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A B C

R i Membrane
2& P,pe“e Seal Plpette
~2-4MQ

Access

Command R R R
Voltage V=10 mV V=10 mV V=10 mV
S A — L AR — 1 A
R >1 GQ RPipette + RAccess = RSeries
Seal = =
e RSeries * RMembrane = RInput
A ) 414
1=V / RPipene Rserles : TMembrane
Current . =10mV/~2-4MQ = V/ Lot st R, = RuembraneCrtembrane
. =-5-8nA S10mV /1 N\
OpA Ly = :|H
1=V / RPipelte + Seal RMembrane
=10mV />160 v/l
= <10pA =10 mV /1,
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Compound

| (pA)

Amplitude of compound-induced
current (pA)
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Having failed to find robust evidence of functional iGlyRs withénDRG, investigations turned to
other known but undetinvestigated chloride channels and their potential function within the DRG,

starting with the ANOG protein.

neoMdMd | bhec SELINBaadaAzy KlFra 0SSy LINBOA?Z
ieéeLSa

The two proposed functions of ANOG6; a calciaativated ion channel of indeterminate conductance
(although most publications support a chloridenductive channel) and a phospholipid scramblase,
both have the potential to modulate DRG neuronal signall@ther chloride channels such as the
GABA receptor and the ANO1 CaCC have been shown to be functionally expressed within the DRG
(White, 1990; Jin et al., 2013Both have been shown to influence the propagation of nociceptive
signals from the periphery to the spinal cord; the GABZceptor through influencing the action
potential safety factor and ANOL1 through functional coupling with TRPV1 and ihedéptor
(Schreiber et al., 2018; Shah et al., 2020; Jin et al., 2013; Hao et al., 28E2§mediated PLS has

been shown to influence the release of microvesicles in a variety of physiological models, and the
transfer of cellular messengers via microvesicles has been implicated in a proinflammatory phenotype
in DRG neuroneiBatti et al., 2016; Han et al., 2019; Fuijii et al., 2015; Ohlinger et al., 2020; Zeboudj
et al., 2023; Simeoli et al., 20L7Therefore, should ANO6 be both expressed in the DRG and linked
to microvesicle and/or exosome release, ANO6 PLS has the potential to modulate neuronal signalling

through exosomal interneuronal communication.

ANOG expression within platelets has been widely established due to the mild to moderate congenital
bleeding disorder, Scott syndrome, which arises due to adéfsnction mutation of ANOG6. This

results in impaired PtdSer exposure on platelets and redubeombin generation, manifesting as

impaired blood clottindSuzuki et al., 2010; MillingteBurgess and Harper, 2019; Bevers et al., 1992;

Weiss et al., 1979)Though Scott syndrome was first described in 1979, it was not until 2010 that the
molecular culprit was identified as AN@6t SRSY2y (S 3 DIFfASYglI . ThRenmn T {
authors subsequently identified a frarshift mutation in a patient suffering from Scott syndrome

which resulted in a truncated form of the ANOG6 protéBuzuki et al., 2010)n the succeeding years

three further ANO6 mutations were identified to cause Scott syndrome as a result of impaired ANO6

MH M



mediated PLS in platele(€astoldi et al., 2011; Boisseau et al., 2018; Millinddomngess and Harper,
2019)

Beyond platelets, the knowledge regarding the functional expression of ANOG6 is less well
characterised. Knockdown of ANO6 appeared to increase the degree of cartilage erosion in an arthritic
mouse model, supposedly due to a decreased number of microvedieimg release@Headland et

al., 2015a) These microvesicles were proposed to contain compounds which stimulated the
deposition of extracellular matrix and promotion of chondrocyte homeostasis, overall resolving
inflammation rather than promoting ifLoh and Vermeren, 2022; Headland et al., 201Beaddition,
publications have established ANO6 expression within the immune system, specifically in cells such as
microglia and neutrophils, and ascertained links between ANOG6 expression and the outcomes of spinal
cord injury, cerebral ischaemia and RISA YSNR& RAaSFaS GKNRdzZAK Y2 Rdz
However, it must be noted that the publications varied in their conclusions as to whether ANO6
expression was beneficial or deleterious to the pathophysiological prog(ais et al., 2016; Zhao

and Gao, 2019; Zhang et al., 2020b; Headland et al., 2015b; Cui et al., 2023)

RTPCR analysis of different epithelial tissues, including those from the digestive and respiratory
systems, indicated that ANO6 was expressed within these epithelial tissues with higher expression
detected in epithelial tissues of the kidney, adrenal ggnthyroid and pancreafRock and Harfe,
2008; Schreiber etal., 2010; Schenk etal., 2048)itionally, ANO6 has been found in small quantities

in developing skeletal muscle, the skeletal system and perhaps more notably, the developing spinal
cord and dorsal root ganglia within the embryonic mouse, but as of yet no definitive role for of ANO6

within these neuronatype tissues has been identifiRock and Harfe, 2008)

Within the nervous system (aside from the cells implementing immune responses), evidence of ANO6
expression is more sparse. In 2015 Heekel. published evidence of ANOG6 expression, together with
ANO2, in mouse olfactory sensory neurones and suggested that these two ANO proteins formed a
heteromer with modified CaCC properties, shown by the heteromer exhibiting a significantly greater
current density than either homomer when expressed in HEK293 @diémkel et al., 2015)More
recently, Soulardet al, through the use of quantitative RACR and immunohistochemistry,
demonstrated ANOG6 expression in spinal motoneurones, specifically thesgoaptic cholinergic-C
boutons. The use of an AN@Bockout mouse suggested that ANO6 may be involved in the
recruitment of delayed firing motoneurones, a property linked to its purported role as a CaCC, with
the knockout causing decreased performance in a forced locomotor task. Moreover, knockout of

ANOG was found to have protective effects in a mouse ALS modeldhetributed to the increase



in recruitment threshold, leading to decreased activilgpendent calcium overload and

excitotoxicity, although curiously this effect was found only in male rgBoeilard et al., 2020b)

ANOG6 has also been investigated to determine whether, like its fellow anoctamin family member
ANOL, it has any role in nociceptive or inflammatory signalling. A conditional knockout of ANO6 within
mouse microglia reduced the development of mechanical hgpesitivity and introduced deficits in
microglial phagocytosis following partial sciatic nerve ligation; indicative of ANOG6 potentially
mediating part of the microglial immune response and therefore development of neuropathic pain
(Batti et al., 2016)Likewise, ANOG6 knockout mice were found to have attenuated microgédlated
inflammatory tissue damage following spinal cord injury (SCI), resulting in improved motor function
(Zhao and Gao, 2019)hile a study investigating reperfusion injury in stroke found that suppression
of ANOG6 expression during and after cerebral ischaemia improved motor function injury due to
inhibition of microglial phagocytosi{@hang et al., 2020bhese findings contrast to the previously
mentioned immunebased studies which found that ANOG6 activity reduced inflammatory conditions,
but this was attributed to the microvesicles investigated by Headg&tral. being of neutrophil origin
(Headland et al., 2015a)

From previous studies itis clear that ANO6 has a broad expression pattern, ranging from platelets and
many types of epithelial tissue to components of the immune system, with less (although increasing)
evidence to indicate expression within the nervousteyn. Therefore there appears to be sufficient
evidence to warrant investigation of ANO6 expression within DRG, as this has yet to be either clearly
refuted or confirmed. In order to investigate the potential significance ANOG6 function in the DRG,

varyingmethods of gene knockdown were explored and utilised.

nemMmdHd a2f SOdzf F NJ FIOAETAGIO2NAR 2F GNJ) y3
The ability to knockdown a gene without the need to breed a knockout mouse line was a breakthrough

in biological research. RNA interference (RNAI), first described in the nem&aderorhabditis

elegans,Yl {1 S& dzaS 2F (KS o02ReéQa Ayylr{iS NB3Idz | GAZ2y 2
infection, and enables the postanslational silencing of the gene in a highly specific maijfiee et

al., 1998; Mocellin and Provenzano, 2Q04jvas found that RNAI could also be utilised in mammalian

cells through the use of doublgranded (ds) small interfering RNA (siRNA) molecules. These siRNA
molecules, of approximately 2123 nucleotides long, inhibit the translation of their complernteay

MRNA sequence whilst simultaneously evading the innate\anati immune response of the cell

(Elbashir et al., 2001; Caplen et al., 2001)

RNAIi by dsRNA molecules is a complex multistage process which requires the recruitment of several

different enzymes (Figure 4.1, A). Upon entering the cytosol, longer dSRNA molecules are cleaved by
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Dicer, an RNase Il enzyme into siRNA e22hucleotides. These siRNA molecules bind with the
precursor RNAnduced silencing complex (piRISC) and Argonaute 2 (Ago2) protein, and then one
strand from the siRNA molecule (the passenger strand) is remi@aadng behind the guide strand
bound to the now mature RISC. The guide strand, through Wasak base pairing, directs the
mature RISC to the target mMRNA sequence for cleavage by Ago2 anttapsstiptional gene
silencing ensue¢Davidson and McCray, 2011; Alshaer et al., 2021a; Dana et al., 2017; Kole et al.,
2012)

This technology has proved extremely useful to investigate the role of proteins in biological systems,

both in vivoand in vitro, and can be applied to nearly any type of protein. The specificity of the
knockdown is dependent on the sequence of the siRNA guide strand, therefore when designing a novel
siRNA sequence consideration should be given to the location of the target sexqjumrcexample,

the sequence targeted should be at least 100 nucleotides from both the initiation and termination

codon to negag (as much as possible) the chance of the siRNA sequence binding to the random
4S1ljdzSy0Sa sAUKAY (KS ¢MocelimaddNFroyeazario, RS0@owedeA ho2 Yy 06! ¢
matter the consideration that goes into designing the siRNA sequence there will always be the risk of
crossreactivity, where the siRNA sequence by chance binds to another mRNA sequence, resulting in

its degradation as well as the target gemesulting in offtarget effects.

Unmodified siRNA molecules are rapidly targeted for degradation by endogenous nucleases and
therefore modifications to increase their stability and resistance to nucleases have been introduced.

{ dZOK OKSYAOIf Y2R®Y¥S3DKIOMSFumQ or ZRA gzR 8 NP LIK QP2 S K-
DNP) being substituted for certain nucleotides. However, chemical modifications are limited to what

can be tolerated by the RISC machinery without sterically hindering the binding of the siRNA strand

(Watts et al., 2008; Kole et al., 2012)

Consideration must then be given to the method of transfection of the siRNA into the cells of interest.
The cell membrane, composed of the phospholipid bilayer, is negatively charged and hydrophobic,
and therefore the large and negatively charged siRNAeoudés require a carrier in order to penetrate

the membrane. Viral and newiral vectors are common, as are methods such as-bpi&kd
transfection reagents and electroporatiofWatts et al., 2008) More recently, lipids (such as
cholesterol) have been directly conjugated to siRNA molecules to increase their hydrophobicity and
enable their gymnotic delivery to cellsorenz et al., 2004 his has the additional benefit of allowing
systemic delivery of the siRNA moleculesvivg not justin vitro, as the need for a possibly toxic

transfection reagent has been negatfdavidson and McCray, 2011; Watts et al., 2008)
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Aside from siRNA molecules, antisense oligonucleotides (ASOs) have been used to transiently
knockdown genes. The method was pioneered in 1978 by Stephenson and Zamecnik, who
demonstrated that a specifically designed oligonucleotide sequence was ableder&ffy inhibit the
translation of proteins from viral RNgStephenson and Zamecnik, 1978kin to siRNAnediated
knockdown, ASOs also rely on Watgorick base pairing to specifically target mRNA and knockdown
the gene of interest, and also have their own advantages and disadvantages. However, unlike SiRNA,
ASOs recruit different enzymes tatdeve their end goal (Figure 4.1, B). Briefly, sisgiended ASO
molecules enter the cell and bind to their mRNA target. The ASO/mRNA complex is then recognised
by and binds with Ribonuclease H (RNase H), an enzyme which cleaves the mRNA sequenise, which
subsequently degraded and hence no protein is translétéang et al., 2017; Sando\dbijica et al.,

2021)

ASOs can also be modified to improve their resistance to degradation and affinity of RNase H binding
08 (KS I RRAUAZY -@MVie(YdoZhah 2008 N) OIS HIEXHSPuaré-&  H
arabinonucleic acid (FANferrari et al., 2006; Sandowysliojica et al., 2021)The latter modification

not only elicits efficient RNase-Hediated mRNA cleavage but also facilitates the gymnotic delivery

of the ASO sequence. Hence, like cholestaagfied siRNA, the addition of a FANA moiety negates
the need for a transfection reagt, and therefore the same FANA ASO sequence can be usethboth
vitro andin vivg with this being one of the major benefits of using such knockdown methodologies

(Souleimanian et al., 2012; Takahashi et al., 2019; Santtnjada et al., 2021)

The resistance of the FANA ASOs to degradation and the fewer enzymes required to be recruited
implies that, theoretically, knockdown will persist for a longer duration and require fewer FANA ASO
molecules compared with that of siRMAediated knockdown, diiough results have been mixed
(Watts et al., 2009; Sandovislojica et al., 2021; Kalota et al., 200B)espite the promising aspects of
FANA AS@nediated knockdown of proteins, there is no evidence to suggest if this method is able to
elicit sufficient knockdown in a primary sensory neurone culture. In comparison, sikNiated gene
knockdown has been &gl extensively and had had previous success in this cell type, suggesting it may
be the more reliable option despite the claimed advantages of FANA ASOs. Therefore the aims of this
chapter were to (i) investigate the expression of the ANOG6 protein withiDRG and (ii) attempt to
optimise both siRNAand FANA AS@ediated ANO6 knockdown in culturedt DRG, with the
assumptionthat either of the two selidelivering genenterference methods could then be used in

future in vivostudies.
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There have been few publications concerning the expression and function of the ANOG6 protein within
neurones, with the majority of studies focused on the role of ANOG in platékars Krutchen et al.,
2013; Scudieri et al., 2015; Suzuki et al., 2010; Fuijii et al., 2Bb%ever as previously discussed,
there have been studies implicating ANOG6 in immune ¢@lissingsawat et al., 2015a; Batti et al.,
2016; Zhao and Gao, 2019; Zhang et al., 2020b; Headland et al., 26aBaglial cell{Jacobsen et

al., 2013; Rock and Harfe, 2008; Schreiber et al., 2@if@ctory sensory neuronegdlenkel et al.,
2015)and spinal motoneuroneéSoulard et al., 2020bjndicating that a functional role for ANOG is
not limited to only platelets. This, combined with the evidence of ANO6 expression in the developing
spinal cord and DR@Rock and Harfe, 2008j was reasonable to assume that ANO6 may have a

functional role in DRG.

In order to establish whether there was expression of ANOG6 at least at the mRNA level in sensory
neurones, operaccess MRNA sequencing databases were mined for currently known members of the
anoctamin family (ANG10). From this family, ANO1, a CaCC, anlmost prolifically investigated

for its role in somatosensory neurones, in particular for its role in nociceptive inflammatory and heat
signalling in conjunction with TRPV1 and theréleeptor (Takayama et al., 2015b; Shah et al., 2020;

Jin et al., 2013; Cho et al., 2012b; Liu et al., 20L6¢refore ANO6 mMRNA reads were compared with

those for ANOL1, a gene known to pRysiologically relevant within somatosensory neurones.

The data obtained by Zhergal. (Figure 4.2, A) indicated that within mouse somatosensory neurones
ANOG6 had a higher read count than that of ANO1. ANO6 mRNA levels were comparable to that of
ANO4, but considerably fewer reads than that of the most highly expressed anoctamin family
membe; ANO3(Zheng et al., 2019)This was surprising considering the already understood role of
ANO1 and the relatively unknown roles of ANO3 and ANOA4. The latter two proteins have been under
investigated, and as is such their function has yet to be definitively classified, with tledmg b
evidence for both proteins having both CaCC and phospholipid scramblase d&@ithhart et al.,
2019b; Pedemonte and Galietta, 2014; Picollo et al., 2015; Suzuki et al., 2013b; Brunner et al., 2014a)
It is also unknown why their mMRNA expression in somatosensory neurones appeared to be so high,
but this is beyond the scope of this work. What was acknowledged was the relatively low count of
ANO1, particularly within nociceptive andi@res, which waat odds with its widely described role in
nociceptive signalling and is an example of where mRNA transcript level may not directly correlate

with protein expression and overall physiological functi@meenbaum et al., 2003)

MHT



A mm Nonpeptidergic Nociceptor Peptidergic Nociceptor mm C-LTMR AS-LTMR

10 mm AB RA-LTMR AB SA1-LTMR mm AR Field-LTMR Proprioceptor

100;
90;
80;
7o
60;
50;

40

RPKM (Reads Per Kilobase Million)

30
20—

1
| ]
,
10 | | - b 1
1l 11§ |'|‘ . NI | U WU TER “‘I |

v T T

Ano1 Ano2 Ano3 Ano4 Ano5 Ano6 Ano7 Ano8 Ano9 Ano10

B 1.07 mm NP1n=125 == NP2n=32 mm NP3n=12 ~ PEP1n=64 mm PEP2n=17 == THn=233
] mm NF1n=31 NF2n = 48 mm NF3n=12 NF4 n =22 == NF5n =26

0.8

£

T ]

o 0.6

2]

%

[o]

o

2

(o]

e 1

S oa]

g 0.4

<) ]

[T
] ‘H
o0k |.IY| ‘”'I | ||||| |.|I | Y||. | ‘

T T
Ano1 Ano2 Ano3 Ano4 Ano5 Ano6 Ano7 Ano8 Ano9 Ano10

CAddeBang¥SR RIFEGF FNBY 2Ly 0 aa wb! &SljdsSy:
GAGKAY a2YF G288y 02NE Y SdiNBY 250 odz2f 1| YwbId & Hjg
NE@SIfSR O2yaARSNIotS Ywb! 0N} yaONR LG f S@St
a2YlFi2aSyaz2zNe ySdNRBySaz gAGK !'bhc KFEGAy3 | 3|

Ad SELINB&aaSR |4 NBIFIR& LISNI ([AZ®od ANES ayRZ ff R 29/S GF
' RILloy 3zt ! | RISIKEFAICING & Sy{iBard & &! WSt Fara 2F KR
FEAPAYRAOFay3d (KS TN} ORSSYBHRANSHDPYSHI GKSE O wk
YSYO@®N&EbSdzNEYS OF(iS3a2NRalaz2y 61 a RSUY SR LISK PR
y2O0AO0SNBABNRR H NEot 9t [ LISLIBRSNEAO ¢2 OmO$ BN
OF f OA ( 2yBityl G6BRY SLISLI8 RS 6/ Dwt 00X ¢ I dzyYe@GdRAyb
YeStAYlIGSR 5wD ySdzNRy SabsS o S dyNe (Lol HNZEO/NED dKYSA YD 80 (

MHY



The data obtained bysoskiret al. (Figure 4.2, B) was broadly comparable to that of Zledrad), with

ANO3 and ANO4 having the greatest fraction of positive neurones out of the anoctamin family.
Additionally, ANO5 and ANO10 also had a prominent fraction of positive neurones, with
approximately 20% of all neurone subtypes found to be positive for ANE&pression. Another
consistency with data from Zhergt al. was that ANO1 had a considerably smaller proportion of
positive neurones than ANG& with onlytwo of the eleven neurone subtypes demonstrating greater

than 20% positive expression. Furthermore, the two subtypes exhibiting the highest proportion of
ANOZlpositive neurones (approximately 46% in NF1 and 58% in NF2, NF denoting myelinated DRG
neurones expressing neurofilament heavy chain (Nefh)) were deemed to be of the myelinated

subtype, not nociceptive.

20K RIFEGFrolrasSa O2yUNXY GKFG !'bhc KFa F 3ANBIFGSNI SE
YWbCdNI KSNY2NB> Ay 020K RIGlFlolasSa (KS KAIKS&ad SE
YySdzNRyS adzomieniawikyaidaSAdddRerRD odry YatSE yady i & SIRa A y §
KERNRE&fl 485 SELINBaaAy3dyr ySdNRgSaYwl! ! &RV A GNK MR
2F !'bhc FTNRY 020K RIGFolFasa AyRAOFIGSR (KIGd SELN
1y26y O2NNBfYIweb2y oy AdNRyi SAYy SELINBaaAirzys RSaLAGS
ODNBSY ol dzy =St yIRt & GSn MNBS a2y (2 FdzZNIKSNI Ay@dSae Il
Tdzy Oe2y 2F !bhc 6AGKAY a2YLi2aSyaz2Ne ySdiNBySao

ndHPHD | 3aS5S8aYSyld 2F !'bhec LINRGSAY SELN
SELINBaaAzy G6AGKAY avYlfft RAFYSGSNI ySdzNE
Having ascertained that the ANO6 mRNA transcript was relatively abundant within rodent
somatosensory neurones, ANOG6 protein expression was investigated using IF staining with
commercially available antibodies. As a pilot experiment, staining using angbhadised against

ANOG6 was employed in PfiRed gelatineembedded rat DRG slices together with DAPI (a nuclear

stain included in the sample mounting media) and imaged using confocal microscopy (Figure 4.3, A).

The distribution of the red signal correspdngd to ANOG6 expression was widespread within DRG
neurones but was found to be concentrated within the soma membrane. This would correlate with

ANOG6 being a transmembrane protein with its two proposed functions as an ion channel and
phospholipid scramblasépth of which operate within the external plasma membrgidvadia et al.,

2019; Yu et al., 2015; Suzuki et al., 2014)

9F OK &aSy&a2NB ySdNRYyS ¢AlGKAY (GKS swD Aa SyOF asR
ASOSNIt alGSttAGS JtALt OStta 6{D/av G2 TF2N¥Y |
ASYaz2NR ySdz2NPYyS TdzyOo2y 0&A NRWUNPT RN dzKS LINRIINS
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