dose >25
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Appendix 3: IC5@raphs of all sensitive amoeba strains with OEA, PEA,
GWO0742 and Rosiglitazone (Section 5.2.1.1)

Vermamoeba vernformis 137
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PEAestimated MIC =3.10, IC50=4.79, Slope=5.78, Lethal dose >8

V.1B37+PEA
1204
100 \
E \
E *
) .
= .
2 3
z Al
g .
£ J
H e
5 4
5 ||
s
3
z
2

.
.
» sPopulation growth
IC50 L ]
0 | Fumcton - AZ<(A1-AZ) (1 S IC50)Ap)
| RAZ = 769157121051 35e-01
7 ICS50 « 4 /852400 + FAa0Ze-01
: p=5782e+00 + 4.57%e+00
20 T = |
0.01 o1 1 10 100

Conc.(uM)

1,000



Vermamoeba vermiformisl72

OEAestimated MIC =2.70, IC50=4.28, Slope=8.79, Lethal dose >9 PEAestimated MIC =2.70, IC50=3.68, Slope=7.00, Lethal dose >5
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Vermamoeba vermiformid73

OEA:estimated MIC =0.04, IC50=0.63, Slope=0.81, Lethal dose >10  PEAestimated MIC =0.04C50=0.5, Slope=0.85, Lethal dose >8
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Vermamoeba vermiformid74

OEAestimated MIC =1, IC58:77, Slope=1.32, Lethal dose >24 PEAestimated MIC =3.20, IC50=4.62, Slope=6.89, Lethal dose >7
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%Population growth compared to control

Vermamoeba vermiformiCCAP 1534/13
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%Population growth compared to control

Vermamoeba vermiformis CCAP 1534/14
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Vermamoeba vermiformi<CCAP 1534/7A

OEAestimated MIC =0.60, IC50=0.94, Skopd 7, Lethal dose >6 GWO0742estimated MIC =2.50, IC56:31, Slopez2.24, Lethal dose %7

V./A+GW0/742
V./A+OEA
120 e i
120 \
100 Y - X
- X, g
z e ALY z
] (] S 100
\
5 % 8 e
¢ 80 g \
2 -
A
7 £ ao \)
5 LR INAN &
c E
g 60 5 k1
5 - 60
3 LY
s 40 LY g
E 40
£
g i, bl
3 N\ 20 . #Population grawth *
=] - “epapulation arowth 4 150
] — 1050 - A T Function A24(A1-A2)/ (1 +(%/1C50)7
Function: AZ=(AT-A2)/(1+ix ic500p) 0 RAZ= 6.7504944625170e-01
RA2 = 82168734157353e-01 b IC50= 6,305e+00 +/- 2.212e+00
] |c50=9.388e—01\+-:43\4e—0| \ Tl p=2.238¢-00 + /- 1.412e-00 I
4 p =1 168e+00 + - 5.324e-01 - T L
20 P —— i — | 0 A L '
0.001 0.0l al 1 10 oo 1,000 0.01 ot ‘ 1o oo hoea

Conc.(uM)

157

Canc.(uM)



Appendix4: Response o¥ermamoeba vermiformistrains to PPAR agonists in

the presence and absence of specificAfantagonists(Section5.2.1.2)
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V. vermiformisl72
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V. vermiformisl73
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V. vermiformis174
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V. vermiformisCCAP 1534/13
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V. vermiformisCCAP 1534/7A
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Appendix 5: Response ofVermamoeba vermiformisstrains to CBD in the

presence and absence tiree PPARantagonists(Section 5.2.1.3)
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V. vermiformisCCAP 1534/13 V. vermiformisCCAP 1534/7A
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Appendix 6: Response ofVermamoeba vermiformisstrains to CBD in the
presence and absence of three PPARtagoniss at different concentrations
(Section 5.2.14)

V. vermiformisCCARL534/14 (PPAR responsein Fig. 5.3)
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V. vermiformisl37
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V. vermiformisl72
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V. vermiformisl73
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V. vermiformisl74
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V. vermiformisCCAP 1534/13
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V. vermiformisCCAP 1534/7A
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Appendix 7: Response dafensitive amoebastrains to CBDand AEAIn the

presence and absence of Haloperidol (Section 6.P.

Acanthamoeba castellaniCCAP1501/1ACBD only).
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Flamella arnhemensi€CAP1525/2 (CBD only).
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Vermamoeba vermiformid 72+ CBD/AEA Vermamoeba vermiformid73+ CBD/AEA
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Vahlkamphia avaraCCAP 188/1 A+ CBD/AEA Vermamoeba vermiformisCCAP 153%/A+ CBD/AEA
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