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Summary

Several disorders of the central nervous systerh sgcschizophrenia and Alzheimer’s disease
(AD) are characterized by cognitive impairmentsjolibare not sufficiently treated with the current

therapies. It is well-known that nicotine has pomitive effects and thus the interest for the
nicotinic acetylcholine receptors (NAChRs) as passidrug targets for diseases with cognitive
deficits has been immense. Several proteins antidegphave been demonstrated to interact with
the nAChRs. One of the most interesting groupsrofgins is the Ly-6/neurotoxins (Lynx) protein

family from which members have recently been denrated to regulate the function of the

NAChR with an important impact on cognition andagytic plasticity.

The aims of the PhD thesis were 1) To investiga¢eT nNAChR in human cortical tissue with
respect to mRNA expression and binding propertieenwdisplacing with a selective’ nAChR
agonist, 2) To studw7 nAChR binding in a transgenic mouse model of Athvand without
partial basal forebrain cholinergic degeneratiod 8) To characterize Lynx proteins in rodent and
human brain tissue as well as in pathological @sBom AD patients and in transgenic animal
models of AD.

We found that the mRNA levels of the gene encodimey7 NAChR,CHRNAT is 3.4 times
more expressed in human cortical tissue than thé@apaluplication of theCHRNA7 gene
(CHRFAM7A. The latter has been demonstrated to be uniquauteans, and its gene product
suggested to be a negative modulator ofofh@AChR function. We also demonstrated thatcdhe
NAChR agonist encenicline (EVP-6124), currenthchimical phase Il trials, displaces the binding
of the selectiven7 NAChR antagonist{]-a-bungarotoxin in human cortex. We found that
displacement with encenicline resulted in differd@%, displacement profiles in the human
individuals, suggesting that the efficacy of thenpound may differ between the individuals.

Degeneration of basal forebrain cholinergic neunsna neuropathological hallmark of AD
besidesp-amyloid (AB) deposition and hyperphosphorylated tau protdimsa transgenic mouse
model of AD, Tg2576, harbouring both excessiv@ deposition and cholinergic degeneration
induced by the immunotoxin mu p-75 saporin, we tbueduced f3]- a-bungarotoxin binding in
temporal cortex and hippocampus, which suggests ttte combination of A overload and
cholinergic degeneration can altet NAChR levels.

We further found that the Lynx proteins Ly6H, Lynxdnd Lypd6 were localized in synaptic
compartments and that short-term nicotine expodigr@ot alter the protein levels of these proteins



in young and adult rats, indicating that Lynx pmgehave a synaptic function and that they are not
regulated by nicotine. Another Lynx protein, prostatem cell antigen (PSCA), was found to form
stable complex with the4 nAChR subunit, but not the7 nAChR subunit. Interestingly, we
observed an up-regulation of PSCA protein in tloatal cortex of patients suffering from AD and
in a transgenic mouse model displaying bofhatnd tau pathology. This animal model also showed
decreased Lynx1 levels in frontal cortex, indicgtthat Lynx proteins may be involved in AD
pathology.

Collectively, the results of this work elucidatepantant aspects af7 nAChR regulation in
human tissue and in an AD animal model. In addjtiba work contributes to new understanding of
Lynx proteins in human and animal brain tissueaththealthy and diseased states as well as their

interaction with nAChRs.



Summary in Danish

Adskillige sygdomme i centralnervesystemet, saskinofreni og Alzheimers sygdom (AD), er
kendetegnet ved kognitive dysfunktioner, som ikkdilstraekkeligt behandlet med de nuveaerende
behandlingsformer. Det er velkendt, at nikotin pavkognitive effekter og derfor har der veeret stor
interesse for nikotinreceptorer (NAChRs) som muligeug-targets for nye laegemidler i
behandlingen af sygdomme med kognitive forstyrreladskillige proteiner og peptider har vist sig
at interagere med nAChRs. En af de mest interesgaoteinfamilier er Ly-6/neurotoxin (Lynx)
proteinfamilien, hvor visse medlemmer for nylighdevet pavist at regulere funktionen af NnAChR
med en betydelig pavirkning af kognition og synslotlasticitet.

Formalet med denne ph.d-afhandling er, at 1) aergmtjea7 NnAChR i humant cortexvaev
med henblik pad at male mRNA ekspression og bindiggsskaber, nar der displaceres med en
selektiva7 nAChR agonist, 2) at studex@ nAChR binding i en transgen musemodel for AD med
og uden cholinerg degeneration i den basale farbjeog 3) at karakterisere Lynx proteiner i
hjerneveev fra mus, rotter og mennesker savel spatdlogisk vaev fra patienter med AD og i
transgene dyremodeller for AD.

Vi fandt, at mMRNA-niveauet aLHRNA7genet, der koder far7 nAChR, er 3,4 gange mere
udtrykt i humant cortexveev end den partielle dwgitkg af CHRNA7 genet CHRFAM7A.
Sidstneevnte duplikation har vist sig kun at veereyltli mennesker, og dets genprodukt foreslaes
at fungere som en modulator af funktionenafnAChR. Vi paviste ogsa, aZ nAChR agonisten
encenicline (EVP-6124), som i gjeblikket er i kéikifase Ill studier, displacerer bindingen af den
selektive a7 NAChR antagonist ‘{I]-o-bungarotoxin i humant cortexveev. Vi fandt, at
displaceringen med encenicline resulterede i fdigeCso displaceringskurver i de forskellige
individer, hvilket tyder pa, at effektiviteten af@enicline kan variere mellem individer.

Degenerering af cholinerge neuroner i den basalejeime er en af de neuropatologiske
kendetegn for AD forudef-amyloid (AB) deponering og hyperfosforylerede tau-proteineenl
transgen musemodel for AD, Tg2576, med bade ovpreksion af f og cholinerg degeneration
induceret af immunotoxinet mu p-75 saporin, fandreduceret {1]-a-bungarotoxin binding i
temporal cortex og hippocampus, hvilket tyder padk@mbinationen af A overekspression og
cholinerg degeneration kan aendilenAChR niveauer.

Vi fandt endvidere, at Lynx proteinerne Ly6H, Lyngfy Lypd6 var lokaliseret i synaptiske
segmenter, og at eksponering med nikotin over tidbikke eendrede deres proteinniveauer, hvilket



viser, at Lynx proteiner kunne have en synaptiskfion, og at de ikke reguleres af nikotin. Et
andet Lynx protein, prostate stem cell antigen (RS0lev vist at danne et stabilt kompleks med
a4 nAChR-enheden, men ikke€7 nAChR-enheden. Vi observerede en opreguleringeS€CA
proteinet i frontal cortex hos patienter med ADi@mn transgen musemodel med bade 8g tau-
patologi. Denne dyremodel viste ogsa at have redtidg/nx1 niveauer i frontal cortex, hvilket
indikerer, at Lynx-proteiner kan veere involver& patologi.

Samlet set understreger resultaterne i dette arhegige aspekter af7 nAChR regulering i
humant veev og i en AD dyremodel. Derudover bidratgte arbejde til ny viden angaende Lynx

proteiner udtrykt i humant savel som dyrehjernewees bade raske og syge tilstande samt deres
interaktion med nAChRs.
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Introduction

“To what extent can we stave off Alzheimer’s dis8amed “What causes schizophrefifawere
among the top hundred scientific questions almest years ago (Science, 2005). Today, the
guestions are still unanswered, even though tHdsfief research have been extensively studied.
With estimated ~50 millions suffering from thesesadises worldwide, there are great demands to
solve the mechanisms behind these devastatingséiseahere the medical treatments are currently
symptomatic. Even though Alzheimer’'s disease (ADY) achizophrenia (SCZ) are significantly
different in terms of etiology, neuropathology asymptoms at onset, they are both characterized
by cognitive impairment. Since nicotine was demi@istl to have pro-cognitive effects, nicotinic
acetylcholine receptors (nAChRs) have been promiginug targets in the treatment of the
cognitive deficits in AD and SCZ. Most researchiing development so far has focused on a direct
activation of nAChRs; however, members of the Liye®frotoxin (Lynx) protein family have been
shown to modulate nAChR function and be involveccagnition and synaptic plasticity. These
proteins could thus be a novel target in the camesearch.

Nicotinic receptors, especially th& nAChR, have been the focus of research in trensfic
work of Jens D. Mikkelsen and Morten S. Thomseraforost a decade with over 20 peer-reviewed
publications. The main findings have beenh nAChR-dependent activation of rat brain regions
involved in working memory and attention e.g., pvatal cortex (Kristensen et al., 2007; Thomsen
et al., 2010c; Thomsen et al., 2008), and thavaintin of a7 NAChR reversed behavioral deficits
and prevented molecular changes in a rodent SC2&nsapporting the potential off NAChR in
treatment of SCZ (Thomsen et al., 2009; Thomseat. e2010a). Moreover, when investigating the
function ofa’7 NAChR activation in rodents, a7 nAChR agonist was shown to increase the level
of a7 NAChRs bothn vitro (Thomsen and Mikkelsen, 2012b) andsivo (Christensen et al., 2010),
and repeated administration of anoth@mAChR agonist induced memory enhancing effectatms
(Thomsen et al., 2011a). Studies of t'enAChR were primarily carried out in animals assio
studies within the research field, however, onalytshowed up-regulation ai7 nAChR in
postmortem hippocampus of patients with bipolabdisr (Thomsen et al., 2011b). Although the
NAChRs have been extensively studied for decadegeral questions are still unanswered.
Particularly, due to lack of effects with sever&dlGhR compounds in clinical trials for AD and
SCZ, which showed cognitive benefits in preclinisaldies, further investigations of the regulation
of NAChRs in human tissue are needed and espetially endogenous modulators such as the

Lynx proteins may affect the function of the nAChR%oth healthy and diseased states.
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This chapter contains a short introduction to tle&fof research including a description of
NAChRs and their potential involvement in diseasethe brain, particularly AD and SCZ, as well

as the Lynx proteins and their relation to nAChRs.

Nicotinic acetylcholine receptors

Neuronal nAChRs are widely distributed in the neiw@ystem as well as in non-neuronal tissue
such as muscle, skin, and lung cells (Gotti andan@lei, 2004). The nAChR belong to the Cys-loop
superfamily of ligand-gated ion channels, which @eatameric receptors that also include GABA
glycine, and 5-HT receptors, and they are selective for the catiais K*, and C4" (Jensen et al.,
2005). To date, 11 nAChR subunié®4{7,a9-10, and32-4) have been cloned from neuronal tissue.
Each nAChR subunit consists of a large N-termindtagellular domain, four transmembrane
domains with a cytoplasmic loop between the thind #he fourth, and a short extracellular C-
terminal (Albuquerque et al., 2009). The subunigs ®ither form heteromeric receptors or
homomeric receptors (see Figure 1). However, ohfyd7 and a9 subunits are able to form
homopentamers (Gotti and Clementi, 2004; Jensah, &005).

A C
Na*, K*, Ca?
Homomeric Heteromeric
a7 o432
ACh ACh \ N N > —— >
1Y Extracellular 7&01%/ \\\\ 82 \VB,Z / \\\\
anag qnagaqy B BB,
(448 g el lg N

: —— O ‘
\ @ d> a7/ \ o4 | B2 //
A 4 A ‘ Py

< e .

Figure 1. Structure of nicotinic acetylcholine receptors. (A) Schematic view of nicotinic acetylcholine receptors
(nAChRs) consisting of five transmembrane subunith the extracellular acetylcholine (ACh) bindisiies.(B)
Each subunit consists of an extracellular N-terind@main, four transmembrane domains (M1-4), a igimic
loop, and a short extracellular C termin@) The homomeria7 nAChR with five orthosteric binding sites and
the heteromericad),(p2)s with two orthosteric binding sites. Modified frof@hangeux, 2010).

The nAChRs are activated by the endogenous neuosohitter ACh or exogenous ligands such as
nicotine. The orthosteric binding sites are inititerface between two subunits i.e., betweeand
B-subunits in the heteromeric receptor complex aetivéen twoa-subunits in the homomeric
receptor (see Figure 1C). Thé anda4p2 nAChRs are the most abundant in the brain, wthere
homomerica7 NAChR displays lower affinity to ACh and nicotisempared to the42 nAChR
(Dani and Bertrand, 2007; Gotti et al., 2006b).haligha7 nAChR subunits are mostly described

to assemble as homopentamers, there is evidencéd ttaa form functional heteromeric receptor
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assemblies withp-subunits, which have significantly different phacological properties
compared to the homomeric receptor when expresseddiogously inrXenops oocytes (Criado et
al., 2012; Khiroug et al., 2002; Liu et al., 2008yrray et al., 2012; Palma et al., 1999; Zwartlgt a
2014). Recent studies demonstrate ti¥@2 heteromers are present in the mammalian braiarevh
a7 andp2 subunits were found to form stable complexesgussrimmunoprecipitation in distinct
rodent brain regions (Liu et al., 2012; Liu et @D09) and affinity purification in mouse and human
forebrain tissue extracts (Moretti et al., 2014).

The o7 nAChR differs from other nAChRs in various wayssides the formation of
homomers and low-affinity binding. Upon activatidthe a7 nAChR opens and activates extremely
fast followed by a rapid closing within <100 mi#isonds due to receptor desensitization (Castro
and Albuquerque, 1993). Unlike other nAChRs, dfieWAChR also has a high permeability t6Ga
whereby activation ofi7 NAChRs alone can trigger several’Gadependent signaling pathways
including activation of the mitogen-activated piot&inase (MAPK) pathway and induction of
gene transcription (Albuquerque et al., 2009). fkemnore, then7 nAChR is the only nAChR
activated by choline, the precursor/metabolite adt@choline (ACh), suggesting that choline can
function as an endogenous neurotransmitter (Alkaretal., 1997).

The gene encoding the human nAChR subunitCHRNATY located at chromosome 15g13.3
contains 10 exons, differing from the other nAChBumits, which are constituted of six exons
(Albuguerque et al., 2009). The N-terminal is erexbthy exons 1-6, the first three transmembrane
domains are encoded by exons 7-8, and exons 9¢f€spond to the intracellular cytoplasmic loop,
the fourth transmembrane domain, and the C-termiffa CHRNA7gene is partially duplicated
(see Figure 2), where exons 5-10 @HRNA7 along with additional DNA (~200 Kbp) are
duplicated upstream of tiegHRNA7and interrupting a second partial duplicationhE#fWLK4 gene
(Gault et al., 1998). The partially duplicated,mbric geneCHRFAM7A maps centromeric and is
oriented opposite to the full-lengtbHRNA7by 1.6 Mb and contains, besides three exons of the
ULK4 gene, an exon of unknown origin (Gault et al.,&9Riley et al., 2002). Interestingly, the
duplication seems to be a recent evolutionary evence it is not present in closely related
primates (Locke et al., 2003).

Individuals can have copy variations widHRFAM7Agene with one, two, or three copies
reported, and in a few individuals the gene isitagkcompletely (Flomen et al., 2006; Sinkus et al.,
2009). A two base pair deletion polymorphism hasnbi®und in exon 6 of th€eHRFAM7Agene,

12



which causes a frame-shift and is associated wijtree inversion resulting in the same orientation
as the full-lengttCHRNA7gene (Flomen et al., 2008; Gault et al., 2003).

A +— Centromere / /

[ ooeee]T[—~JRE ecoo T T T TToveon] 1)/ T~ JBRI=— [[recoo ] [ W T[oocer]]
FAM7A—> +—— CHRFAM7A FAM7A —» // CHRNA7 ——— “+— FAM7A FAM7A—»
Wild-type CHRFAM7A 1.6 Mb

B 2 bp deletion

\/
I i A Sne=an I

CHRFAM7A—» “—FAM7A FAM7A—> CHRNA7 —— +—FAM7A FAM7A—

Two base pair deletion CHRFAM7A 1.6 Mb

Figure 2. Genomic map of CHRNA7 and its partial duplication CHRFAM7A on chromosome 15gq13.3. (A)

Wild-type allele of CHRFAM7A The sequencEAM7A is duplicated from the gerél K4 on chromosome 3. (B)

The two base pair deletion polymorphism resultsuersion of CHRFAM7A Modified from (Sinkus et al., 2009).
The gene product @§HRFAM7A dup7, is lacking a large part of the N terminal of ti'enAChR
subunit containing the signal peptide and partefhinding domain (Gault et al., 1998). With the
frame shift in the two base pair deletigariation, this results in an even smaller genedpct
dupAa?, lacking nearly the entire ligand binding domé@maud et al., 2011). Currently, it is not
known, whether the gene products are translatedvaiad functional role they might have. Both the
dupn7 and dupa7 have so far only been studied in heterologousessmon systems (Araud et al.,
2011; de Lucas-Cerrillo et al., 2011; Wang et 2014). When co-expressed wittY nAChR
subunit inXenopusoocytes, dug/ and dupa7 was found to reduce the amplitude of ACh-evoked
currents, suggesting they have dominant negatifeetsfon then7 NAChR function (Araud et al.,
2011; de Lucas-Cerrillo et al., 2011). In contr#lsis was not found in a recent study in transficte
mammalian cells, where th&/ nAChR subunit was demonstrated to co-assemble dup7 and
dupAa7 (Wang et al., 2014). The presence of dupr dup\a7 with thea7 nAChR subunit was
instead shown to alter the sensitivity to #ifenAChR agonists choline and varenicline, respebtiv
(Wang et al., 2014).

Cognition and nicotinic receptors

For decades it has been known that the cholinerggtem is involved in cognitive processes such

as memory and attention, since the first studigealed that lesions of cholinergic neurons in the
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basal forebrain of rats led to memory deficits (Baret al., 1985). Since then, several studiesy bot
in animals and humans, have demonstrated thatimecbias pro-cognitive effects (Levin et al.,
2006; Newhouse et al., 2004; Sacco et al., 2004¢. dholinergic neurons of the basal forebrain
project to the prefrontal cortex and hippocampukjctv are highly associated with cognitive
functions such as working memory, attention, anelcakve function (Dalley et al., 2004; Sweatt,
2004).

The nAChRs, especially the anda4p2 nAChR, have been extensively studied in the &lont
cortex and hippocampus for their role in cognitpggformance (Bloem et al., 2014; Levin, 2013;
Wallace and Bertrand, 2013). Activation of the nAChR has been shown to improve cognitive
performance such as short-term, long-term, and wgrknemory in animal studies (reviewed in
(Thomsen et al., 2010b)). Tl NAChR partial agonist A-582941 improved shortrtenemory in
the rat social recognition test, memory retentionmice by the inhibitory avoidance test, and
working memory in non-human primates (Bitner et @007). Administration of other partial
agonists of the7 nAChR, SSR180711 and ABBF, showed improvementsng-term memory in
rodents by novel object recognition test, which &hselished by co-administration of the selective
a7-nAChR antagonist methyllycaconitine (MLA) suggegtthat the effect was dependent @h
NAChR activation and not the desensitization of theeptors (Boess et al., 2007; Pichat et al.,
2007). In addition, the effect of SSR180711 was@né only in wild-type (WT) mice but not uv
NAChR knock-out (KO) mice (Pichat et al., 2007)digating that the effect was specific ¢@
NAChR activation. Remarkably, repeated adminigiratof the a7 nAChR agonist TC-5619
enhanced long-term memory, while acute doses haaffact (Hauser et al., 2009). The same was
observed with short-term memory by repeated adtnatisn of A-582941 in a social
discrimination test (Thomsen et al.,, 2011a), sugggsthat repeated administration produce
sustained memory-enhancing effects.

In contrast to animal studies, nicotine attinAChR ligands improve attentional parameters
in human studies rather than short- and long-teremaory (Levin et al., 2006; Newhouse et al.,
2004; Sacco et al., 2004). Th& nAChR partial agonist GTS-121 was found to improv
performance regarding attentional function and wayknemory in healthy volunteers (Kitagawa et
al., 2003). The discrepancy between the effects7ohAChR ligands on cognitive parameters in
animal and human studies might be due to diffetesting methods and/or a lower expression/of
NAChR in prefrontal cortex and hippocampus in husnaompared to rodents (Thomsen et al.,

2010b). In relation to drug development, the déferes in cognitive effects are of high relevance
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since animal studies are part of the preclinicatligts to verify whether a specific compound can
proceed to clinical trials.

Agonists of thead4f2 nAChR have also shown cognitive effects, paradul related to
attentional performance in animal and human stu@aster et al., 2009). In the prefrontal cortex, a
study suggested tha#f32 and a7 nAChRs have different roles in attentional preess where
activation of theudp2 nAChR in the prefrontal cortex increased relealséhe neurotransmitter
glutamate resulting in enhanced cholinergic tont@|eaactivation of thet7 nAChR was involved in
controlling the duration of ACh release (Parikhakt 2010). Furthermore, tf2 nAChR subunit
was shown to be essential for attentional perfomaan mice, where re-expression3# subunits
by a lentiviral vector in the prefrontal cortex p2 KO mice restored their attentional deficits
(Guillem et al., 2011). Activation af4f2 anda7 nAChRs has also improved working memory in
rats (Levin et al., 2002) and in non-human prim@Bagcafusco et al., 2007).

Despite that many studies in the last decades Fawad that activation ob7 anda4f32
NAChR led to improvements in cognitive functionceat studies have found that antagonists of the
NAChRs are also able to improve cognitive funcijaviewed in (Levin, 2013)), which questions
whether the effects of nicotinic agonists are duettmulation or desensitization of the receptor.
Further research are needed to determine exacthtlin® nicotinic compounds cause pro-cognitive
effects, which will be important knowledge in theetapeutic treatment of diseases with cognitive
impairments, such as AD and SCZ.

Alzheimer’s disease and nicotinic receptors

Alzheimer’s disease (AD) is a devastating neurodegive disorder and the most common form
of dementia. Even though it was first describeddlyis Alzheimer over 100 years ago (Alzheimer,
1907), there are still an ongoing debate regarthegole of neuropathological hallmarks and their
contribution to the progression of the disease.

AD is characterized by the formation of plaquestamring aggregate-amyloid (A3) and
neurofibrillary tangles of hyperphosphorylated paatein (Querfurth and LaFerla, 2010). Amyloid
plagues consist of the peptide3#,, which is produced by abnormal cleavage of the laihy
precursor protein (APP). The plague formation iggasted to be caused by an imbalance between
the production and clearance of#, and was early on thought to be neurotoxic andrttiating
factor of AD in the so-called amyloid hypothesisatdly and Selkoe, 2002). However, in more

recent studies it became evident that soluble oigs of particularly the By.4» form, and not
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insoluble plaques, were the most neurotoxic forrApfand that they correlated with the cognitive
decline (Walsh and Selkoe, 2007) and synapticitogd patients (Shankar et al., 2008).

Several findings have demonstrated interactionsvdet A3 levels and nAChR, which
suggest that these interactions serve a role im hoin-diseased and diseased conditions in relation
to synaptic plasticity and Atoxicity in the progression of AD, respectivelyafi and Dineley,
2010). Interestingly, soluble A 4> was shown to bind and activaig nAChR with a high affinity
in the low picomolar range, whereas the affinityAf_4» binding toa4p2 nAChR was 5,000 times
lower (Dougherty et al., 2003; Wang et al., 2000).

Although AB1.42 has been shown to modulate the function of nACinR&rious studies, the
exact effects of these interactions are inconc&jssince both inhibition and activation of NnAChR
function have been reported (Dougherty et al., 208&b et al., 2005; Pettit et al., 2001; Wu et al.
2004). However, reviews of recent studies agred # .4, is activating nAChRs at low
(picomolar) concentrations and short incubationlevimhibiting at high (nanomolar) concentrations
and longer incubation time (Lombardo and Masko&42®arihar and Brewer, 2010). Interestingly,
a7B2 nAChR heteromers were highly sensitive to bloekhgl AB1-42 in heterologous expression
systems and hippocampal interneurons, when compgardte homomeria7 nAChR, suggesting
thata7p2 nAChRs may play a unique role in the neuropathplaf AD (Liu et al., 2012; Liu et al.,
2009).

It has been demonstrated th@ nAChR agonists may modulatepA, accumulation.
Reducing the interaction betweerA, and a7 NAChR with a partia7 nAChR agonist was
shown to enhance the clearance §f 4 in mice that had been administered intracerebitoiceitar
infusion of AB1.42 (Wang et al., 2010). It has further been demotestrghata7 anda4 nAChR
MRNA are found in neurons that accumulafe At not hyperphosphorylated tau protein (Wevers
et al., 1999). Intracellular (.42 also correlated with high expressionodf nAChR in postmortem
AD brains, anda7 nAChR was reported to be involved in the intdmadion of AB;.4> using
transfected neuroblastoma cells (Nagele et al.2RMowever, crossing APP-overexpressing mice
with mice deficient of the7 nAChR resulted in contradicting results (Dziewmadaki et al., 2009;
Hernandez et al., 2010). These A#R<O mice showed in one of the studies no memoriciief
and rescued the levels of synaptic markers wittchenges in A pathology, suggesting that the
absence of thea7 nAChR was preventing the behavioral deficits anduropathology
(Dziewczapolski et al., 2009). In contrast, theeothtudy with APR:7KO mice, although with a

different APP mutation profile, observed that tlogmitive deficits worsen, whew/7 nAChR was
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absent, and that the levels o8&, and A plaques were lowered when compared to the APP, mice
indicating a protective role af7 NAChR (Hernandez et al., 2010). Thus, it seerasdfh NAChR
might have both protective and non-protective effec

Another field of AD research is focusing on the lahergic neurotransmitter system
formulating a cholinergic hypothesis of AD, suggegtthat the cognitive impairment in AD
patients is associated to cholinergic hypofunc(iartus et al., 1982; Contestabile, 2011). Several
studies have shown that an early event in the pagkiocof AD is cholinergic degeneration and
dysfunction in the basal forebrain, which correlafiéh the cognitive deficits in AD (Auld et al.,
2002; Kim et al., 2013). The cholinergic nucleitive basal forebrain, that project to the neocortex
and hippocampus, are involved in attention and nmgrstorage processes (Sarter and Bruno, 1997,
Woolf, 1998). Thus, pharmacological blockade of ¢helinergic system was demonstrated to have
negative impacts on memory function in humans (Bmzen and Leavitt, 1974) and rodents (Huang
et al., 2011; Janas et al., 2005). Moreover, theigcof the enzyme involved in the synthesis of
ACh, choline acetyltransferase (ChAT), is decreased\D (Bierer et al., 1995). The current
pharmacological therapies available to AD patieméslargely acetylcholinesterase inhibitors which
maintain cholinergic transmission by preventing thegradation of ACh. However, they have
shown limited success in halting the progressiorADf and therefore new drug targets in the
treatment of AD are needed (Buckingham et al., 2009

Although loss of cholinergic neurons in the basaébrain is well-recognized phenomenon in
AD, it is still widely debated, whether the cholige degeneration is an early and initial stage of
AD progression or it is merely a consequence oéogathophysiological hallmarks. Furthermore,
it is questioned how and if the expression of défé NAChR subtypes are altered in AD. Using
vivo techniques such as PET imaging, a study showeddHaced""C-nicotine binding in frontal
and parietal cortices of patients with mild AD aated with poorer cognitive performance in
attention tests (Kadir et al., 2006), which wagHer confirmed in a recent study with the selective
04f2 nAChR PET tracel®F-2FA-85380 (Okada et al., 2013). Interestinglytha latter study®F-
2FA-85380 binding was shown to negatively correlaith A deposition in the medial prefrontal
cortex of AD patients, suggesting that interactibesveen A and thea4p2 NAChR are affecting
cognitive function in AD patientdn vitro receptor autoradiography usintHJ-nicotine has also
demonstrated reducedi32 nAChR binding in frontal cortex of AD patientshean compared to
age-matched non-demented controls (Marutle eR@lL3) and cortical loss o2 was shown by
reduced {H]-epibatidine membrane binding in AD brains (Gettial., 2006a).
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There have been reported rather inconsistent fiysivhen investigating the7 nAChR levels
in AD patients, where both reduction and no chahgee been observed. Using*(-a-
bungarotoxin (?3]-a-Bgt), a7 NAChR binding was shown to be decreased in teahmmrtex of
AD patients, while there was no changeoih NAChR binding in the frontal cortex (Davies and
Feisullin, 1981; Marutle et al., 2013). However tbss ofa7 NAChR in temporal cortex was not
replicated in a later study showing decreaseéhAChR binding in hippocampus with no changes
in the temporal cortex (Hellstrom-Lindahl et al99®). Similarly, the hippocampal reductiono
nAChR was not able to be replicated in anotH&i]{a-Bgt binding study (Court et al., 2001),
which however reported a high variability itfJ]-o-Bgt binding among the AD patients, which
could cause the inconsistent findings and suggestt¥ NAChR may only be altered in a subgroup
of AD patients. The loss of nAChRs in AD is showot to be caused by alterations in mRNA
expression (Buckingham et al., 2009; Hellstrom-kinidet al., 1999; Wevers et al., 1999).

Genetic studies have demonstrated that variatioigemnes encoding nAChR subunits may be
associated to AD pathology. Thus, it was shown siregle nucleotide polymorphisms @GHRNA7
were associated to both AD itself and to the dehali symptoms in AD (Carson et al., 2008a;
Carson et al., 2008b). Furthermore, MIdRFAM7Agenotype without the two base pair deletion
was significantly over-represented in AD and otlementias, suggesting that the presence of the
CHRFAMT7Awith the two base pair deletion may protect agaki3 (Feher et al., 2009). Single
nucleotide polymorphisms in the genes encoding othe CHRNA4 (Dorszewska et al., 2005;
Kawamata and Shimohama, 2002) #2d CHRNB2 nAChR subunits (Cook et al., 2004; Laumet
et al., 2010) have also shown associations with AD.

Compounds targeting both th& anda4p2 nAChRs have been developed in the treatment of
cognitive deficits in AD. The therapeutic potentiélo4f32 NAChR activation in AD has not been as
well-studied as thex7 nAChR. Thus, a recent phase Il study with 2 nAChR agonist
AZD3480 was considered to be inconclusive, sinagais demonstrated to have no effects on the
Assessment Scale-Cognitive Subscale (ADAS-Cog)hoalih several secondary outcomes
measures were improved (Frolich et al., 2011). Mwenising results have been obtained with the
a7 NAChR agonists (reviewed in (Valles et al., 2004llace and Porter, 2011)). Preclinical studies
with thea7 nAChR agonist A-582941 showed that cognition vestored in an AD mouse model,
3xTg-AD mice, with both 8 and tau pathology, while the AD pathology was terall in these
treated mice (Medeiros et al., 2014). In addititve,.7 NAChR partial agonist SSR-180711 rescued

ABi4rinduced impairments of long-term potentiation iat hippocampal slices, while the
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acetylcholinesterease inhibitor, donepezil, and g2 nAChR agonist TC-1827 had no effects
(Kroker et al., 2013). Several nAChR agonists have reached advanced clinicad.aVnAChR
agonist TC-5619 showed promising results in trgatiognitive impairments in preclinical and
clinical phase Il trials (Hauser et al., 2009; laetman et al., 2013). Currently, the most promising
a7/ NAChR compounds in the treatment of AD are erulere (EVP-6124), which showed pro-
cognitive effects in animals and is now in phadetidbls for AD and SCZ (Preskorn, 2014,
Prickaerts et al., 2012), and ABT-126 demonstraiimproved ADAS-Cog scores similar to
donepezil in a phase llb study in patients withdmd moderate AD (Gault et al., 2013).

Degeneration of cholinergic neurons and decreasesld of NAChRs in AD combined with
the interaction between nAChRs anfl &s described above, suggest that nAChRs are atgdian
cognitive function and may be involved in the paigsiology of AD.

Schizophrenia and nicotinic receptors

Schizophrenia (SCZ) is a chronic psychiatric disoraffecting approximately 1% of the population
worldwide. The onset of SCZ is typically in lateossbcence or early adulthood and the symptoms
are divided in three categories referred as p@&sipsychotic), negative, and cognitive symptoms.
The positive symptoms include delusions, hallucomest, and bizarre behavior, while negative
symptoms are characterized by apathy, blunted emaltiresponses, and social withdrawal. The
cognitive symptoms comprise impairments in attentiearning and memory, executive function,
and working memory (Mueser and McGurk, 2004). Aliflo the current medical treatment of SCZ
with antipsychotics has high efficacy in allevigtipositive symptoms, they are poorly effective in
reducing the negative symptoms and especially thgnitve impairments (Hill et al.,, 2010;
Woodward et al., 2005). Currently, the cause of S€Zunknown; however, genetic, early
environmental, and social factors are suggestetbmiribute to the etiology of SCZ (Fox, 1990;
Stefansson et al., 2008).

Combining the pro-cognitive effects of nicotine ath@ observation that the prevalence of
smoking in patients with SCZ is very high compatedhe general population, smoking has been
suggested to be a form of self-medication to imprtwe cognitive impairments in SCZ (Kumari
and Postma, 2005). Involvement of NnAChR in SCZ firas suggested, when reduced expression of
nAChRs in the hippocampus of SCZ patients was dstmated using'f?]- «-Bgt and fH]-cytisine
binding to identifya7 NAChRs and high-affinity nAChRs such @82, respectively (Freedman et
al., 1995). The hippocampal nAChR binding was decreased with ~50% in theystudhich was

not reproduced in a more recent study with a lasgenple size (Thomsen et al., 2011b), indicating
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that altered expression in hippocampus only ocoua isubgroup of SCZ individuals. However,
reduced }]-a-Bgt binding was also found in cingulate cortexgastmortem brains of SCZ
patients, while the level ofi7 nAChRs was unaltered in orbitofrontal and tempa@rtices
(Marutle et al., 2001). Remarkably, the latter gtatiowed contradicting results witfH]-cytisine
binding, which was increased in cortical regionsS@fZ subjects. Several studiesodfi2 nAChR
expression in SCZ have since then demonstratechehesive findings, and given that nAChRs
were not upregulated in SCZ patients in responseigarette smoking as observed in control
smokers, it has been suggested that possibly dstgdanof the high-affinity nAChRs is a more
common feature of SCZ rather than altered expredeieels (reviewed in (Adams and Stevens,
2007)).

Genetic alterations in theHRNA7gene encoding7 nAChR have been proposed to associate
with attentional deficits in SCZ. Thus, the chrommsl location of CHRNA7 (Freedman et al.,
1997) and genetic polymorphisms in the promoteroregf CHRNA7(Leonard et al., 2002) have
been demonstrated to be linked to SCZ and the BBSosy gating deficit, which is associated to
attentional performance. Interestingly, severathe mutations in the promoter region decreased
transcription in arin vitro reporter gene assay (Leonard et al., 2002). Mecently, a specific
single nucleotide polymorphism, rs3087454, in allagry region upstream &HRNA7(Stephens
et al., 2009) as well as large deletions of 15qg1iB& locus of botlCHRNA7andCHRFAMTA are
shown to be associated with SCZ (International &xgtirenia Consortium, 2008; Stefansson et al.,
2008). In many of the individuals tteHRNA7 gene was deleted, while tfgHRFAM7Agene
remained. In addition, the two base pair deletiorexon 6 ofCHRFAM7A but not iInCHRNAY
was significantly associated with both SCZ and B&fsory gating deficit (Flomen et al., 2013;
Gault et al., 2003; Sinkus et al., 2009). Combining above results, that mutations in both the
CHRNA7and CHRFAM7Aare linked to SCZ, and the demonstrations thatgémee products of
CHRFAM7A dum7 and dupa7, could be dominant negative regulatorsa@fnAChR function
(Araud et al., 2011; de Lucas-Cerrillo et al., 2)14uggest that targeting the expression of
CHRFAM7Aand/or the function ofi7 NAChR may be beneficial in the treatment of SG&4.far
only thea7 NAChR has been investigated as a drug targeCihir8search.

The genes encoding tled andp2 nAChR subunitsCHRNA4andCHRNBZ2 have not been as
intensively studied in relation to SCZ as the nAChR-associated genes. However, it was shown
that CHRNB2 was significantly linked to smoking in SCZ (Faraoet al., 2004), and that

combination of three mutations @HRNA4with one mutation ilCHRNBZ2resulted in increased
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susceptibility to SCZ, while the mutations in theotgenes alone were not sufficient to be risk
factors for SCZ (De Luca et al., 2006b).

Pharmacological animal models have been used taarime symptoms observed in SCZ.
Mostly, NMDA antagonists such as phencyclidine &ethmine have been administrated in these
animal models, since they produce psychosis-likeabier in healthy adults resembling what is
observed in patients with SCZ, and in addition exiaate positive and negative symptoms in SCZ
patients (Malhotra et al., 1997; Malhotra et a8098@; Mouri et al., 2007). Several agonists of dfie
NAChR improved cognitive impairments in these athimadels such as deficits in short- and long-
term memory, working memory, and attention. Furntinae,a7 nAChR agonists restored auditory
gating deficits in impaired animals, which can leenparable to the sensory gating deficits in SCZ
patients (reviewed in (Thomsen et al., 2010b)).

Drugs targeting both7 anda4p2 nAChRs have been developed for the treatmenbgriitive
deficits in SCZ (Freedman et al., 2008; Olincy &tdvens, 2007; Ripoll et al., 2004). Although
there have been mixed results with2 nAChR agonistse7 nAChR agonists have in several
studies been demonstrated to improve attentioradtifon in patients with SCZ. The7 nAChR
partial agonist GTS-121 was the first to show inweroents in cognitive performance in non-
smoking schizophrenic patients in proof of concgpties linking nAChRs to SCZ (Freedman et
al., 2008; Olincy et al., 2006; Tregellas et ab12). In addition, a recent study demonstrateccedfe
with the TC-5619 in executive function and Scale Assessment of Negative Symptoms in
patients with SCZ as well as positive effects inrkilg memory in smokers (Lieberman et al.,
2013). The antipsychotic and cognitive effects @-3619 had previously been validated in a
preclinical study in rodents (Hauser et al., 2008)erestingly, thea7 nAChR partial agonist,
encenicline also showed improvements in cognitimpairments associated with SCZ in a clinical
phase IIb study (Preskorn, 2014).

Lynx proteins

The Ly-6/neurotoxin (Lynx) proteins belong to the-&uPAR superfamily, which share a
characteristic cysteine-rich motif determining gigey three-finger loop structure similar to snake
venom toxins, such as the/ nAChR antagonisti-Bgt, indicating evolutionary and structural
homology (Bamezai, 2004; Tsetlin, 1999). The Lynoteins have originally been used as
differentiation markers for lymphocytes (Bamezdl02), but are widely expressed in the brain as
well as in peripheral tissue, where members ofLrex protein family present in the brain include
Lynx1, Lynx2, Lypd6, Lypd6B, prostate stem celligah (PSCA), Ly6H, and PATE-M (reviewed
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in (Miwa et al., 2012)). Primarily, the Lynx protsi are tethered to the lipid membrane via a
glycosylphosphatidylinositol (GPI) anchor (see FeB), but some are expressed as soluble
proteins and thereby can be secreted like the veorims (Adermann et al., 1999).

Several members of Lynx proteins have been denaigsdtrto modulate nAChR function
(reviewed in (Miwa et al.,, 2011; Thomsen and Mildezl, 2012a). The first Lynx protein to be
associated to nAChRs was the Lynx1 protein (Miwalgt1999), and both Lynx1 and Lynx2 have
been shown to form stable complexes and negativelgiulatea7 ando4p2 nAChRs using co-
immunoprecipitation and electrophysiology, respetdsi (Fu et al., 2012; lbanez-Tallon et al.,
2002; Miwa et al., 2006; Tekinay et al., 2009). Tesults were all obtained using heterologous
expression systems, and thus it has not been dtsdi¢ar, whether the Lynx proteins are binding

and modulating nAChRs in native brain tissue.
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Figure 3. Schematic models of Lynx1 and a-bungarotoxin. Three-dimensional models of LynXA) and o-
bungarotoxin ¢-Bgt) (B). p strands are shown as green arrows and disulfidigds indicated with yellow(C)
Lynx1 is tethered to the cell membrane by the glygmhosphatidylinositol (GPI)-anchor, whereas SLURR
soluble. Modified from (Holford et al., 2009; Mived al., 1999).

Heterologous expression @f2 nAChR was less sensitive to ACh and nicotinehengresence of
Lynx1 and Lynx2 i.e., the Effor activation was increased, and both Lynx prgevas shown to
increase the rate and extend the recovery of diéigatien (Ibanez-Tallon et al., 2002; Tekinay et
al., 2009). The activity of Lynx1 om7 nAChRs have been reported to be concentratioarukmt,
where a soluble form of 1 uM Lynx1 increased ACHuoced currents in oocytes expressiry
NAChRs, whereas 10 uM was shown to inhibit thearsp to ACh in oocytes expressing eithér
adf2, ora3p2 nAChRs (Lyukmanova et al., 2011). Soluble Lynxdsvalso shown to enhance the
amplitude of ACh-induced currents Kenopusoocytes expressing eithe7 or a4p2 nAChRs

(Ibanez-Tallon et al., 2002; Miwa et al., 1999)ggesting that at low concentrations Lynx1 may
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enhance the ACh-induced currents throuhnAChRs. Soluble forms of Lynx proteins can be
advantageous, when investigating the function es¢hproteins, however it has been shown that
there were major differences in the effects ofdetll Lynx1l and soluble Lynx1 in transgenic
mouse models in a motor learning paradigm (Miwa\fadz, 2012), indicating that the association
to the membrane is important for the function ohky.

Although Lynx1 competed with?3-Bgt binding to ACh binding proteins and musclggy
Torpedo californicanAChRs with 1Go values of 10 and 30 uM, respectively, it was fpiposed
that Lynx1 binds outside the orthosteric bindintg,ssince 30 um Lynx1l was shown neither to
inhibit **1-Bgt binding to a7 nAChR nor®H-epibatidine binding tax4$2 nAChR expressed in
GH4C; and SH-EPL1 cells, respectively (Lyukmanova et28l1,1). However, in a more recent study,
site-directed mutagenesis and computer modelinigatet! that the binding site of Lynx1 might be
close to the orthosteric binding site of ti€nAChR (Lyukmanova et al., 2013).

GPIl-anchored Lynx proteins have been suggestee iavmlved in chaperoning of NAChRs,
where the interactions between Lynx proteins andCimRs could be altering the trafficking,
maturation and surface number of the receptorstétest al., 2009). Indeed, a recent study
demonstrated the localization of Lynx1 to be baththe endoplasmatic reticulum (ER) in addition
to the plasma membrane in transfected cultured enaesirons using fluorescent tags (Nichols et
al., 2014). Lynx1 was further shown to alter theemsbly ofa4p2 nAChR within the cell by
stabilizing a4-a4 subunit dimerization, but n@2-82 subunit dimers in the ER, thereby changing
the stoichiometry towards low sensitiviigf32, (@4)s(p2),, NAChRs instead of the high sensitivity
adB2, (@4)(B2)s, NAChRs (Nichols et al., 2014). Interestingly, atine is suggested to have the
opposite effect of Lynx1, since it is demonstratieat upon chronic exposure to nicotine, nicotine
binding within the ER results in up-regulation @2 by stabilizing high sensitivity4p2,
(0d)2(B2)3, NAChRSs (Lester et al., 2009).

Other Lynx proteins that are shown to modulate nRGanction include PSCA, which was
first identified to be highly expressed in prosteamcer (Reiter et al., 1998). PSCA was found to be
highly expressed and to correlate with nAChR expression in brain tissue from chicken and
mouse. Moreover, retroviral expression of PSCA issakciated chicken ciliary ganglion neurons
suppressed nicotine-induced ’Cinflux possibly viao7 nAChR suggesting that PSCA acts as a
negative modulator ofi7 nAChR function (Hruska et al., 2009). Contrarityansgenic over-
expression of another Lynx protein, Lypd6, was fbdo increase the cholinergic tone shown by

enhancement of G4 influx in dissociated trigeminal ganglion neuroriscreased locomotor
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arousal, and hypoalgesia (Darvas et al., 2009). Oy proteins, secreted mammalian Ly-
6/uPAR-related protein 1 and 2 (SLURP-1 and -2)iclvtare found to be expressed peripherally
and implicated in skin disorders, have also beemamhstrated to modulate nAChR function
(Arredondo et al., 2006; Arredondo et al., 2005in@énti et al., 2003). These proteins are, as their
names imply, not tethered to the membrane via adgBthor. SLURP-1 increased the amplitude of
ACh-induced currents in oocytes transfected witmAChR without changes in desensitization and
had no effect alone (Chimienti et al., 2003). Hentgas suggested that SLURP-1 function as a
type | positive allosteric modulator of tk@ NAChR (Thomsen and Mikkelsen, 2012a) although it
has been demonstrated to compete with-hicotine binding indicating binding to the ortteric
binding site (Arredondo et al., 2005). SLURP-2 shdva higher affinity for heteromeric nAChRs
and anti-apoptotic effects in keratinocytes, whieére opposite to SLURP-1 (Arredondo et al.,
2006).

Lynx1 is suggested to act as an endogenous allmstedulator of NAChRn vivo. Lynx1 KO
mice showed higher sensitivity to nicotine with ked reduction in E; for nicotine and in
receptor desensitization. Furthermore, the absehcgnx1 resulted in enhanced nicotine-mediated
cd" influx and synaptic activity (Miwa et al., 2006t was therefore proposed that Lynx1
endogenously regulates nAChRs to maintain low A®@miey and avoid potentially critical
overstimulation of the receptors. In addition, thgnxl KO mice displayed age-dependent
degeneration with intracellular vacuolation andbdiered myelin sheaths (Kobayashi et al., 2014;
Miwa et al., 2006). The degeneration was worseneddministration of nicotine and rescued by
crossing the Lynx1 KO mice witti7 oro4p2 KO mice (Miwa et al., 2006), indicating that nARH
are involved in the neurodegeneration.

Interestingly, Lynx1 has been shown to regulateaptin plasticity in primary visual cortex.
Lynx1 expression was shown to be increased afteitiaal period for amplyopia, and Lynx1 KO
mice displayed recovery from amblyopia, which isrmally restricted to the early critical
development period. Hence, it was suggested thax1ys critical for the loss of synaptic plasticity
in visual cortex seen in adulthood (Morishita et 2010).

Lynx proteins have also been associated to regulati development. Thus, it was shown that
Lypd6 plays an essential role in regulating embeywsis in zebrafish via enhancement of the
Wnt/B-catenin signaling pathway (Ozhan et al., 2013)tH&smore, transgenic mice expressing
SiRNA directed against Lypd6 showed that the knoekd of Lypd6 resulted in inability to

procreate, suggesting that Lypd6 is involved imgeell and/or embryonic development (Darvas et
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al., 2009). PSCA has also been proposed to havedulating role during development. Hence,
premature overexpression of PSCA in chicken embpyegentedi7 NAChR signaling-induced cell
death of neurons in ciliary ganglion, and an asgm was suggested between expression and
activation of nAChRs and PSCA levels, since exppdoroa-Bgt was shown to reduce PSCA
expression in the developing ciliary ganglion nesr@Hruska et al., 2009).

As mentioned above, animal behavioral studies haked nAChRs to cognitive function, but
only a few studies have focused on the behavidratacteristics of Lynx proteins. Interestingly,
Lynxl KO mice displayed improved associative leagniand memory in a fear-conditioning
paradigm (Miwa et al., 2006), and Lynx2 KO mice whd elevated fear- and anxiety-related
behaviors suggested to be caused by alteratiogkiiamatergic signaling in the prefrontal cortex
(Tekinay et al., 2009). In addition, in transgemiice overexpressing Lypd6 there were indications
on improved working memory, and these mice showdtheced pre-pulse inhibition of startle
response to acoustic stimuli, which is a measumgr®fattentional processing (Darvas et al., 2009).
These studies indicate that Lynx proteins mighir®lved in cognitive function, and thus could
have a potential role in diseases associated toeglymtion of nAChRs and/or cognitive

impairment such as AD and SCZ.
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Aims
The overall aim of the thesis is to characterizufhnAChR and Lynx proteins and their relation to
AD.

Specifically, the aims are to:

* Compare mRNA levels of the7 nAChR geneCHRNATY with its partially duplicated gene
CHRFAM7A

e Studya7 nAChR binding in the presence of thé nAChR agonist encenicline in human

cortex

e Study a7 nAChR binding in a transgenic mouse model of ABhwand without basal

forebrain cholinergic degeneration

e Characterize Lynx proteins in rodents and humans

» Study expression levels of Lynx proteins in AD pats and in transgenic mouse models of
AD
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Experimental Methods

In vitro receptor autoradiography

Investigation of receptor binding vitro is most often done with autoradiography. This heghe
employs radioactive labeled ligands which bind #medly to selective receptors and are applied to
thin tissue sections to determine the level of inigdsites and localization of the particular
receptorsin vitro receptor autoradiography has the benefits of amatd resolution and sensitivity
when compared to protein detection methods sudNestern blot analysis. However, the receptors
are detected in their native folded structure, a@mds high affinity ligands with incubation
concentration in the nanomolar range, which avaitglcan be limited, as well as high specific
activity of the radiochemical synthesis are reqiiite obtain high quality of the autoradiograms.
Furthermore, proper optimization of the protocolessential to ensure optimal condition for the
binding of the ligands to the receptors.

A broad variety of isotopes can be used when labdigands for autoradiography. The most
common used for receptor autoradiography*ateand*?3. Both have the advantages of relative
low energies and long half-lives with 12.3 yeans@ and 59.4 days for*l, which enables long-
term storage and use. Tritium displays high spatsblution due to low-energf-emission,
whereas™®? has the advantage of very high specific activitfere, we employed the classical
nAChR radioligands*f3] Tyr-54-mono-iodoe-bungarotoxin (f*1]-a-Bgt; 2,200 Ci/mmol; Perkin
Elmer, Skovlunde, Denmark) and [5,6-Bicycloheptyl-(+/-)epibatidine (fH]-epibatidine; 56,3
Ci/mmol, Perkin Elmer) to detea? ando4f32 nAChRs, respectively.

The autoradiography was carried out in brain tiskaem human temporal cortex obtained
from neurosurgical resection (Paper 1) as well emng of Tg2576 mice (see p. 33) and age-
matched WT mice. After resection, the tissue was@diately frozen on dry ice to preserve the
tissue and avoid protein degradation and store@@ftC until sectioning. The brain tissue was
sectioned into 12 um thickness, thaw-mounted oreSEpst Plus glass slides, and stored at -80°C
until use. Sections from the mice were collecteganallel series with both the frontal cortex (1.7—
2.0 mm anterior to Bregma) and the dorsal hippo@mggion (2.0-2.3 mm posterior to Bregma)
(Paxinos and Franklin, 2001).

The autoradiographic procedure consisted of foepsstHydration, incubation, washing, and
drying. The slides were thawed at room temperainre&0 minutes prior to the hydration. In the
[*H]-epibatidine binding protocol, the hydration stepnsisted of light pre-fixation with 0.2%
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paraformaldehyde in phosphate-buffered saline NQ.fpH 7.4) for 5 min to preserve the tissue and
enhance the anatomical resolution (Tribollet et 2004), followed by a dip in the binding buffer
containing 50 mM Tris buffer (pH 7.4) with 120 mMaBI, 5 mM KCI, 2.5 mM CaGland 1 mM
MgCl,. A binding buffer consisting of 50 mM Tris bufferith 0.1% BSA (pH 7.3) was used to
hydrate the sections for 30 minutes in tHaJF a-Bgt binding protocol. Incubation was then carried
out at room temperature in the respective bindiafjebs containing the radioactive ligands in the
concentrations: 'f]-a-Bgt mixed 1:10 with non-radioactive-Bgt yielding a total of 5 nM and
0.46 nM PH]-epibatidine for 2 hours and 1 hour, respectiyéydetermine the total binding (TB).
Non-specific binding (NSB) was determined in adpgcglides with the addition of 1 mM or 300
UM (-)-nicotine for }*1]-0-Bgt and fH]-epibatidine binding, respectively. Another lighfor the
receptor is used to avoid the same off-target bopdbubsequently, the slides were washed several
times in ice-cold binding buffers to separate tloaird radioactive ligands from the unbound,
followed by a quick dip in ice-cold distilled watey remove excess buffer salts. Prior to exposure,
the slides were dried under an air stream to agiisiociation of the radioactive ligand and fixated
overnight at 4°C in a sealed chamber containingfpamaldehyde vapor.
Visualization of the binding was done with the wée A
phosphor-image plates, which can store the eneoyy the ®
isotopes and later release it as luminescence, wt@med N

in a phosphoimager (Kanekal et al., 1995). From the '

autoradiographies regions of interest (ROIs) wea@dh ls

drawn for each brain region (see Figure 4) andntiean

igure 4. Graphic representation of the
ensitometric analysis. The mean optical

computer image analysis system (Quantity ©rigio-Rad, density was measured in frontal cor(@y,
temporal cortex, and hippocampyB)

CA, USA). Specific binding (SB) was calculated aB T Modified from (Paxinos and Franklin,
2001).

subtracted NSB. )

In Paper |, competitive binding studies were perfed to determine whethe/7 nAChR

optical density in the ROIs were quantified using %

compounds have affinity for thé*fl]-a-Bgt binding site. Here, it was investigated if thertial o7
NAChR agonist encenicline (EVP-6124, kindly prowdd®y Dr. Dan Peters, Neurosearch, Ballerup,
Denmark) displaced$7]-a-Bgt in human cortical tissue. This was done by sneag the binding

of a fixed concentration of{]-a-Bgt in the presence of increasing concentratidrsnaenicline.
The 1G5 could then be determined, which is defined asctiveentration of the compound, which
inhibits 50% of total SB.
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Western blotting

Western blotting or immunoblotting is a widely useghnique for detection of proteins and has
been used for over three decades with only sligidifications to the original procedure (Towbin et
al., 1979). The technique is used to identify djpe@roteins in tissue homogenates or extracts by
the use of specific antibodies to the target pnstelin brief, the proteins are denatured and stgzhra
by their molecular weight using gel electrophoreSigbsequently, the proteins are transferred to a
membrane, which is then incubated with a primaryibady, either monoclonal antibody or
polyclonal antiserum, targeting the specific protef interest followed by incubation with a labeled
secondary antibody recognizing species-specifitspai the primary antibody. Detection of the
labeled secondary antibody can then be visualized.

Western blot analysis is a fast, qualitative metkothbining the high resolution of protein
electrophoresis with the specificity and sensiividf antibody-antigen interactions. Protein
purification is not required in the sample preparatand thus proteins can be detected in crude
biological tissue samples. Although the signal €ates with the amount of protein, the detection is
only semi-quantitative depending on protein trangf#iciency from gel to membrane, and the
protein binding capacity of the membrane. Westédottibg strongly depends on the specificity and
sensitivity of the detection system and particylate specificity of the antibodies. It is thus
important that these are properly validated.

We used the following experimental procedure (Pafemand Ill): Prior to the gel
electrophoresis, the protein concentration of theividual samples was determined to ensure
loading equal protein concentrations. Diluted sampWvere then mixed with loading buffer
containing sodium dodecyl sulfate to denature tretgins. Using a wet-transfer blotting system
(Criterion™ Blotter, Biorad, Hercules, CA), the feims were transferred onto methanol-activated
PVDF membranes (Biorad). Subsequently, the membrarexre washed in Tris-buffered saline
with 0.1% Tween 20 (TBS-T), and blocked in TBS eaming 5% (w/v) dry milk powder.
Incubation with primary antisera was done overnighti°C (please refer to Paper Il and Il for
description of the antisera used). The following,dhe membranes were washed and incubated for
1 hour with horseradish peroxidase-conjugated sErgnantibody at room temperature. The
membranes were then covered with enhanced chemiésténce reagents (Western Lightfiing
ECL Pro, Perkin Elmer, Waltham, MA) and visualizesing a Chemidoc™ XRS system with
Quantity One software (Biorad). Densitometric asaywvas performed by measuring mean optical

densities of bands and subtracting an adjacentgbacikd measurement. To determine protein
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quantification, the optical density of protein baofdinterest was divided by the correspondfiag
actin and normalized to the respective control gravhich was set to 1.

Reverse transcription quantitative PCR

Reverse transcription quantitative polymerase chagction (RT-gPCR) is a frequently used
sensitive technique to analyze gene expression dgsuring mRNA levels in tissue extracts and
cell cultures (VanGuilder et al., 2008). The RT-dPConsists of three steps: 1) the conversion of
RNA to cDNA by reverse transcriptase, 2) the angpicsm of cDNA using PCR, and 3) the real-
time detection and quantification of products.

RT-gPCR provides quantification of gene expressith high accuracy and sensitivity,
which allows detection of very low amount of therget mRNA. Furthermore, it enables
discrimination of almost identical mMRNA sequenced &as a high throughput. However, the high
sensitivity also requires well-designed protocolthvproper sample storage, preparation, and high
RNA quality as well as efficient primers for the R@nd appropriate data and statistical analyses
(Bustin et al., 2009).

Here, the RNA was extracted from the tissue usoigrnon-based extraction methods instead
of hazardous reagents such as the commonly usexblTRiethod. RNA was reverse transcribed
into cDNA using oligo(dT)15 primers, which binds ttte poly-A tail of the mRNA (Nolan et al.,
2006). The gPCR reactions were performed by adtiiegcDNA sample with a SYBR green
mixture along with gene-specific primers. SYBR grdxnds to double-stranded DNA providing a
fluorescence signal, which corresponds to the dieglicDNA (Zipper et al., 2004). The PCR
products were measured by the cycle thresholg, (@hich is defined as the number of cycles,
where the accumulation of fluorescence signal edxean arbitrary threshold, where the
amplification curve enters the exponential phases@hereby inversely proportional to the amount
of target cDNA.

The RT-gPCR method was validated using seriallytidihs of cDNA to establish a standard
curve determining the efficiency of the assay, lat@erify the product, as well as melting curves.
Ideally, the efficiency should be 100% correspogdio the PCR product of interest is doubling
with each cycle. The efficiencies for the used grirpairs here were all in the range of 90-110%,
which is within the range, when using the compaea; method (Schmittgen and Livak, 2008).
We also used the efficiency correction method, ehanplification efficiencies are accounted for
in the calculation (Pfaffl, 2001). Several parametean influence the efficiency such as PCR

inhibitors, which include excessive protein sangote preparation reagents, primer design, and the

30



running conditions of the qPCR. In addition, theRP@roducts were validated by running the
samples on an agarose gel to verify that only glesiproduct of the correct size was produced.
Melting curves were also used to verify the amgdifiproducts and to distinguish them from
formation of primer dimers, since DNA melts at aawtteristic temperature. One potential
disadvantage of RT-gPCR is the amplification of 43pecific products, which can be avoided by
treating the samples with DNase to prevent fals&lAlCand genomic DNA contamination. In
addition, lack of specificity of the primers cas@lresult in non-specific products. We designed the
gene-specific primers to span across a splicessitiney only annealed to cDNA corresponding to
spliced mRNA.

Synaptosomal fractionation and affinity purificatio n

Subcellular fractionation is isolation of speci@ellular organelles, which allows for identificatio
of which organelle the protein of interest residelich could indicate the function of the partiqula
protein.

In Paper Il, tissue fractionated into nuclear anyghaptosomal fractions by differential
centrifugation was used to determine the subcelldistribution of the Lynx proteins, Lynx1 and
Ly6H. Synaptosomes aiia vitro preparations of isolated presynaptic nerve tertsinahich are
used to study neurotransmitter uptake, storageyeledse. The identification of synaptosomes has
certain morphological criteria such as the preseotemitochondria within a sealed plasma
membrane, where size and number of vesicles resewlixt is seen in intact nerve terminals and
varicosities (Whittaker, 1993). Homogenization loé train tissue in an isotonic sucrose solution
with a mild shear force separates the nerve teisiinam their axons followed by a resealing of the
presynaptic membrane. Here, differential centrificgp was used in the purification of the
synaptosomal fraction, and thus referred to aseceythaptosomal fraction due to contamination of
plasma membranes from neurons and glial cells ds agemyelin and mitochondria. As an
alternative, gradient techniques, such as the Peypaient procedure, can be used resulting in a
more homogenous synaptosomal fraction (Dunkleyl.et2808). However in our study, crude
synaptosomes were adequate to determine the disbribof Lynx proteins.

Preparation of the crude synaptosomes was donedatgdo a previous study (Soliakov et
al., 1995). In brief, the dissected brain tissue Wwamogenized in ice-cold homogenization buffer
using a glass Teflon grinder (IKA Labortechnik, 8tn, Germany) followed by centrifugation for

10 minutes at 1,06@ at 4°C. The resultant pellet, P1 or nuclear faagtiwas lysed and the
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supernatant was centrifuged 20 minutes at

20,00&xg at 4°C. The pellet was resuspended FC HIP
Hom P1 P2 Hom P1 P2

in Krebs-bicarbonate and centrifuged again for
10 minutes at 20,00@ at 4°C. The resultant SyntameM

pellet, P2 or crude synaptosomal fraction, was A ctin

--—-I _-—-— ——

lysed, and both the P1 and P2 lysates were

sonicated and processed for western blotting &sgure 5. Validation of synaptosome preparation

) Representative western blot images of frontal caktand
described above. The synaptosomal preparfippocampal tissue fractionated using differential
. . . centrifugation into a pellet 1 (P1, nuclear) andegpe (P2,
tion was validated by the enrichment of thQ:rude synaptosome) fraction. Enrichment of synaptes
: : . jn P2 is confirmed by enrichment of the synaptiotein
in the P2 fractio yntaxin (Anti-Syntaxin, MAB336) in the P2 fraction

(See Figure 5 and Figure S2 in Paper ). compared to P1 and the total homogenate (Hom).

synaptic protein, syntaxin,

Co-immunoprecipitation is often used to study pref@otein interaction using specific
antibodies to indirectly capture proteins thatlasend to the specific target protein. To circumvent
the use of antibodies, since selective antibodigsnat transmembrane and membrane-associated
proteins are challenging to generate due to ditfiesi in recognizing the native proteins, affinity
purification with the use of magnetic beads wasdusstead in Paper Ill. Magnetic beads have
several advantages over the commonly used beadedsagand porous resins, as they are smaller
in size and solid (non-porous), which results Bslaon-specific binding than porous supports.

Here, magnetic beads capable of binding amine-gcontabiomolecules was mixed with the
target protein, in this case recombinant human T-@§ged PSCA produced in E.coli
(purchased from MyBioSource Inc., San Diego, CH)e recombinant protein was coupled to
PureProteome™ NHS Flexibind Magnetic Beads (MillggBillerica, MA) by formation of stable
covalent bonds resulting in permanent immobilizatad PSCA to the beads. The residual active
groups of the beads were blocked by Quench Buff@® (nM Tris-HCI, 150 mM NaCl, pH 8.0)
prior to the resuspension with tissue lysate. Ati@f22 hours incubation of the coupled magnetic
beads with the lysed tissue sample, the magneads&vere collected and separated from the
sample using a powerful magnet. Subsequently theddenvere washed several times and
immediately processed for western blotting, whdre addition of loading buffer detached the

bound proteins for detection.
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Transgenic animal models of Alzheimer’s disease

Animal models play a central role when studyingdges of the CNS. The most widely used in AD
research are rodent models due to short lifespasy éreeding, and maintenance, which is
economically affordable. The vast majority of ADsea are sporadic with unknown etiology.
Hence, the animal models of AD are commonly relyamggenetic mutations in APP, presenilin 1
(PS1), or presenilin 2, which are associated watityeonset familial AD cases, a minority of all AD
cases. Although the animal models of AD have predidnowledge and understanding of the
pathophysiology of AD, which would not have beersgble in human subjects, the cellular,
biochemical, and behavioral pathology of AD patseate not recapitulated in these models. The
transgenic animals are e.g., displaying minimal roéegeneration and tau pathology, and
translation of behavioral phenotypes in the aninmlshallenging. Hence, discrepancies between
preclinical models and human clinical trials haeem reported (LaFerla and Green, 2012), and thus
the translational aspects of animal models of AD lva questioned.

Here, we used two transgenic AD mouse models: T4@576 mice as well as the triple
transgenic mice (3xTg-AD). The protein levels ohkyproteins were studied in Tg2576 and 3xTg-
AD mice using western blotting in Paper lll, whitAChR binding in Tg2576 mice with and
without cholinergic degeneration (see below) waestigated by*f3]-a-Bgt and fH]-epibatidine
autoradiography.

The widely used Tg2576 mice overexpress mutant soomthe human APP, the so-called
Swedish double mutation K670N/M671L (hAPPSwe), Whiesult in five-fold elevated secretion
of both AB;.4> and the less neurotoxidgbf4 (Hsiao et al., 1996). The Tg2576 mice show lateebn
of B-amyloidosis with diffuse plaques at 12 months gé,avhereafter B levels rapidly increase to
levels comparable to AD brains (Kawarabayashi.ef@l01). In the other animal model, which was
the first to develop both plaque and tangle patpplthe 3xTg-AD mice are expressing, in addition
to the hAPPSwe transgene, a mutation in tau (P3@&Lyell as the PS1 mutant M146V knock-in
construct (Oddo et al., 2003). The 3xTg-AD micevslearly signs of AD pathology with reported
plague onset at 6 months and neurofibrillary tarigienation at 12 months. They are useful when
studying the interactions of humarf &and tau, and the progression of pathology as aslthe
behavioral phenotype of these mice are similarhtisé observed in AD patients (Bilkei-Gorzo,
2014). However, the overexpression of APP/PS1 andjénes is simultaneous in these mice which

contrast AD patients, where tau pathology emergbsexjuent to A pathology.
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Given the hypothesis that cholinergic dysfunctisrassociated to the cognitive impairments
of AD, pharmacology-induced rodent models of cheigic deficits have been developed. To
mimic the degeneration of cholinergic neurons ie thasal forebrain, lesion methods with
immunotoxins targeting cholinergic neurons are camiy used. Currently, the most selective
immunotoxins are the mu p75-saporin (SAP) for macel its equivalent 192-1gG-SAP in rats
resulting in almost total loss of cholinergic nensowvhen injected (Chang and Gold, 2004). The
immunotoxins are conjugated to antibodies agamstR75 neurotrophic receptor, which is highly
expressed on cholinergic neurons in the basal famrebHere, we studied brain tissue from Tg2576
mice and their WT littermates with and without SAésions thus combining cognitive and
neuropathological characteristics. The male miceeweed on an inbred 129S6 background and
obtained from Taconic (Ry, Denmark) by H. Lundbe¥lS (Lundbeck, Valby, Denmark) The
mice had at the age of 9 months underwent surgdryradbeck performed by Bettina Laursen as
described in details elsewhere (Laursen et al.,3R0Briefly described, the mice received
intracerebroventricular injections of either 0.6 §fP (Advanced Targeting Systems, CA) or PBS,
since this was applied to dissolve the immunotokiectrophysiological testing of the animals was
then performed in an unrelated set of experimemtd,the mice were euthanized at 15 months and
the brains dissected. One hemisphere was useddtyses of ChAT activity at Lundbeck described
in details elsewhere (Laursen et al., 2013), whth ise of a radiochemical micro-assay based on
reaction betweer’iH]-labeled acetyl CoA and unlabeled choline, whie subsequent production
of labeled ACh was quantified by scintillation céginThe other hemisphere was snap frozen and
kept at -80°C until further procesing. Tissue fogstern blotting analysis from frontal cortex of
PBS-injected WT and Tg2576 mice were collected onryostat prior to the sectioning for

autoradiography as described above.

Statistical analysis

This section only covers the statistics used ferrdsults presented in tieesults and Discussion
section. For statistics used in Paper I-1ll pleegasult the respective papers. Data were analyzed
using two-way analysis of variance (ANOVA) with geype (WT micevs. Tg2576 mice) and
treatment (PBS vs. SAP) or genotype (WT mree3xTg-AD mice) and age (6 months vs. 19-21
months) as the two independent variables. Diffezsrietween groups were further analyzed using
Holm Sidak post hoc test, when there was an ovstaltistical difference or unpaired multiple t-

tests using the Holm-Sidak method. The statistiedtulations were performed using GraphPad
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Prism version 6 for Windows. Data are presenteth@an * standard error of the mean (SERI).
values were considered significant whes0.05.
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Results and Discussion

The a7 nicotinic receptor in human cortical tissue

In Paper |, we studied the human nAChR at the DNA, mRNA, and protein level. Studyb7
NAChR in human tissue at a molecular level is opamance to understand regulation of gene
expression and receptor function, however, it reenlrhallenging due to limited sources of human
postmortem tissue. Here, we used human temportxcobtained from neurosurgical interventions
to investigate the humaty nAChR.

First, we examined the mRNA expression levels ofesd NnAChR subunits including
CHRFAM7Aby RT-gPCR in human temporal cortical tissue atgdifrom neurosurgical resections
in patients with focal epilepsy (see Table 3, Pdperhe highest mMRNA expression levels were
from CHRNB2andCHRNA4compared t&CHRNA7 The CHRFAM7AmMRNA was detected in all
human subjects, and the expression level @HRFAM7A was ~30% with a ratio
CHRNA7:CHRFAM7ANRNA levels of 3.4. We observed high between-stibjariability in the
CHRNA7ZCHRFAMTAratio in temporal cortex with a coefficient of iation of 0.78, defined as
standard deviation divided by mean. We found naetations, when the mRNA levels were
compared to age and gender.

The transcript oCHRFAM7Ahas been shown to be more abundant in corticadneghan
hippocampus, thalamus, corpus callosum, and céuebelGault et al., 1998; Severance and
Yolken, 2008; Villiger et al., 2002). Our data shog 3.4 times higher expression level of
CHRNAY compared tocCHRFAM7A are comparable to previous studies in human pagtmo
cortical tissue (De Luca et al., 2006a; de LucasilBeet al., 2011). Similar variation size wasal
reported from mRNA samples obtained from the preabcortex post-mortem (De Luca et al.,
2006a), whereas in the study of de Lucas-Cerillal.ethe expression levels only included cortical
tissue sample from one individual (de Lucas-Cerrdt al., 2011). The relative high expression
levels of CHRFAM7Acompared taCHRNA7indicate that theCHRFAM7Agene products, da@
and dupa?, likely could be integrated intw/ nAChR-containing receptors in temporal cortexd an
thereby affect the function of these receptorserkstingly, De Luca et al. reported a lower rafio o
CHRNA7:CHRFAM7AMRNA in the prefrontal cortex of patients with S@Ad bipolar disorder
compared to unaffected controls (De Luca et alQ6a), suggesting that the dipand dupa7
subunits are more abundanton NAChR-containing receptors in affected individudioreover, a
positive correlation betwee@HRNA7 mRNA and CHRFAM7A mRNA levels was observed in
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bipolar disorder, which was not seen in unaffeatedtrols and SCZ patients (De Luca et al.,
2006a). It should be noted that we did not distisiguwhether the two base pair deletion in
CHRFAMT7Awas present or not, when measuring mRNA expredsiats.

In general, protein levels cannot be predicted IRNA expression levels. We observed much
higher mRNA expression acCHRNB2and CHRNA4 compared taCHRNA7in human temporal
cortical extracts, while it has been shown thatdg2 nAChR binding by 3H]-epibatidine was
similar to thea7 nAChR binding by*3-Bgt in postmortem temporal cortex (Gotti et &006a).
This discrepancy may be due to that not all nAChBRugits mature into receptors, but are present
as individual subunits, which are not detectedhgyradioactive labeled ligands. Furthermore, since
there are no antibodies or ligands currently abélahat can differentiate betweed nAChR and
dupn7 and dupa7 protein it has not been possible to demonstiaepresence of daj and
dupAa? in vitro orin vivoor their ratio tax7 nAChR subunits.

DNA methylation of theCHRNA7 promoter was further analyzed in the human tempora
cortex, since DNA methylation is known to repressscription. We demonstrated tf@HRNA7
promoter DNA methylation inversely correlated WE8IHRNA7mRNA (r=-0.798,P=0.0099) using
bisulfite sequencing and gPCR. This finding coroesfs well to a recent study reporting tissue-
specific correlation between MmRNA expression andADMethylation across human tissues
including both brain (cingulate gyrus) and perighetissue types (Canastar et al.,, 2012). In
addition, promoter methylation was demonstratednodulate CHRNA7 gene transcription in
human-derived cell lines, where inhibitors of a DN#ethyltransferase were able to significantly
increase the CHRNA7 expression in otherwise transcription-silenced, pemgnethylated
neuroblastoma SH-EP1 cells (Canastar et al., 2@@).data show that the expression of human
CHRNAZ7is regulated by DNA methylation of tt@HRNA7promoter, which add a new aspect in
regulating thex7 nAChR and thereby the cholinergic function in ioenan brain.

Currently, there are no reports linking DNA methiga status of theCHRNA7 promoter
region to brain disorders such as AD and SCZ, wtiexe7 nAChR is suggested to be involved. It
has been reported that methylation levels of DNAnany genes are highly correlated between
brain and blood, and thus DNA methylation levelsynb@ potential therapeutic biomarkers for
brain disorders (Ewald et al., 2014; Tylee et2013). This has been suggested in a recent study fo
the promoter region of the serotonin transporteregahere the promoter hypermethylation and the
correlated expression observed in drug-naive pateith SCZ were altered in drug-treated SCZ

patients dependent on the antipsychotic treatm@ind¢imaleky et al., 2014). Future studies may
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provide knowledge whether the DNA methylation level CHRNA7promoter region similarly can
be used as a therapeutic biomarker in AD and SCZ.

In the human temporal cortex, we further examirtes iinding of the selective7 nAChR
antagonist 1]-o-Bgt in the presence of the partia nAChR agonist encenicline (EVP-6124,
which is now in phase Il trials for cognitive anbihical improvement in AD and SCZ (Preskorn et
al., 2014). Encenicline was demonstrated to hauaique profile with co-agonist activity ia7
nNAChR-transfecteenopusoocytes (Prickaerts et al., 2012), making this goumd interesting to
study further in its binding to humat7 nAChRs.

We found that 30 uM encenicline was able to displTl]- a-Bgt in human temporal cortex
using autoradiography (see Paper I, Figure 2). digglacement was similar to 1 mM nicotine. A
high variability in displacingf]-a-Bgt at equivalent concentrations of encenicline whserved
among the human individuals (Paper |, Figure 3Alterestingly, we demonstrated that the
displacement with encenicline resulted in displageincurves in some of the human subjects,
which were best fitted with a two-site competitiorodel, suggesting that encenicline in these
individuals is able to bind the7 nAChR at two different sites, a high affinity ding site in the
nanomolar range and low affinity binding site ire tmicromolar range (6.2 nM and 2.6 uM,
respectively), which have the same affinity fofl]-a-Bgt (see Figure 6). The affinities of the
individuals displaying one-site binding were in the affinity range (~5.8 uM).

100 - °
. Figure 6. Different [*®lI]-a-bungarotoxin (a-
- 80+ —*= One-site Bgt) displacement profiles in human cortical
o - Two-sites tissue. [*#]-0-Bgt was displaced by encenicline
E 60 in five human subjects. Non-specific binding in
= the presence of 1 mM nicotine was subtracted and
£ 40- percent inhibition was calculated. Data were
~ separated dependent on whether one-site or two-
204 site model was preferred to determinggl@alues
in the human individuals, n=2-3.
0 — 3 . .
-12 -10 -8 -6 -4

Log[Encenicline] (M)

Encenicline has previously been shown to displadCg-o-Bgt in rat brain homogenates with a K
of 4.3 nM (Prickaerts et al., 2012), which is catent with the high affinity binding site seen uro
data. Given that 1 nM encenicline in transfectéenopusoocytes was shown to enhance
acetylcholine-evoked currents without desensitimgtivhereas concentrations at 3 nM encenicline

and above oppositely reduced the currents duecepter desensitization, a model of co-agonist
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activity was proposed (Prickaerts et al., 2012)e Tinodel describes how low concentration of a
high affinity ligand, such as encenicline, is naffisient to activate the receptor on its own, but
upon brief exposure to another ligand with lowdiély, such as ACh, the receptor will then be
activated (Cachelin and Rust, 1994). Our data sigthat, instead of the co-agonist model, the
behavior of encenicline may be explained by endeeidinding to two different sites of ther
NAChR, having a high affinity and a low affinityraling mode, which may result in different
effects upon activation. The binding sites mightthin the orthosteric site, sineeBgt has not
been reported to have more than one binding siteerdstingly, the displacement profile of
memantine, which is an antagonist of both the NMigeptor and7 nAChR and in clinical use to
treat AD, was also shown to be best fitted to a-$ite model when displacingH]-MLA (Chipana

et al.,, 2008). Memantine have been demonstrateidtévact with two binding sites on ther
NAChR; one being voltage-sensitive and suggestdx tavithin the channel and the other voltage-
insensitive and thus likely situated in the extiater domain (Aracava et al., 2005). Another
explanation than two distinct binding sites could that the interaction of the7 nAChR
compounds showed cooperativity, which will fit welith the co-agonist model. Speculatively,
since we observed the different displacement cheniatics in human tissue, the presence of the
CHRFAMT7Agene products, daf@ and dupa7, could also be influencing how encenicline bitals
thea7 nAChR. Previously, the presence of dd@and dupa7 has been demonstrated to differently
modulate the sensitivity ta7 nAChR ligands in a heterologous expression sygidang et al.,
2014). Thus, the genotype might affect the efficatgncenicline, which may lead to personalized
treatment in the future. However, further studiesreeeded to reveal the exact mechanisms of this
currently most promising7 nAChR drug candidate.

Copenhagen University Hospital, Rigshospitalethesonly place in Denmark performing the
temporal lobectomy of patients with temporal lolpdepsy with hippocampal onset. Thus, the use
of resected temporal neocortex from these neuraalrngterventions gave us a unique opportunity
to study thea7 nAChR in human tissue, which would be more lichiia postmortem tissue.
However, it is also a pitfall in our study as tisstie originated from patients with epilepsy, ared w
did not have control tissue for comparison. Althloutpe cortical tissue appeared micro- and
macroscopically normal, projections from the hipgpopus, with pronounced pathology, to the
temporal neocortex as well as the use of anti-ppdedrugs, and the occurrence of seizures may
have an effect on gene and protein expressionhé&umiore, DNA methylation of gene promoters
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and increased expression of DNA methyltransferdsase previously been demonstrated to be
altered in patients with temporal lobe epilepsyl{w et al., 2009; Zhu et al., 2012).

In summary, our findings in Paper | demonstrated thea7 NAChR is regulated at both the
gene and protein levels in human brain tis€lldRFAM7AMRNA was present in temporal cortex
of human individuals, where the rat@HRNA7:CHRFAM7ANRNA levels was found to be 3.4.
The DNA methylation status of theHRNA7 promoter region was further shown to correlate
inversely with expression levels @HRNA7 mMRNA suggesting the involvement of epigenetic
factors in the regulation dEHRNA7 mMRNA expression. When studying the binding of tfre
nAChR, thea7 nAChR agonist encenicline displacé®l]-a-Bgt with high variability among the
human individuals, where encenicline, in some imligls, showed two different binding modes,
which may affect the efficacy of the compound ia tfeatment of cognitive disturbances in AD and
SCZ.

Reduced a7 nicotinic receptor binding in Tg2576 mice with ch olinergic lesions

Cholinergic degeneration in the basal forebrain aoclmulation of A into extracellular plaques
are neuropathological characteristics of AD (Aulcle, 2002). However, animal models of AD are
usually only presenting one of the two hallmarksré] we studied the binding of nAChRs using
autoradiography with*f?]- a-Bgt and fH]-epibatidine in Tg2576 mice and WT controls congal
with intracerebroventricular infusion of the seieet cholinergic immunotoxin mu p75-saporin
(SAP). To our knowledge this study is the firsirteestigate NAChR binding following cholinergic
degeneration of the basal forebrain in a transgamimal model of AD.

To assess the cholinergic activity in the Tg2576arand their WT littermates, the activity of
ChAT was measured in frontal cortex and hippocanifpllswing the SAP infusion, which has
previously been described to be decreased aftesiorf with the immunotoxin (Berger-Sweeney et
al., 2001). ChAT activity was found to be signifitly reduced in frontal cortex and hippocampus
(P<0.001) of SAP-treated mice, whereas there was ifferehce in the levels of cholinergic
degeneration with respect to genotype in the tvgiores. This corresponds to a previous similar
experiment with SAP-treated Tg2576 mice and WT dsifLaursen et al., 2014).

We determined thé"{1]- a-Bgt binding in frontal cortex, temporal cortexddnippocampus in
15 month old Tg2576 mice and their WT littermatgsabtoradiography (see Figure 7A). In frontal
cortex using two-way ANOVA with treatment and gempe as variables, there was no interaction
of the variables and no significance in main e#ed¢h temporal cortex and hippocampus, there

were also no interactions of the variabl®s({.073 andP=0.087, respectively), however in both
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regions a significant main effect of the SAP treattn=0.024 andP=0.012, respectively) was
observed. A few SAP-treated animals, both WT an25¥7¢ mice, were excluded in the analysis of
hippocampus due to severe hippocampal atrophy.restiagly, [*1]-a-Bgt binding was
significantly reduced in temporal cortex and hipgropus of SAP-treated Tg2576 mice compared
to untreated Tg2576 mice revealed by the Holm-Sidaktiple comparisons tesf€0.05). In
contrast to the'f2]- a-Bgt binding, we observed no changes’i]{epibatidine binding in the three

regions using two-way ANOVA (see Figure 7B).
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Figure 7. Reduced [**I]-a-bungarotoxin (a-Bgt) binding in temporal cortex and hippocampus of transgenic
mice with amyloid pathology and cholinergic degeneration. Usingin vitro autoradiography,*f1]-a-Bgt (A) and
[*H]-epibatidine(B) binding were measured in Tg2576 mice (Tg) andr thddtype (WT) littermates treated with
PBS or the immunotoxin mu 75-saporin (SAP). Dataemeormalized to the PBS-treated WT groupindicates
P<0.05 main effect of treatment in a two-way ANOVand *P<0.05 indicates statistical difference between PBS-
and SAP-treated Tg2576 mice by Holm-Sidak multqg@denparisons test (n=10-16).

Interestingly, our data showed that combining clealgic lesion by SAP with overexpression ¢f A
resulted in reduced7 nAChR binding in temporal cortex and hippocamMs. found no changes
in [**]-a-Bgt in untreated Tg2576 mice compared to WT cdstirothe three brain regions, which
corresponds to previous study, whet®IJ-o-Bgt binding was unaltered in hippocampus of 6-7
month old Tg2576 mice in comparison to non-tranggemce (Hedberg et al., 2010). Furthermore,
we found no differences iml]-o-Bgt binding in SAP-treated WT mice, indicating tHaAP
treatment alone is not sufficient to affect #eé NAChR levels. Other lesion studies in rodents
showed altered function @f7 nAChR rather than alterad nAChR binding. Thus, GABAergic
lesions of the rat medial septum/diagonal bandro€d part of the basal forebrain innervating the
hippocampus, were demonstrated to alter the fumafcippocampat7 NAChR with no changes
in receptor density ai7 nAChR, whereas cholinergic lesions by 192 1gG-$@g no effects on7
NAChR function and density (Thinschmidt et al., 200In addition, rats demonstrated altered
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sensitivity to nicotine with no changes if®Y]-a-Bgt and PH]-cytisine binding following
electrolytic lesions of the medial septum (Fragieal., 1996) suggesting that the functional change
of the a7 NAChR were caused by structural or biochemicatofs such as relocation, altered
receptor structure and/or desensitization rates.

When investigating non7 nAChRs, we found no changes iHJ-epibatidine binding in
frontal cortex, temporal cortex, and hippocampusTgR576 mice compared to WT in both
untreated and treated groups. However, reducet]-cytisine binding has previously been
demonstrated in cingulate and parietal cortex ohibhth old Tg2576 mice (Apelt et al., 2002).
Similar to our findings, SAP-treated rats showedchanges in°H]-epibatidine binding in frontal
cortex, parietal cortex, and hippocampus (Bednarlet 1998), while in another study SAP
treatment was reported to redu¢®]-A-85380 binding in rat hippocampus with no chaagn the
cortical regions (Quinlivan et al., 2007). Both iddbeled epibatidine and cytosine have been
widely used in investigating high affinity bindirgf nAChRs such as the1f2 nAChR (Paterson
and Nordberg, 2000). However, they have differegiecivity for the nAChR subtypes e.g.,
epibatidine also binds with high affinity to th® nAChR subtype (Houghtling et al., 1995), and
[1*1]-A-85380 have been shown to have a greater seiigcin binding 042 nAChR than
epibatidine (Mukhin et al., 2000). Thus, the obsdrdifferences may be due to different selectivity
of the radioligands. Given that the &®f epibatidine fora3-containing nAChRs is much higher
than for then42 NAChRs, the low expression @8 NAChR in cortex and hippocampus (Gotti et
al., 2006b; Jensen et al., 2005) and that the magtrity of nAChRs in the forebrain is thdf2
nAChR subtype (Perry et al., 2002H]-epibatidine should be able to detect changesa4fi2
NAChHR in our study.

When comparing the hand-drawn area of the ROIhefdifferent treatment groups in the
autoradiographies, we observed that the area qfobhgmpus was significantly reduced in SAP-
treated mice F=0.0012) using two-way ANOVA, while there was ndfelience in area with
respect to genotype in the region (See Figure &.fdvind that the hippocampal volume loss was
evident in both SAP-treated WT and Tg2576 miPe(.020 andP=0.027, respectively), when

compared to the respective untreated mice usingptaut tests corrected with Holm-Sidak method.
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Hippocampal atrophy quantified by cresyl-violetisitag has previously been demonstrated in 6-8
month old Tg2546 mice in CA1-2 and CA3 regions faugeks after SAP injections, while there
were no changes observed in dental gyrus (Gil-Bea. £2012). Similar changes were seen with
MRNA levels of synaptophysin by situ hybridization in the three hippocampal regionswideer,

in contrast to our findings the hippocampal atrop¥gs not observed in SAP-treated WT mice,
even though there was a tendency to decreaseddaippal area in the CA3 region in the SAP-
treated WT group (Gil-Bea et al., 2012). The shwetiod of only four weeks after the SAP
injections in this study might account for the laflhippocampal atrophy in SAP-treated WT mice.
Moreover, SAP was injected in the third ventriglethis study, whereas the lateral ventricle was
used as injection site in our study. In line to data, hippocampal atrophy by acetylcholinesterase
histochemical staining was shown in SAP-lesioned@BL36 mice, which underwent surgery at 6-7
weeks and were euthanized 55 days later (~15 wadkswhile no changes were observed in the
non-treated mice (Moreau et al., 2008).

Recent studies investigating the combination ob&sebrain cholinergic degeneration and
overexpression of A in transgenic animals of AD suggest that these etsotéad to improved
models of AD neuropathology and cognitive deficitbus, it was demonstrated that SAP-treated
Tg2576 mice six months after the lesions had ingolatognitive performance in tests related to
spatial working memory and long-term memory, whéeh correlated to hippocampal dysfunction
(Laursen et al., 2014). In addition to deficits gpatial working memory, APPSwe/PS1 mice
showed increased levels of both soluble and ing®l&P;.4» and AB1.40 ONly two months after SAP
injections (Laursen et al., 2013). Increased nbrfar Ap was also demonstrated in SAP-treated
Tg2576 compared to non-treated Tg2576 mice (Gil-Beal.,, 2012), and lesions with SAP in
APPSwe/PS1 andx3g-AD transgenic mice with the lateral ventricleiagction site promoted

43



deposits as well as tau hyperphosphorylation itegkoand hippocampus (Hartig et al., 2014). It is
thus interesting that we only see the reductior{*fi]-a-Bgt binding in temporal cortex and
hippocampus in the Tg2576 mice with SAP lesionsjclwthave been demonstrated to have
enhanced AD-like pathology and cognitive impairnsettowever, we did not see alteréé[- a-

Bgt binding in frontal cortex, which is shown to in@olved in cognitive functions such as working
memory.a7 NAChRs in prefrontal cortex in mice and rats sinewn to be localized mainly in
postsynaptic dendrites by electron microscopy, thednajority of presynaptic cholinergic neurons
were without detectable/ nAChR (Duffy et al., 2009).

Whether the increasedpAlevels in the combined AD model are affecting ti'e nAChR
levels orvice versaare not possible to elucidate from our study. Hmvea study crossing Tg2576
mice with a7 nAChR knock-out mice have shown enhancefl éligomer accumulation,
hippocampal volume loss, and more severe learmdgraemory deficits in these animals compared
to Tg2576 mice, and7 nAChR was therefore suggested to have a neusxng role in early AD
(Hernandez et al., 2010). It has also been shoantkieo-secretase ADAM17 was decreased in
hippocampus of SAP-lesioned Tg2576 mice, which mighiting the release of neurotrophic
factors causing higher vulnerability of hippocampasamyloid toxicity (Gil-Bea et al., 2012).
Deficiency of brain-derived neurotophic factor (BBNin hippocampus of AD patients has been
reported (Zuccato and Cattaneo, 2009), and dead#3BF levels was found in SAP-lesioned rats
(Angelucci et al., 2011; Gil-Bea et al., 2011). @BDNF has previously been demonstrated to
increasea7 NAChR levels in cultured hippocampal neurons (Kiaet al., 2002; Massey et al.,
2006), the BDNF deficits in AD may alte? nAChR levels.

Lesions of a neurotransmitter system, as has beee th our study, will undoubtly be
influencing other neurotransmitter systems, whidghinlead to compensatory mechanisms. Even
though the amount of injected SAP in our study m&viously shown to have no collateral effects
towards other neurotransmission systems (BergeeB&ye et al., 2001; Hunter et al., 2004),
unintended effects on secondary transmitter systdrosld be considered, when interpreting results
in these specific lesion models.

In summary, we demonstrated tha nAChR levels measured b{#{]-a-Bgt binding were
reduced in temporal cortex and hippocampus in amanmodel combining B-overexpressing
Tg2576 mice with basal forebrain cholinergic degaten by the immunotoxin SAP, which could
be a new model of AD to investigate e nAChR function and the role a7 nAChR agonists in

cognition and AD pathology. We found no changesnam-o7 nAChRs with {H]-epibatidine
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binding. Furthermore, we observed hippocampal degeion following the SAP treatment in both
WT and Tg2576 mice, while cortical areas were ffilgticéed.

Distribution of Lynx proteins and interaction with nicotinic receptors

Although several Lynx proteins have been demoresired modulate nAChR function (Miwa et al.,
2011; Thomsen and Mikkelsen, 2012a), the studie® mimarily been based on heterologous
expression systems and transgenic mice, and thtismoch is currently known about their
distribution and characteristics in native rodem Auman tissue.

In Paper Il we investigated the subcellular disttikin of the Lynx proteins, Lynx1 and Ly6H,
in rat frontal cortex and hippocampus. Both prateiere found to be mainly expressed on the cell
surface using the cell-impermeable protein crassidig agent B Using fractionation of tissue
homogenates into nuclear and synaptosmal fractibgexl was further demonstrated to be
localized in the synaptosomes by significant highearels in frontal cortex and hippocampus
compared to the whole-cell homogenate, while Lyé¥tls were only significantly increased in the
synaptosomal fraction in hippocampus (see PapeFidiure 2). However, when comparing the
levels of Ly6H in the nuclear and synaptosomaltioas, a higher level of Ly6H was observed in
the synaptosomal fraction. This was also the catethe 32 nAChR subunit in both brain regions.
As a positive control for the fractionation, we dste ionotropic GIuR2 receptor, which has
previously been shown to be present in the synaptak fraction (Srivastava et al., 1998). In
addition, Lypd6 was similar predominantly expressedthe cell surface and in synaptosomal
fractions (Paper V).

The presence of Lynx1, Ly6H, and Lypd6 in synaptagbfractions suggests a synaptic
function of these Lynx proteins possibly in ternfsn@odulating synaptic signaling due to their
interactions with nAChR. Presynaptic nAChRs, esgBcthe a7 nAChR, have been shown to be
involved in neurotransmitter release of dopamitatagnate, GABA, and noradrenalin (reviewed in
(Barik and Wonnacott, 2009; Wonnacott et al., 2D08hus, Lynx proteins might influence the
release of neurotransmitters directly or indireatiyuced by nAChRs.

We further investigated the cellular distributiop fbactionating the rat and human cortical
tissue into soluble and membrane fractions by cdtn&rifugation. Lynxl and Ly6H were
exclusively found to be membrane-bound in rat calttissue (Paper Il, Figure 3A). This was also
found for Lypd6 in rat (Paper IV) as well as in hamcortex (Paper lll, Figure 1C). These findings
correspond to Lynx proteins being tethered to #lersembrane via their GPI-anchor. Remarkably,
PSCA was found to be soluble in human corticalugs@aper lll, Figure 1C). Although PSCA
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MRNA has been reported to contain a GPI anchomabignsite (Hruska et al., 2009; Reiter et al.,
1998), the PSCA protein was found to be both sedrend cell-associated in PSCA-transfected
293T cells (Reiter et al., 1998). This indicatet tR&CA act as a secreted protein and is not indolve
in chaperoning nAChRs as previously suggested fel-aachored Lynx proteins (Lester et al.,
2009). The demonstration that Lynx1 is involvedha assembly ai432 nAChR within the cell by
stabilizing dimerization ofi4-a4 subunits (Nichols et al., 2014), indicates thatmembrane-bound
Lypd6 and Ly6H might also be playing a role in reging the assembly of heteromeric nAChRs in
the ER like Lynx1 perhaps involving other nAChR syiles.

Lynx1 and Lynx2 have previously been demonstratedotimmunoprecipitate with7 and
a4f2 nAChRs in transfected HEK293 cells and monkeybinaal epithelial cells (Fu et al., 2012;
Ibanez-Tallon et al., 2002; Tekinay et al., 200®)rthermore, Lynx1 and4 nAChR subunits co-
immunoprecipitated, when the2 nAChR subunit was not present, whereas no co-
immunoprecipitation of Lynx1 anfi2 nAChR subunits was detected (Nichols et al., 20dére,
we demonstrated that PSCA formed stable complelx thi¢ a4 but not then7 nAChR subunit in
human cortical tissue using affinity purificatiddaper Ill, Figure 1D). To our knowledge this is the
first time that PSCA has been reported to bindA€hR subunits, and the first time that a Lynx
protein is demonstrated to form complexes with nRGlubunits in native tissue, since previous
studies have been carried out in heterologous egjame systems. In addition, both Lynx1 and
Lypd6 were shown to form complexes with several hRGubunits in the human brain (Paper IV
and V).

Interactions between4 nAChR and PSCA have not previously been repotttmivever,
PSCA has been suggested to act as a negative rmdafan7 nAChRs by reducing nicotine-
induced calcium influx in chicken ciliary ganglioeurons (Hruska et al., 2009). The antagonism of
a7 nAChRs was demonstrated in chicken embryos iefeatith PSCA resulting in overexpression
of PSCA at an age, where PSCA under normal comditieas almost undetectable. In addition, the
nicotine-induced calcium influx response was onbcked by 50% with MLA (Hruska et al., 2009)
indicating that other nAChR subunits could be ineadl in the effect. Alternatively, the lack of
binding could be a methodological issue, where limeling between PSCA and th& nAChR
subunit is not strong enough to be detected irsesay or that binding of PSCA to nAChR subunits
differs between species, as has been shown forlLginpukmanova et al., 2011).

Perinatal administration of nicotine was shown twreéase Lypd6 protein levels in

hippocampus of adult rat offspring, where the iaseeof Lypd6 expression was observed to be
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mostly evident in the nuclear fraction and nothe synaptosomal fraction (Paper IV). To further
study the effects of nicotine exposure, we adnmenest nicotine, 0.4 mg/kg nicotine (free base
weight) or vehicle (0.9% saline) subcutaneouslg.dwice daily for 7 days, to young (postnatal
day 8-14) and adult (postnatal day 54-60) rats,clwhivere sacrificed 4 hours after the last
administration followed by dissection of frontalrex and hippocampus. Short-term nicotine
exposure did not alter protein levels of Lypd6, Hy@®r Lynx1 in either the young (see Figure 9) or

the adult rats, suggesting that Lypd6 is more sgmsio regulation by nicotine during early
development.
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Figure 9. Short-term nicotine exposur e does not alter Lypd6, Lynx1 or Ly6H levelsin the brain. (A) Lypd6,
Lynx1, Ly6H, andB2 nAChR subunit protein levels were analyzed imtiab cortex (FC) and hippocampal (HIP)
tissue from rats administered nicotine (NICO; 0g/kg s.c., b.i.s.) or vehicle (VEH; 0.9% saline) fodays from
postnatal day 8-14. Data were normalized to Actid the vehicle group was set to(B) Representative images of
western blots summarized (A).

We further demonstrated that administration of PSfidA not alter the expression p2 nAChR
subunit in PC12 cells and neither did silencind®8CA using PSCA siRNA (Paper lll, Figure 2C
and 2E). However, in order to investigate whethand_proteins had an effect on nAChR function,
we found that 10 uM PSCA inhibited nicotine-indugdusphorylation of the MAP kinase ERK in
undifferentiated PC12 cells. This was also shownLfgpd6 and Lynx1 at the same concentration
(Paper IV and V). Although it is a relative highnocentration, it correspond to the concentrations of
Lynx1 required to compete with¥fi]-a-Bgt binding to ACh binding proteins (¢ ~10 pM).
Moreover, 10 UM Lynx1 inhibited ACh-induced currefith Xenopusoocytes expressing/, a4f32,
anda3p2 nAChRs, while 1 uM Lynx1 did not (Lyukmanova &t 2011). It is interesting that the
concentration needed to inhibit the nicotine-indlie&ects is similar for secreted and membrane-
bound Lynx proteins. Lypd6 and Lynx1 are supposeoktin close proximity to the nAChRs due to

their GPIl-anchors, whereas PSCA is required taebeesed in high concentrations to affect nAChR
function.
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Activation of the intracellular MAPK/ERK signalingathway by phosphorylation is particular
interesting, since it plays a crucial role in tlenhation of LTP and memory in hippocampus
(Adams and Sweatt, 2002). The effect of nicotineE®K phosphorylation has been shown to be
dependent oru3p4-containing NAChRs (Nakayama et al.,, 2006), buteotstudies are also
suggested involvement a7 nAChRs in this effect (El Kouhen et al., 2009;b8ms et al., 2010).
Although these findings suggest that PSCA, Lypa@, laynx1 are modulating the function @3p4
and possibly alsa7 nAChRs, it does not exclude that these Lynx jmetare able to regulate other
NAChR subtypes in the brain.

Previously, Lypd6 was shown to enhance calciumetusr through nAChRs (Darvas et al.,
2009), whereas in our study Lypd6 was demonstrat@dreduce nicotine-induced ERK
phosphorylation (Paper 1V). This discrepancy migbktdue to different forms of Lypd6, where
Darvas et al. used transgenic mice overexpressypda, and we used soluble recombinant Lypd6
protein. Lynx1 has previously been shown to affe8ChR function differently, when it was
administered in a soluble form (Miwa et al., 1999).

In summary, we found that Lynx1, Ly6H, and Lypd6reverimarily expressed on the cell
surface and localized to synaptosomal fractiongesiing a presynaptic function of these Lynx
proteins. Furthermore, Lynxl, Ly6H, and Lypd6 wexeclusively membrane-bound, whereas
PSCA was found to be soluble in human corticabgssShort-term nicotine exposure did not alter
expression of Lynx1, Ly6H, and Lypd6 in young amtlilarats, suggesting that nicotine can only
affect Lynx protein levels in early developmentcg Lypd6 was upregulated in hippocampus of
adult rats after perinatal nicotine administratiéimally, PSCA was demonstrated to bind ti#e
NAChR subunit and to modulate the effect of niaatimduced response in PC12 cells similar to the
other Lynx proteins, Lynx1 and Lypd6. These findigd us to further investigate Lynx proteins in
AD, where nAChRs have been found to by dysregulated

Lynx proteins levels are altered in Alzheimer’s dis ease

Lypd6 along with Lynx1 and Lynx2 have been suggestebe involved in cognitive function in
rodents (Darvas et al., 2009; Miwa et al., 2006kifay et al., 2009), and several studies have
proposed a correlation between nAChR levels anahitieg deficits in AD (Okada et al., 2013;
Sarter et al., 2009). Since we demonstrated th@AP&d Lypd6 bind to and modulate nAChRSs,
we therefore studied whether their protein levekrewvaltered in postmortem brains from AD
patients and in two transgenic mouse models of 2&1,g-AD and Tg2576 mice, using western

blotting.
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In Paper 1l we found that PSCA levels were incegaby ~70% in medial frontal gyrus of
AD patients, while Lypd6 levels were unaltered (&alpl, Figure 3). Given that PSCA was shown
to bind to thend nAChR subunit and was reducing nicotine-mediagsgonses, enhanced protein
levels of PSCA might result in negative regulatmmnAChR function in AD patients. Thus, if
PSCA is able to modulaiB2 nAChR similar to Lynx1 (Ibanez-Tallon et al., 2)0the reduced
function of the receptor might negatively affece ttognitive performance in AD patients, mainly
on attentional and executive function, as previpuldscribed (Okada et al., 2013; Sarter et al.,
2009). Remarkably, PSCA is not the first membehefLynx protein family, which is associated to
AD. The Lynx protein CD59, mainly involved in thenate immune system, has been reported to be
decreased in frontal cortex and hippocampus of Adlilepts and suggested to play a role in
neurodegeneration of AD (Yang et al., 2000). Alihlo Lypd6 has been found to modulate nAChR
function, we found no alterations in Lypd6 leveisAD brain.

In addition to the changes in PSCA levels, thelle¥g2 nAChR subunit was shown to be
significantly decreased in AD patients, which cepend to previous studies demonstrating
regulation ofa4p2 expression in frontal cortex of AD patients. Hene4f2 bindingin vivo was
demonstrated to be reduced in frontal cortex ofeptd with mild cognitive impairment and AD
(Kendziorra et al., 2011) as well as in patientthvearly-to-moderate stage AD, which correlated
with amyloid deposits determined by higfd]-PiB uptake (Okada et al., 2013). Furthermaor$?2
binding in vitro was reduced in postmortem frontal cortical tisefieAD patients using *H]-
nicotine autoradiography (Marutle et al., 2013).

To further investigate if the altered PSCA levelsravrelated to AD pathophysiology, we
determined the protein levels of PSCA, Lypd6, dre3 nAChR subunit in 3xTg-AD and Tg2576
mice. Similar to the findings in AD patients, waifal that PSCA anfl2 subunit levels were altered
in the frontal cortex of 3xTg-AD mice that displagth A3 and tau pathology, where the alterations
were primarily found in the 6 month old 3xTg-AD micompared to the 19-21 month old group
(see Paper lll, Figure 4A). Levels of PSCA &2dnAChR subunit were not significantly altered in
hippocampus of the 3xTg-AD mice although there wienedencies resembling the finding in
frontal cortex. No alterations of Lypd6 were fouindboth frontal cortex and hippocampus of the
3xTg-AD mice. When investigating the Tg2576 michatt display increased pAlevels by
overexpressing APP, we found no changes in theeiprdevels of PSCA, Lypd6, and ti2
NAChR subunit in the frontal cortex.
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Our findings in the two transgenic models of AD gesf that increased expression ¢f A
alone is not sufficient to alter the protein levefsSPSCA and32 nAChR subunit. The progression
of amyloid plaque depositions is very differenttie two animal models. Tg2576 mice display a
slower accumulation of [\ than the 3xTg-AD mice and is described as a latgl@d plaque
model, while the 3xTg-AD model, which carry bothtations in APP and PS1, is considered to be
an early plaque model with accelerated plaque foamdrom a young age (Lee and Han, 2013).
Thus, the lack of effect might be due to lowd¥ Idad in the Tg2576 mice. However, it should be
noted that the mice were represented in differget groups. We assumed thgb Aoncentration
was more or less equivalent in 6 month old the 3ADgmice and 15 month old Tg2576 mice due
to the slower rate of plaque formation in the latbeimal model.

Using immunofluorescence labeling, it was furthemdnstrated that the 6 month old 3xTg-
AD mice were devoid of amyloid plaques and tau Ihgpesphorylation, but displayed low
intracellular A immunoreactivity, while 21 month old 3xTg-AD micgere shown to have
pronounced AD-like pathology in frontal cortex amgpocmpus. Thus, these data indicate that the
regulation of PSCA levels occurred prior to thenfation of amyloid plaques and neurofibrillary
tangles in 3xTg-AD mice, suggesting that PSCA ragoh is an early event in the progression of
AD pathology in this transgenic model. However,ubt¢, oligomeric forms of B, which are
shown to be more neurotoxic than plaques (Walsh $gldoe, 2007), might be influencing the
PSCA levels at this age. In addition, differenaeshie plaque composition in AD transgenic have
been reported, where the Alaques in Tg2576 mice are composed @f Monomers, while the
3xTg-AD mice generate monomeric, dimeric, and atigoic A3 peptides (Kokjohn and Roher,
2009).

It was not possible to validate the hypothesis BfaCA levels may be a precursor to stages of
plague overload in the AD patients, since they vediren later stages of AD. The AD pathology in
3xTg-AD mice has some similarities to the pathogenén AD patients (Bilkei-Gorzo, 2014),
where A3 depositions are first evident in cortical regicasd later in hippocampus, while tau
pathology begins in the limbic regions and thencpeal to cortical regions (Oddo et al., 2003).
However, although AD-like pathological conditione @resent in the transgenic mice, it is merely a
model and only reproduces some of the neuropatlualognd behavioural features of AD, anfl A
and tau pathology is evident in other neurodegéineraisorders as well as aged non-demented
individuals (Kokjohn and Roher, 2009). Furthermatas difficult to compare the progression of

AD in patients with the appearance of pathologiramsgenic mice.
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The enhanced PSCA protein levels and the redg2ethChR subunit levels in frontal cortex
of AD patients and 3xTg-AD mice may suggest thdaeratl expression op2 nAChR is a
consequence of the changes in PSCA levelscer versaHowever, we did not detect alteration in
B2 NAChR expression in PC12 cells at either mRNA protein levels in the absence and presence
of PSCA, respectively. These assays were cell-baiséchot involving AD pathology, and therefore
does not preclude that PSCA could be modulatingesgion of32 nAChR subunit in native tissue
and/or under AD pathological conditions.

To test whether other Lynx proteins were affectgdAD-like pathology, we investigated
Lynx1 protein levels in frontal cortex of the 6 ab@21 month old 3xTg-AD mice. We found that
the levels of Lynx1 were decreased in 3xTg-AD nuoenpared to age-matched WT mice (Figure
10). Remarkably, we also found that the Lynx1 leweére increased with age. Thus, these findings
are opposite to our data on PSCA in 3xTg-AD miad, dorrespond to the previous study in AD
patients with CD59 (Yang et al., 2000). Unfortutateve were not able to detect Lynx1 protein in
the human tissue with the available assays. Thedagendent increase in Lynx1 levels suggests
that the expression of Lynx1l is not stable throwghedulthood. Previously, mMRNA and protein
levels of Lynx1 were demonstrated to be increasgumbstnatal day 60 when compared to postnatal
day 18 and 28 in visual cortex mice (Morishitalet2010). In rat frontal cortex, Lynx1 mRNA and
protein levels increased dramatically from birthtilupostnatal day 26, but then stabilized until
postnatal day 60 (Paper II).

A B Lynx1
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Figure 10. Lynx1 protein levels are decreased in frontal cortex of mice with amyloid and tau
pathology. Lynx1 levels were analyzed in frontal cortical extis from 3xTg-AD transgenic mice,
which display p-amyloidosis and tau hyperphosphorylation and agtohed wildtype (WT)
animals. Mice were sacrificed at 6 or 19-21 momthage.(A) Representative images of Lynx1 and
Actin western blots(B) Quantification of Lynx1 levels normalized to Actievels and the 6 month
old WT group was set to 1. * afidndicateP<0.05 main effects of genotype and age, respegtivel
in a two-way ANOVA (n=7-8).

Interestingly, oligomeric Bq-42 was demonstrated to inhibit the interaction betwiegnx1 anda3,

a4, a5, anda7 NAChR subunits using the affinity purificatiorsag (Paper V). The presence df:A
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42 did not affect the binding of any of tiffesubtype subunits, and the reverse peptifig Ahad no
effect on the Lynx1-nAChR binding, indicating tithe effect was specific toA4>. These data
suggest that Lynx1 andpA, compete for the same or overlapping binding ditthesea-subtype
subunits. Given that7 nAChR was shown to be involved in the interndiaraof ABi-42 (Nagele et
al., 2002), and that intracellularpAils suggested to trigger cognitive deficits in 3%¥AQ mice
(Billings et al., 2005), the dissociation ofAAChR binding by Lynx1 may improve the cognitive
impairments in AD.

In summary, we found that PSCA was increased aleitly decrease@2 nAChR subunit
levels in frontal cortex of AD patients and in 3xA® mice, while their protein levels were
unaltered in the Broverexpressing Tg2576 mice, indicating that thespnce of A pathology is
not sufficient to regulate PSCA af@ subunit levels. Lypd6 were unaltered in AD pasess well
as in the two transgenic animal models of AD. Femtiore, the alterations of PSCA #ifInAChR
were shown to be prior to the appearance of AD atharistics in relation to A plaque and
neurofibrillary tangle formation in 3xTg-AD miceuggesting that the regulation of PSCA is an
early event in the progression of AD-like patholagyhis animal model. Lastly, in frontal cortex of
3xTg-AD mice a reduction in Lynx1 levels was dentaated. The alterations of Lynx proteins in
AD may be due to a direct interaction between Lpnateins and A as shown with Lynx1. Thus,
with the demonstration that some Lynx proteins gysregulated in AD, the interactions of these
Lynx proteins with nAChRs and/orAmay affect cognitive function related to AD.
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Conclusion and Perspectives

The results in this thesis provide further knowkedggardingn7 nAChR and Lynx proteins in
animals and humans as well as their relation to Bfpecially the novel findings that some Lynx
proteins are regulated in AD may promote furtheestigations of their role in both healthy and
diseased states.

In Paper I, we demonstrated the importance of stgdihe a7 NnAChR in human tissue. A
partial duplication of the gene encoding W& nAChR subunitCHRFAM7A was found in all
human individuals, and the ratio of te& nAChR subunit geneCHRNA7 to the CHRFAM7A
mRNA levels was determined to be 3.4. Displacenoéni7 nAChR selective antagonisty]-o-

Bgt with the partiala7 nAChR agonist encenicline revealed high varigbitietween the human
individuals, and indicated that encenicline in someéividuals displayed two different binding
modes, which suggests that the efficacy of encerichay be altered in the these individuals. Since
mutations in CHRNA7 and CHRFAM7A are associated to SCZ and the gene products of
CHRFAMT7Aregulatea7 nAChR function, th&€HRFAM7Agenotype might affect the efficacy of
a7 nAChR compounds such as encenicline when ustrdatment of cognitive deficits in AD and
SCZ, which may underlie the large variation in sges to the7 nAChR modulators observed in
clinical trials. Furthermore, transgenic expressibiCHRFAM7AIn rodent models might prove to
be highly relevant to elucidate the role @HRFAM7Agene products vivo, which has not been
possible so far.

We further investigatedh7 nAChR levels in a combined animal model of AD and
demonstrated that?]- a-Bgt was decreased in temporal cortex and hippooaripTg2576 mice
with basal forebrain cholinergic degeneration bg tmmunotoxin SAP, while there were no
alterations in levels of noa? nAChRs with H]-epibatidine binding in these mice. Despite the
inconsistent results that both decreased and uedltevels ofu7 NAChRs have been reported in
AD patients, the combination offApathology with selective cholinergic degenerationld be a
new improved animal model to gain further knowledf¢hea7 nAChR function in AD, as well as
the role ofa7 NAChR agonists, e.g. encenicline, or modulaterg, Lynx proteins, in cognitive
performance and AD pathology.

In Paper Il and Ill, we demonstrated the cellulatribution of Lynx proteins in rats and
humans. Ly6H, Lynx1, and Lypd6 were all found todvemarily expressed at the cell surface and

in synaptosomal fractions, indicating a synaptiection of these proteins. Neurotransmitter release
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assays could be used to test, whether Lynx protie@snvolved in regulating nAChR-mediated
release of neurotransmitters. PSCA was in contoalsy6H, Lynx1, and Lypd6 demonstrated to be
exclusively expressed in a soluble form, suggestiag)this protein might be able to exert different
effects than the other Lynx proteins in regulatihg function and/or expression of nAChRs.
Furthermore, PSCA was shown to bind tee nAChR subunit and modulate nicotine-induced
response in PC12 cells similar to Lynx1 and Lypd@ijcating that PSCA might be a new target to
modulate the function of nAChRs.

In Paper lll, we further investigated Lynx proteinsAD and demonstrated increased PSCA
and decreasdfl nAChR subunit protein levels in frontal cortexAd patients as well as in 3xTg-
AD mice, displaying both B and tau pathology, where the Tg2576 mice with @gkpypathology
showed no alterations in PSCA P2 subunit levels, suggesting that the presence pisAnot
driving the regulation of PSCA anp2 nAChR alone. Lypd6 was not regulated in AD, but
decreased Lynxl levels were shown in frontal corix 3xTg-AD mice. In addition,
immunofluorescence labeling revealed that the gl of PSCA and Lynx1 could be an early
event in the progression of AD-like pathology inT8xAD mice. Further studies are needed to
validate whether PSCA is driving changeg3thnAChR expression and/or AD pathologyvivo.
Crossing PSCA or Lynx1 KO mice with transgenic Adels such as thexBg-AD mice could
also elucidate the role of these proteins in ADJ &ow they might affect cognitive function in
relation to AD. These findings open up for furth@restigation into the function of Lynx proteins
in both developmental and adult disorders espgcidlbse, where nAChRs are shown to be

involved.
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Abstract

Compounds targeting the& nicotinic acetylcholine receptor (nAChR) are eutty in development
for the treatment of Alzheimer’s disease and sgitizenia. Even though clinical trials have shown
promising effects, high interindividual variabilityas been observed. Variability is also seen in the
promoter region of the7 nAChR geneCHRNA7, and in the partial duplication of tlegHRNA7
gene CHRFAM7A), and these genetic variabilities have been linkéth schizophrenia. In this
study, the expression @HRNA7 and CHRFAM7A as well as DNA methylation of theHRNA7
promoter were examined in human temporal cortisaue obtained from neurosurgical resections
in patients with focal epilepsy. We found that th&NA levels of CHRNA7 are 3.4 times higher
than CHRFAMTA. Interestingly, an inverse correlation betweennpter DNA methylation and
CHRNA7 mRNA levels (r=-0.798P=0.0099) was observed, suggesting that not onlynpter
variations, but also the level of methylation igical for expression of the gene. Displacement of
the selectiver7 NAChR antagonist‘$7]- a-bungarotoxin ¢-Bgt) by the partiab7 nAChR agonist
encenicline (EVP-6124) was also studied in the hupmatical tissue. The displacement curve with
encenicline was best fitted to a two-site modedaome human individuals giving $gvalues of 6.2
nM and 2.6uM, whereas only the lower-affinity component wasntified in other individuals
(ICs0 ~5.8 uM). The findings emphasize the large varatiin methylation status, gene expression,
and binding properties of the7 nAChR in native human brain tissue. These intividual

differences may underlie the large individual difieces in responsesd@ nAChR modulators.



Introduction

Cognitive impairments are common features in séyEgchiatric and neurological diseases such
as schizophrenia and Alzheimer’s disease, and mumedication has only limited effects. Thé
nicotinic acetylcholine receptor (nAChR) is consetkan important drug target for improvement of
the cognitive impairments in these diseases (rexiew (Thomsen et al., 2010; Wallace and Porter,
2011)). Thea7 nAChR partial agonist, encenicline (EVP-6124, EOR Pharmaceuticals) was
reported to produce effects in domains of the CatgSSchizophrenia Battery such as memory and
executive function at very low doses in patientthveichizophrenia in a recent randomized clinical
trial (Preskorn et al., 2014). The improvement ighler cognitive functions was similar to earlier
proof of concept studies with another less selecpartiala’7 nAChR agonist, GTS-21, both in
healthy volunteers (Kitagawa et al.,, 2003) and atigmts with schizophrenia (Freedman et al.,
2008; Olincy et al., 2006). In addition, a recetitdy demonstrated effects with th&@ nAChR
partial agonist TC-5619 in executive function arwhl8 for Assessment of Negative Symptoms in
patients with schizophrenia as well as positivea# in working memory in smokers (Lieberman et
al., 2013).

The a7 NAChR is a pentameric ligand-gated ion channgiclvis widely distributed in the brain
(Albugquerque et al., 2009; Dani and Bertrand, 200e human gene encoding nAChR,
CHRNAY7, is located at chromosome 15q13.3, and variationthe gene have been linked to
schizophrenia (Leonard and Freedman, 2006). Tholymorphisms in the proximal promoter
region and in regulatory regions upstream GHRNA7 are more frequent in patients with
schizophrenia (Leonard et al., 2002; Stephens ,e2@D09) and are associated to the endophenotype,
the P50 sensory gating deficit. Interestingly, mafythe polymorphisms in the promoter region
show reduced transcription when investigated inrawitro reporter gene assay (Leonard et al.,
2002). In addition, an inverse correlation betwésn methylation of the promoter a@HRNA7
MRNA levels has been found across several humsietitypes as well as human-derived cell lines
(Canastar et al., 2012).

In humans, th&€HRNA7 gene is partially duplicated (Gault et al., 199jons 5-10 oCHRNA7Y
along with additional DNA (~200 Kbp) are duplicategstream of th€HRNA7 and interrupting a
second partial duplication of thél K4 gene. Remarkably, the duplication is a recentudimiary
event and unique to humans, since it is not foumdther mammalian species including closely
related primates (Locke et al., 2003). The pastidliplicated, chimeric gen€HRFAM7A, maps
centromeric to the full-lengtiiHRNA7 by 1.6 Mb (Gault et al., 1998; Riley et al., 200R)ost



people (>95%) have one or two copiesGHRFAMT7A (Sinkus et al., 2009). Furthermore, a two
base pair deletion in exon 6 GHRFAM7A has been identified, and this deletion was founte
significantly associated with schizophrenia andRB@ sensory gating deficit (Flomen et al., 2013;
Gault et al., 2003; Sinkus et al., 2009). Co-exgioes of CHRNA7 andCHRFAM7A gene products

in Xenopus oocytes reduced the amplitude of acetylcholinekedocurrents suggesting that the
duplicatedgene products act as negative modulators7/ohAChR function (Araud et al., 2011; de
Lucas-Cerrillo et al., 2011).

Poor translability of the effects a7 nAChR agonists observed in preclinical animal atedo the
effect in randomized clinical trials in patientseigident (reviewed by (Thomsen et al., 2010)). In
clinical trials for pro-cognitive drugs, large valbilities in positive effects are observed androfte
the variabilities are compromising these effectsigdin and Mehta, 2011). It is not clear what
differences that account for the variability, buengtypic differences is likely part of the
explanation (Costa e Silva, 2013; Lesko and Wodkic2004) that could lead to differences in
MRNA expression and DNA methylation. However, ialso possible that proteins binding to the
a7 nAChR subunit may account for the variabilitytie response to drugs. For example variations
in the expression dHRFAM7A may account for different receptor efficacies imtans compared
to animals, which are lacking the duplicated gefRerthermore, heterogeneity of7 nAChR
receptors could be important, given th@nAChR form complexes with tH2 nAChR subunit in
human basal forebrain (Moretti et al., 2014) andniners of the Ly-6/neurotoxin protein family
(Miwa et al., 2011; Thomsen and Mikkelsen, 2012)hjolv have been demonstrated to alter the
function of thea7 nAChR. More studies in human native tissues enttanscriptional regulation,
the composition, and structure of the hum@mnAChR receptor target are important to understand
and correlate the effect a¥ nAChR modulators in clinical trials.

Studying gene expression in the human brain has bkallenging due to RNA degradation by
RNAases as well as pre- and postmortem variabfestafg the RNA quality (Durrenberger et al.,
2010). In this study, we have used freshly frozeméan temporal cortical tissue obtained from
neurosurgical interventions to investigate the mR&Mpression ofCHRNA7 and CHRFAM7A,
DNA methylation of theCHRNA7 promoter, and characteristics in receptor bingingperties by

displacing {?°]- a-bungarotoxin ¢-Bgt) binding by encenicline.



Materials and Methods

Human brain tissue

Temporal cortical tissue was obtained from antei@onporal lobectomies in a total of 13 patients
with medically intractable temporal lobe epilepsythwhippocampal onselisted in Table 1.
Performing anterior temporal lobectomy, the latéeahporal neocortex was resected in addition to
the mesial temporal structures expected to cortaénepileptogenic zone. In all cases lateral
temporal neocortex appeared normal on both MRIangeuropathological examination. Written
informed consent was obtained from all patientoteefsurgery. The study was approved by the
Ethical Committee in the Capital Region of Denm@tik2-2011-104) and performed in accordance
with the Declaration of Helsinki. The tissue wasesed during the neurosurgical procedure,

immediately frozen on dry ice, and stored at -80nd@! use.

Rever se-transcription quantitative PCR

Levels of mMRNA were determined by reverse-transiompguantitative polymerase chain reaction
(RT-gPCR). Total RNA from human cortical extractsifjects HB0O1-12 in Table 1) was extracted
with RNeasy Mini Kit (Qiagen, Hilden, Germany) aodimg to the manufacturer’s protocol. The
samples were dissolved in RNase-free water and Bdient was quantified on a Nanodrop ND-
2000 spectrophotometer (Thermo Fisher Scientifidmiigton, DE). Extracted RNA was reverse
transcribed into single-stranded cDNA with the lofH™ Reverse Transcription System
(Promega, Madison, WI) according to the manufacwif@otocol using oligo(dh} primers, 6 mM
MgCl,, and 20 units of RNase inhibitor. RT-gPCR readiaere performed in a total volume of 20
ul, containing 5 pl sample cDNA, 10 pkBrilliant 1| SYBR® Green gPCR Master Mix (Agilent
Technologies, Santa Clara, CA), 15 pmol each of finevard and reverse primer (DNA
Technology, Aarhus, Denmark), and combined withiltid water to the final volume. The primers
used in these experiments are described in Tall#d 21PCR was performed on a Light Cycler 480
(Roche, Indianapolis, IN) and initiated with a 10nate preincubation at 94°C followed by 45
cycles of 30 seconds at 94°C, 45 seconds at 60Ai€,1a5 minutes at 72°C. After finished
amplification, a melting curve program was run. 8dmples were run in triplex and all primers
were validated by using serially diluted cDNA tdaddish a standard curve to generate efficiencies
for each primer pair, which were all in the range0-110%, and by confirming the size of each
product on a 2% agarose gel (data not shown). @icatipn of mMRNA expression was calculated



asE“", whereC; defines the threshold cycle afdthe efficiency of the primer pair, according to
the efficiency corrected Pfaffl method (Pfaffl, 200

DNA methylation analysis and gPCR

Genomic DNA and total RNA were extracted from huncartical extracts (subjects HB01-09 in
Table 1) with an AllPrep DNA/RNA Mini Kit (QiagerGermany). The tissue was disrupted and
homogenized for 30 seconds with a T10 basic ULTRARRAX Homogenizer (IKA, Germany)
and processed according to manufacturer’s protocaimultaneous purification of genomic DNA
and total RNA from Animal Tissues. DNA and RNA westered at -80°C until further use. Purity
and concentration of RNA and DNA were assessed wittNanoPhotometBf (IMPLEN,
Germany).

Synthesis of cDNA and RT-gPCR reactions were ruabawe with slight modifications. RNA was
reverse transcribed with a Revert®fd Premium First Strand cDNA Synthesis Kit (Thermo
Scientific, Germany), PCR reactions were run inv8000P Real-Time PCR System (Stratagene,
USA), and reaction mixtures consisted eMhxima SYBR Green qPCR Master Mixx}2 ROX
solution provided (Thermo Scientific, Germany).

The stability of several reference genes has puslyobeen tested in human neocortex from
epilepsy patients (Wierschke et al., 2010). Usiragrifinder software (Andersen et al., 2004), it
was found that the geometric mean of TATA-box hmgdiprotein TBP) and neuron-specific
enolase ISE) were the best suited combination of referenceegdaor normalization. We included
these housekeeping genes as wefl-astin ACTB) and since no difference in using the geometric
mean ofTBP/NSE or TBP/ACTB was found, the latter was used for normalizati®ene expression
was calculated using the efficiency corrected Pfa#ithod (Pfaffl, 2001).

All DNA samples were bisulfite converted with aniBect® Bisulfite kit (Qiagen, Germany),
according to the manufacturer’s protocol for sodiisulfite conversion of unmethylated cytosines.
The humanCHRNA7 promoter was amplified with HotStarTaq DNA Polymss (Qiagen,
Germany) with the primers listed in Table 2. Tover® amplification bias, the primers were tested
at several annealing temperatures, and the higbegterature providing sufficient product was
selected (Shen et al.,, 2007). As tGEIRNA7 promoter has a very high CpG density, primer
placement is difficult. Therefore, the primers wdesigned to target the antisense strand to ensure
optimal placement. 20 pL reaction were preparecoralieg to protocol with 30 ng bisulfite
converted DNA, 0.5 uM of each primer, and 3 mM MgQlhe cycling conditions were: 95°C for
15 minutes, 40 cycles (94°C for 30 seconds, 60t fminutes, 72°C for 1 minute), and 72°C for



10 minutes. PCR products were gel electrophorizech @% agarose gel stained with ethidium
bromide. Subsequently, the PCR products were out the gel and isolated with a QlAquick Gel
Extraction Kit (Qiagen, Germany), and concentratiovere assessed with a NanoPhotom®éter
(IMPLEN, Germany). PCR products were cloned usihg tnsTAclond” PCR Cloning Kit
(Fermentas, Lithuania). Selected plasmid DNA wexteaeted with a GeneJET Plasmid Miniprep
Kit (Fermentas, Lithuania) and 1.5 pg of each pragan was freeze-dried and sent to Beckman

Coulter Genomics (United Kingdom) for sequencing.

In vitro receptor autoradiography and analysis

Human temporal cortical tissue was cut in 12 unti@es on a cryostat, thaw-mounted onto Super
Frost Plus slides, and stored at -80°C until furfirecessing. 15 slides from each subject (subjects
HBO04, HB06, HB10, HB12, and HB14 in Table 1) welawed at room temperature for 30
minutes, followed by 30 minutes hydration in 50 niks buffer with 0.1% BSA, pH 7.3 (binding
buffer). To assess total binding, one set of slidas incubated for 2 hours at room temperature in
binding buffer containing ‘{1 Tyr-54-mono-iodoe-bungarotoxin (?3]-o-Bgt; 2,200 Ci/mmol;
Perkin Elmer, Skovlunde, Denmark) mixed 1:10 witinwiadioactivea-Bgt yielding a total of 5
nM. Serial dilutions of encenicline (kindly providldoy Dr. Dan Peters, Neurosearch, Ballerup;
concentrations 0.01 nM - 30 uM) were included i@ ithcubation for the subsequent 13 slides, and
finally 1 mM (-)-nicotine (Sigma Aldrich, Brandbidenmark) was added to the last set of slides for
analysis of non-specific binding. Slides were theefly rinsed in binding buffer, followed by30
minutes washes in ice-cold binding buffer, and flyiginsed in ice-cold distilled water.
Subsequently, slides were dried under an air straath fixated overnight at 4°C in a sealed
chamber containing paraformaldehyde vapour. Finalides were dried for 2-3 hours in an
excicator, exposed to a BASMS2040 phosphor imagiate (Science Imaging Scandinavia AB,
Nacka, Sweden) for ~17 hours, and scanned with &-B300 imaging plate scanner (Fujifilm
Europe GmbH, Dusseldorf, Germany).

Mean optical densities from autoradiographies wegrantified using a computer image analysis
system (Quantity Orffe Bio-Rad,CA,USA).Only the outer cortical layers were measured (see
Figure 2D). The individual value for each slide wasculated as the average measurement from 2-
3 individual sections. The average value from aresponding slice with non-specific binding
(presence of 1 mM nicotine) was subtracted to yighecific binding (SB), and the percent

inhibition by which encenicline displacetf]]- o-Bgt was calculated as:



(SBtotal - 83encenicline) D.OO)/O
S'D)total

% inhibition =

where SBya and SRncenicineis the specific binding of'f7l]-a-Bgt in the absence and presence of

encenicline, respectively.

Satistical analysis

The correlation betwee@HRNA7 expression and promoter DNA methylation was exahimsing
Pearson correlation. kg values were determined from plots of binding attiwersus log
encenicline concentration using non-linear regosanalysis where one-site and two-sites models
were compared by extra sum-of-squares F test. ilf@er one-site model was chosen unlessithe
value of the extra sum-of-squares F test was sogmf. All analyses were conducted using
GraphPad Prism 6.03 (GraphPad software, San Di@gplUSA). P values <0.05 were considered
to be statistically significant.

Results

CHRFAM7A mRNA expression in human temporal cortex

Expression levels o€HRNA7, CHRFAM7A, CHRNA4, and CHRNB2 mRNA were measured in
human temporal cortical extracts by RT-gPCR (seblel&). The level ofCHRNB2 mRNA
expression was highest, and b&@RkRNB2 and CHRNA4 were more expressed th&HRNA7.
Interestingly, theCHRFAM7A mMRNA was detected though at lower levels tG&IRNA7 mRNA in
all subjects and accounted for ~30% compare@H&®NA7 mMRNA in the individuals with a ratio
CHRNA7:CHRFAM7A mRNA levels of 3.4 and a coefficient of variatioh0.78. No correlations
between mRNA levels and age or gender were observed

DNA methylation of the human CHRNA7 promoter correlates with mRNA expression

The humarCHRNAY gene has a CpG island in its promoter. We focusethe core promoter and
also included parts of the first exon, as DNA méttign of the first exon is tightly linked to
transcriptional silencing (Brenet et al., 2011). Wamined 53 CpGs from position -114 to +243 in
the humarCHRNA7 promoter. Nine to ten clones from each subjecewecluded and the sum of
methylated cytosines was divided by the total anm@fnCpG sites examined. BotGHRNA7
expression and promoter DNA methylation displayedé variation in the subjects. In general, the

promoter was methylated to a low degree but evenrfethylation sites have previously been



found to correlate with transcriptional repressi@hang et al., 2010). Because of the large
differences in both methylation and expression betwsamples, we analyzed the correlation
betweenCHRNA7 gene expression and DNA methylation (Figure 1)e Tiverse relationship
betweenCHRNA7 mRNA quantity and promoter methylation was sigwifitly correlated (r=-
0.798,P=0.0099).

Encenicline displaces [?I] -a-bungarotoxin in human cortical tissue

Using autoradiography, 30 pM encenicline was fotmdisplace 17]-o-Bgt in human temporal
cortical slices similar to 1 mM nicotine (see Figu2). Dose-response curves with encenicline
revealed a high variability among the human indieid in displacing'f2]-a-Bgt at equivalent
concentrations of encenicline (Figure 3A). Wheredeining the 1G, values of encenicline in the
five human individuals the best fit of the data veaslyzed and validated, where the displacement
profiles were tested for the presence of a twosibelel. Data from a two-site model were accepted
only if the residual sum of squares was signifibaldwer in a two-site model compared to a one-
site model (F-testP<0.05). A one-site competition model was prefernredwo of the human
subjects (HB10 and HB12>0.4), whereas in three of the individuals a twe-sbpmpetition model
was accepted (HB04, HB06, HB1R yvalues 0.037, 0.034, 0.012, respectively).

The calculated I€; and log 1Go values of all five individuals are presented irblEad4. One of the
individuals having two-site characteristics showaedigh affinity I1G, value at subnanomolar
concentration, whereas the high affinitysd@alues of the two others were ~10 nM. Low affinity
ICs50 values in all three subjects were in the micromeadnge and comparable tosiCvalues
determined by the one-site model (5.89 uM and b4 respectively). Data from the human
subjects were pooled dependent on the preferreckinibadyure 3B) and 1§ values of the pooled
data were determined (Table 4). The high affinityg dow affinity 1Cso values for the two-site
competition model were 6.22 nM and 2.63 pM, respelst, while the IGy value for the one-site
competition model was 5.75 pM.

Discussion

Gene expression, synthesis, and function of diilenAChR are regulated by a number of
mechanisms and further complicated by the involvened other gene products integrated in the
receptor. Transcriptional regulation is complexhwapigenetic regulation playing an important role,
and the function of the7 nAChR might be affected by the presence of théighg duplicated



chimeric gene€CHRFAM7A, and possible formation @f7-containing heteromeric receptors that are
pharmacologically different from the homomeric netoe (Khiroug et al., 2002; Liu et al., 2009;
Murray et al., 2012; Palma et al., 1999; Zwart let 2014). In the present study using human
temporal cortical extracts, it was shown that tla@gcription ofCHRNAY is 3.4 times higher than
CHRFAM7A and that the levels d€HRNA7 was inversely related to DNA methylation of the
promoter. Finally, thex7 nAChR agonist encenicline was demonstrated tplatie [*I]-o-Bgt
differently in human cortex, however the displacatnarofiles were highly different between the
human individuals.

The demonstration that the expressiofCBIRNA7 mMRNA is 3.4 times higher thadHRFAM7A in
human temporal cortex is consistent with previdusliss (De Luca et al., 2006; de Lucas-Cerrillo
et al., 2011). We observed high between-subjecabidity in the CHRNA7:CHRFAMT7A ratio with

a coefficient of variation of 0.78, which was alseen in prefrontal cortex of patients with
schizophrenia or bipolar disorder as well as infigetéed controls with the coefficient of variation
~0.6 (De Luca et al., 2006). However, we did natidguish, whether the two base pair deletion in
CHRFAMTA is present or not. The transcript ®HRFAM7A is suggested to be more abundant in
cortical regions including temporal cortex thanesthegions, where it has been identified, such as
hippocampus, thalamus, corpus callosum, and cdwebelGault et al., 1998; Severance and
Yolken, 2008; Villiger et al., 2002). Interestinglyn peripheral cells th€HRNA7:CHRFAM7A
ratio seems to be opposite than in the brain, whagle levels ofCHRFAM7A mRNA have been
observed in macrophages and monocytes (Benfaate 8011; de Lucas-Cerrillo et al., 2011).

DNA methylation is known to repress transcriptidm.accordance, modulation of tleHRNA7
gene transcription by promoter methylation has mdgédeen demonstrated in human-derived cell
lines, where inhibitors of a DNA methyltransferasgnificantly increased thEHRNA7 expression

in transcription-silenced, hypermethylated neursfolma SH-EP1 cells (Canastar et al., 2012).
Moreover, a tissue-specific correlation between rmAR&kpression and DNA methylation was
shown for a selection of human tissues (Canastalr,62012). The demonstration that the degree of
promoter DNA methylation significantly correlatesthtvCHRNA7 expression in individual human
cortical extracts supports the concept from thedisti in cell lines and human tissue that
methylation is important for gene expression. Oatadevealed that ~1% of the examined CpG
sites were methylated, which contrast previousifigdn human brain, where ~22% methylation
was found in human cingulate gyrus (Canastar et28l12). This could indicate methylation

variability across brain regions, but may also betiplly explained by differences in the applied
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methods, as the human cingulate gyrus was exanhmipedethylation-sensitive restriction enzyme
analysis.

Generally, CpG-island methylation levels are higtdyrelated between brain and blood suggesting
that DNA methylation levels could be potential bemkers for brain disorders (Ewald et al., 2014;
Tylee et al., 2013). Transcription GHRNA7 in human primary lymphocytes is demonstrated to be
silenced by a high promoter methylation level (Gaaaet al., 2012). Thus, it is pertinent to study
the mechanisms behind epigenetic modification©/@OHRNA7 gene and whether they are related
to disease.

Though, the cortical tissue used in the presenemx@nts appeared micro- and macroscopically
normal, the tissue was resected from patients widdically refractory epilepsy and frequent
epileptic seizures. These patients have usuallermpced convulsions and are under treatment
with a number of anti-epileptic drugs, and botheeff DNA methylation and gene expression
patterns. Alterations in DNA methylation of geneompioters and increased expression of DNA
methyltransferases have previously been demongdtiatgatients with temporal lobe epilepsy
(Kobow et al., 2009; Zhu et al., 2012). Neverthgldéke direct correlation between methylation and
MRNA levels suggests that epigenetic factors apomtant for expression of the nAChR.

We have previously studied®fl]-o-Bgt binding in human postmortem tissue and obsehigh
levels of specific binding in temporal cortex (Theen et al., 2011). Here, we further demonstrate
that thea7 nAChR partial agonist encenicline displacEslJfa-Bgt binding in human temporal
cortex. Encenicline shows two-site displacemenfilerof a-Bgt in some human subjects, which
indicate that there are two classes of sites wdgntical affinity for {?3]-a-Bgt, but different
affinities for encenicline, with high affinity inhe nanomolar range and low affinity in the
micromolar range. Subjects displaying one-site ldgment profile have affinities in the low
affinity range. Previously, encenicline has beemwsh to displace ‘f3]-a-Bgt in rat brain
homogenates with ajkf 4.3 nM (plGy=8.07) (Prickaerts et al., 2012), which is consisteith the
high affinity site in our data. Interestingly, enggine was suggested to act through a co-agonist
mechanism given that concentrations below 1 nM m@iokee enhanced acetylcholine-evoked
currents without desensitization in transfectéshopus oocytes, while concentrations at 3 nM
encenicline and above reduced the currents dueceptor desensitization. In addition, estimated
low doses of encenicline restored memory functioam object recognition task in scopolamine-
treated rats (Prickaerts et al., 2012). Our datgest that the observations instead of the proposed

co-agonist model could be explained by encenichiaging two different binding modes, a high
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affinity and a low affinity binding mode, which magfluence the function of the7 nAChR in
different ways.

Given that the two-site model is not observed trcaatical tissue, the presence of the truncatéd
NAChR subunits unique to humans could change theirg characteristics of encenicline, which
could also be dependent on whether the individeesy the two base pair deletion@HRFAM7A

or not. The gene product GHRFAM7A, dup7, is lacking a large part of the N terminal of tive
NAChR containing the ligand binding domain (Gauitag, 1998), whereas the two base pair
deletion causes a frame shift resulting in an esrealler gene product, dip7, which is lacking
nearly the entire ligand binding domain (Araud kf 2011).a-Bgt binds to the extracellular N
terminal region encoded by exons 1-5GHRNA7 (McLane et al., 1990), and co-expression of
dupe? or dupha? with 7 nAChR inXenopus oocytes displayed a reduced binding fi]- a-Bgt
compared to expression af nAChR alone (Araud et al., 2011). A lowéf*-«-Bgt binding in
human hippocampus than in rat and monkey has prelyidoeen demonstrated (Breese et al.,
1997), which could be due to the presence ofoadum the human tissue. It has further been
hypothesized that the presence of upr dup\a7 could result in inactivated receptors or altered
binding sites, since at an equivalent current egldieacetylcholine, a higher binding @Bgt was
observed in oocytes, when dipwas present (Araud et al., 2011). Furthermoregxgression of
a7 with dup7 or dupha7 showed altered sensitivity to choline and valerec whereo7/dupAa7
heteromeric receptors displayed lower sensitivatgholine tharn7/dup7 receptors, while it was
opposite with varenicline (Wang et al.,, 2014). Thtie presence of dup and dupa7 could
modulate the efficacy o7 nAChR ligands, which should be taken into accowften
characterizing new compounds targeting éfienAChR for the treatment of cognitive deficits in
schizophrenia and Alzheimer’'s disease. Anotherofatihat could influence the efficacy is the
formation of heteromeric receptor assemblies inmgiw7 and B-subunits. Moreover, several
members of Ly-6/neurotoxins protein superfamily dndoeen shown to bind to and modulate the
function of NAChRs (reviewed in (Miwa et al., 20TThomsen and Mikkelsen, 2012)) and thus
could also be affecting drug efficacy.

Temporal neocortex from neurosurgical interventjcss has been used in this study, may be a
beneficial tool to investigate binding charactécstof variousa7 NAChR compounds in human
tissue, and how it might be affected by the gemdtyfthe individual, which could give insight into

personalized treatment in the future.
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Figures and figure legends

Table 1:
Table 1. Human subjects
Subjects  Gender Age (years)
HBO1 F 44
HBO02 M 50
HBO3 F 19
HBO4 F 58
HBO5 F 30
HBO06 M 47
HBO7 F 52
HBO8 F 42
HBO09 F 41
HB10 M 57
HB11 M 33
HB12 F 56
HB14 F 33
Average 9F, 4M 43.2+3.3
F, female; M, male
Table 2:

Table 2. Primer sequences used for expression anadtyand bisulfite sequencing

Gene Forward primer 5’-3' Reverse primer 5'-3’ Size Accesion no./ ref.
Real-time gPCR primers
CHRNA7 CGTCTACTTCTCCCTGAGCC CTGTCCAAGACATTTGCAGC 95 NM_000746.5/
NM_001190455.2
CHRFAM7A  CAATTGCTAATCCAGCATTTGT CCCAGAAGAATTCACCAACACG 102  Lucas-C#o et al.,
2011 (NM_13932.1)
CHRNA4 GAGAATGTCACCTCCATCCG GCCTTGGTCAGGTGGGT 107 NM_0007814.
CHRNB2 AGCGAGGACGATGACCAG GGTGCCAAAGACACAGACAA 105 NM_000743
TBP CGTGCCCGAAACGCCGAATA AATCAGTGCCGTGGTTCGTG 84 NM_003194.4
NM_001172085.1
ACTB CCGCCGCCAGCTCACCAT GCCCCACGATGGAGGGGAAG 125 NM_001101.3
NSE ACAGGCCAGATCAAGACTGGTG  TCACAGCACACTGGGATTACGGA 138 NMD01975.2
Bisulfite sequencing primers
CHRNA7 GGAGATTTTAAATTTGGTTTAGG AACTACAATTCCCTAAATAACC 402 NC_@®0015.9
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Table 3:
Table 3. mRNA expression levels of NAChR subunits @nCHRFAM7A

Gene mRNA (E™€™; 10°)
CHRNA7 1.46 +0.25
CHRFAM7A 0.54 +0.08
CHRNA4 222+3.4
CHRNB2 28.1+4.9
Ratio
CHRNA7/CHRFAM7A 3.42+0.80
CHRNA4/CHRNAY 18.6 £3.8
CHRNB2/CHRNA7 21.4+29
0.15-

< ®

Z

X 0.104

E

<

:

T 0.051

)

0.00 T T 1
0.0 0.5 1.0 1.5

C-methylation (%)

Figure 1. Association betweelCHRNA7 expression and promoter DNA methylation in human
cortical tissue. CHRNA7 mRNA was detected by gPCR in human cortical eidrand normalized
to the geometric mean @factin and TATA-box binding protein. 53 CpGs frorosgion -114 to
+243 in theCHRNAY promoter were cloned and sequenced. DNA methylatias calculated as the
sum of methylated cytosine (C) divided by the t@alount of CpG sites examined. Nine to ten
clones per human subject. The expressiolCIHRNA7 shows a strong inverse correlation with

increasing DNA methylation (r=-0.79B=0.0099) using Pearson correlation.
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Figure 2. Encenicline displaces f]- a-bungarotoxin binding in human cortical tissue.
Representative autoradiographs of sections fromausubject (HB12) showing totatfl]- a-
bungarotoxin binding/A) in the presence of 30 uM encenicli(®), and 1 mM nicotingC),
respectively. Total signal intensitfA) was corrected for nonspecific background signal by
subtracting the signal in the presence of 1 mMtmedC). The relative intensity is red > yellow >

green > blue(D) Graphical representation of the measured contegzibn of interest (CTX).
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Figure 3. Different [**]- a-bungarotoxin (a-Bgt) displacement profiles of encenicline in
human cortical tissue (A) Displacement of 'f3]-a-Bgt by encenicline in five human subjects.
Non-specific binding in the presence of 1 mM nigetwas subtracted and percent inhibition was

calculated(B) Data were separated and pooled dependent on wieethee-site or two-site model

was preferred to determinesiGralues in the human individuals (n=2-3).
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Table 4:

Table 4. IC5, values of encenicline against{7]- a-bungarotoxin binding in human cortical tissue.

Subjects  Non-linear IC 5o logIC 5o (+ SE)
regression High Low High Low

HBO4 Two site 101nM 112 puM -7.96 (+0.57) -5.95 (+ 0.20)
HBO6 Two sites 0.11 nM 10.6 uM -9.94 (+0.63) -4.98 (+0.43)
HB14 Two sites 9.25nM  2.31pM -8.03 (+0.43) -5.64 (+0.35)
HB10 One site 5.89 UM -5.23 (+0.21)
HB12 One site 5.54 uM -5.26 (+ 0.25)
Pooled Two sites 6.22 nM 2.63 uM -8.21 (£ 0.46) -5.58 (+ 0.26)
Pooled One site 5.75 uM -5.24 (£ 0.17)
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Abstract The Ly-6 superfamily of proteins, which
affects diverse processes in the immune system, has
attracted renewed attention due to the ability of some Ly-6
proteins to bind to and modulate the function of neuronal
nicotinic acetylcholine receptors (nAChRs). However,
there is a scarcity of knowledge regarding the distribution
and developmental regulation of these proteins in the brain.
We use protein cross-linking and synaptosomal fractions to
demonstrate that the Ly-6 proteins Lynx1 and Ly6H are
membrane-bound proteins in the brain, which are present
on the cell surface and localize to synaptic compartments.
We further estimate the amount of Lynx1 in the rat cortex
using known amounts of a heterologously expressed solu-
ble Lynx1 variant (ws-Lynx1) to be approximately 8.6 ng/
g total protein, which is in line with the concentrations of
ws-Lynx1 required to affect nAChR function. In addition,
we demonstrate that Lynx] and Ly6H are expressed in
cultured neurons, but not cultured micro- or astroglial
cultures. In addition, Lynx1, but not Ly6H was detected in
the CSF. Finally, we show that the Ly-6 proteins Lynxl,
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Lynx2, Ly6H, and PSCA, display distinct expression pat-
terns during postnatal development in the rat frontal cortex
and hippocampus at the mRNA and protein level, and that
this is paralleled to some degree by the expression of the
nAChR subunits o2, a4, o7 and B2. Our results demon-
strate a developmental pattern, localization, and concen-
tration of Ly-6 proteins in the brain, which support a role
for these proteins in the modulation of signaling at synaptic
membranes.

Keywords Nicotinic acetylcholine receptor - Allosteric
modulator - Frontal cortex - Hippocampus - Synaptosomes -
Lynx1 - Lynx2 - Ly6H - PSCA

Abbreviations
aCSF Artificial cerebrospinal fluid
BS? Bis(sulfosuccinimidyl) suberate

CSF Cerebrospinal fluid

DIV Day in vitro

FC Frontal cortex

HIP Hippocampus

NAChR Nicotinic acetylcholine receptor
ws-Lynx1l  Water-soluble variant of human Lynx1
Introduction

The Ly-6 superfamily comprises proteins with structural
similarity to snake venom toxins and is characterized by a
three-dimensional consensus motif, termed the three-finger
fold that is involved in protein—protein binding (Tsetlin
1999; Bamezai 2004). These proteins exist primarily as
GPI-anchored membrane proteins, but some are also
expressed as soluble proteins (Adermann et al. 1999).
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Originally used as differentiation markers for lymphocytes,
studies during the last decade have demonstrated the
presence of these proteins in a range of cell types and
implicated them in several diseases including the skin
disorders Mal de Meleda and psoriasis vulgaris (Chimienti
et al. 2003; Tsuji et al. 2003). Notably, the presence of
several members of the Ly-6 superfamily namely Lynxl1,
Lynx2, Ly6H, Lypd6, Lypd6B, PATE-M, and PSCA, has
been demonstrated in the brain (reviewed in (Miwa et al.
2012)).

Several Ly-6 proteins have been shown to modulate
nicotinic acetylcholine receptor (nAChR) function in the
brain (reviewed in (Miwa et al. 2011; Thomsen and Mik-
kelsen 2012a)). Thus, Lynx1 and Lynx2 have been shown
to form stable complexes with and negatively modulate the
response of o7 and a4B2 nAChRs using co-immunopre-
cipitation and electrophysiology, respectively (Miwa et al.
2006; Tekinay et al. 2009; Fu et al. 2012). In addition,
retroviral expression of PSCA reduces nicotine-induced
activation of the o7 nAChR in dissociated ciliary ganglion
neurons (Hruska et al. 2009). Contrarily, transgenic over-
expression of Lypd6 increases nicotine-induced currents in
dissociated trigeminal ganglion neurons (Darvas et al.
2009). Lypd®6 is thus the only Ly-6 protein demonstrated to
positively modulate nAChR function in the CNS. However,
other Ly-6 superfamily members, which positively modu-
late nAChRs, have been identified in keratinocytes and in
insects (Chimienti et al. 2003; Choo et al. 2008; Liu et al.
2009).

Nicotinic receptors are important for several forms of
cognition, such as attention and memory function, as well
as synaptic plasticity (reviewed in (Sarter et al. 2009;
Thomsen et al. 2010)). Since the function of several sub-
types of nAChRs is regulated by Ly-6 proteins in vitro, it is
pertinent to study the effect of Ly-6 proteins on cognitive
function. This has been the focus of a few seminal works.
Thus, Lynx1 knock-out mice exhibit improved associative
learning in a fear-conditioning paradigm (Miwa et al.
2006), and it was recently shown that Lynxl, acting
through nAChRs, is critical for the loss of synaptic plas-
ticity in the visual cortex that occurs in adulthood
(Morishita et al. 2010). In addition, Lynx2 knock-out mice
have been shown to display increased anxiety-like behavior
(Tekinay et al. 2009), and overexpression of Lypd6
enhances pre-pulse inhibition of the acoustic startle
response, a measure of pre-attentional processing (Darvas
et al. 2009).

The above studies demonstrate the importance of Ly-6
proteins for cognitive function. However, the current
knowledge is based primarily on heterologous expression
systems and transgenic animals, and very little is therefore
known about the distribution and developmental regulation
of Ly-6 proteins in the brain. Since nAChR expression is
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high during early development and is important for the
development of synapses (Lozada et al. 2012a, b), it is
particularly pertinent to investigate the potential interaction
between nAChRs and Ly-6 proteins during development. It
has been shown that o7 nAChR and PSCA mRNA levels
correlate, and that exposure to the o7 nAChR antagonist o-
bungarotoxin decreases PSCA expression in the developing
ciliary ganglion (Hruska et al. 2009) suggesting an asso-
ciation between expression and activation of nAChRs and
Ly-6 protein levels.

Here we characterize the distribution of the Ly-6 pro-
teins Lynx1 and Ly6H at the organ, cellular, and sub-cel-
lular level, since the localization of these proteins is an
important basis for determining their potential function in
terms of neuronal signaling. In addition, we examine the
developmental expression of the Ly-6 proteins Lynxl,
Lynx2, Ly6H, and PSCA at the mRNA and protein level
and relate this to the expression of the nAChR subunits o2,
o4, o7, and B2.

Experimental procedures
Animals and materials

Sprague-Dawley rats were obtained from Charles River
Laboratories (Germany). Males were housed two per cage,
and pregnant rats were housed individually. Pups were
weaned at postnatal day 21. Only male pups were used in
this study. Animals were kept on a 12/12 h light/dark cycle
provided with standard rodent diet and water ad libitum.
The animals were acclimatized for a minimum of 7 days
after arrival before experiments began.

A recombinant water-soluble variant of human Lynx1
(ws-Lynx1) was expressed in E. coli and purified as pre-
viously described (Lyukmanova et al. 2011).

Cross-linking of surface proteins

Adult male rats (200-250 g, n = 11) were decapitated and
the frontal cortex (FC) and hippocampus (HIP) from the
left hemisphere were dissected and chopped into 350 pm
slices using a Mcllwain tissue chopper (Brinkman Instru-
ments, Westbury, NY). The slices were then divided
equally into tubes containing artificial cerebrospinal fluid
(aCSF, Tocris, Bristol, UK) with or without 1 mg/ml of the
cell-impermeable cross-linking agent bis(sulfosuccinim-
idyl) suberate (BS®, Pierce Biotechnology) and incubated
for 1 h on ice while shaking. To quench the reaction, Tris
buffer (pH 7.5) was added to a final concentration of
50 mM and incubated another 5 min. The slices were then
washed 2 x 5 min in aCSF containing 50 mM Tris, cen-
trifuged briefly, and the supernatant replaced with 100 pl
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lysis buffer (100 mM NaCl, 25 mM EDTA, 10 mM Tris,
1 % (v/v) Triton X-100, 1 % (v/v) NP-40, 1 pl/ml protease
inhibitor cocktail (Sigma-Aldrich, Brgndby, Denmark) pH
7.4). Finally, the lysates were sonicated for 5 s on ice and
centrifuged 10 min at 1,000xg at 4 °C and the pellet
discarded.

Preparation of synaptosomal fractions

Crude synaptosomes were prepared according to Soliakov
etal. (1995). Briefly, the FC and HIP were dissected from the
right hemisphere of adult male rats (200-250 g, n = 5) and
homogenized in 1.5 ml of ice-cold homogenization buffer
(0.32 M sucrose, 5 mM HEPES, pH 7.4) using a glass-
Teflon grinder (IKA Labortechnik, Staufen, Germany) with
12 strokes at 900 rpm for 1 min. The homogenate was then
centrifuged 10 min at 1,000x g at 4 °C. The resulting pellet,
P1, was resuspended in lysis buffer. The supernatant was
centrifuged 20 min at 20,000x g at 4 °C, and the pellet was
resuspended in Krebs-bicarbonate buffer and centrifuged
once more for 10 min at 20,000x g at 4 °C. Lysis buffer was
added to the resulting pellet, P2, and both P1 and P2 lysates
were sonicated 5 s on ice. The P2 pellet is enriched in syn-
aptosomes (see Figure S2).

Cortical neuronal cultures

Rat embryos (E18) were decapitated, and their brains dis-
sected under aseptical conditions. The neocortex was dis-
sected while carefully avoiding the meninges or blood
vessels. The dissected tissue was briefly minced using
tweezers and transferred to ice-cold dissection medium
(minimal essential medium (MEM)) containing 0.1 mg/ml
gentamycin (GIBCO, Invitrogen, Carlsbad, CA). After
centrifugating for 2 min at 200x g at 20-22 °C the medium
was removed and the cortices incubated with 0.05 %
Trypsin—-EDTA (Invitrogen) containing 0.0015 KU DNase
I (Sigma-Aldrich) for 15 min at 37 °C while shaking.
Culture medium (dissection medium + 10 % fetal bovine
serum) was added and the tissue was gently dissociated by
aspirating it through a 10 ml pipette and centrifuged for
5 min at 200xg at 20-22 °C. The supernatant was dis-
carded and culture medium was added to the pellet, which
was dissociated by aspirating it five times through a flame-
polished Pasteur pipette. The number of viable cells was
counted using a hemocytometer and trypan blue, and cells
were seeded at 0.5 x 10° cells/ml in 24-well poly-L-lysine
(Sigma-Aldrich) coated plates, and maintained in a
humidified incubator at 37 °C with 5 % CQO,. On the 3rd
day in vitro (DIV3), 6 uM 1-B-p-arabinofuranosylcytosine
(GIBCO, Invitrogen, CA) was added to inhibit glial and
fibroblast proliferation. At DIV7 half the media was
changed, if the cultures were continued past this day. Cells

were lysed in 50 pl lysis buffer as described above. This
procedure yields neuron-enriched cultures (see Figure S3).

Glia cultures

Mixed glia cultures were prepared from 1- to 5-day-old rat
pups as described above, except that the dissection medium
was 2 mM glutamine, 1 mM sodium pyruvate, 100 units/
ml penicillin and 100 ug/ml streptomycin in high glucose
Dulbecco’s MEM, and that cells were triturated several
times through a 10 ml pipette, and then through a 10 ml
pipette fitted with a 200 pl pipette tip after trypsinization.
Cells were seeded at 0.5-1 x 10> cells/ml in poly-L-lysine
coated culture flasks. The culture medium was changed
every 3-4 days. The mixed glia cultures were confluent
after 12—14 days. Microglia-enriched cultures were pre-
pared by shaking confluent mixed glia cultures on a
shaking table at 180 rpm for 3-5 h at 37 °C. The microg-
lia-containing medium was then removed, centrifuged
8 min at 200x g at 20-22 °C, and resuspended in a smaller
volume of culture medium. Cells were seeded at
0.5-1 x 10° cells/well in poly-L-lysine coated 96-well
plates. This procedure yields microglia cultures with <1 %
astroglia (Thomsen and Mikkelsen 2012b). Astroglia-
enriched cultures were prepared by treating the remaining
cells after shaking with 20 pM 1-B-p-arabinofuranosylcy-
tosine for 2-3 days. Cells were lysed in 50 pl lysis buffer
as described for tissue above. This procedure yields
astroglia cultures with <1 % neurons or microglia, based
on MAP-2 and OX-42 immunostaining (see Figure S4).

Tissue fractionation

To fraction tissue into membrane and soluble fractions,
cortical tissue from adult male rats (200-250 g, n = 4) was
homogenized 2 x 30 s in Bufferl (0.5 M NaCl, 50 mM
Tris—HCI, 10 mM MgCl,, 2 mM EDTA, 10 pl/ml protease
inhibitor cocktail, pH 7.3) using a PT1200C polytron
blender (Kinematica, Luzern, Switzerland), centrifuged
30 min at 126,000xg at 20-22 °C using an air-driven
ultracentrifuge (Airfuge®, Copenhagen, Denmark). The
supernatant containing the soluble fraction was transferred
to a new tube while taking care not to disturb the pellet.
The pellet containing the membrane fraction was washed
twice in Bufferl, resuspended by blending 2 x 30 s in
Buffer2 (4 M urea, 50 mM Tris—HCI, 1 % SDS, 10 pl/ml
protease inhibitor cocktail, pH 7.3), and sonicated 3 x 5 s
on ice.

Cerebrospinal fluid sampling

The procedure for cerebrospinal fluid (CSF) sampling was
adapted from Nirogi et al. (2009), and was performed on
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adult male rats (200-250 g, n = 4). Briefly, the rat was
anesthetized using isoflurane, the fur on the back of the
neck was shaved off, and the rat was placed in a stereo-
tactical frame with the head at an angle of ~45° from the
rest of the body. A hole was drilled above the cisterna
magna (in the midline ~3 mm above the end of the skull),
and a 23-gauge needle attached to PE-50 tubing and a
syringe was inserted ~5 mm into the cisterna magna.
100-150 pl CSF was drawn into the syringe by aspiration,
transferred to a microcentrifuge tube, centrifuged 10 min at
10,000x g at 4 °C to remove potential blood contamina-
tion, and the supernatant was transferred to a new tube. The
CSF samples were concentrated using Amicon Ultra-2
Filters (Millipore, Hellerup, Denmark).

Developmental study

Male rats (34 in total) from 5 litters were assigned to each
experimental group in a pseudo-random fashion and
decapitated at postnatal day (P) 1, 7, 14, 26, 42, or 60.
Their brains were rapidly dissected and the FC and HIP
were dissected from each hemisphere and frozen in
microfuge tubes in dry ice. Samples were kept at —80 °C
until use. Tissue from the left hemisphere was used to
extract mRNA and perform RT-qPCR as described below.
Tissue from the right hemisphere was lysed in 300 pl lysis
buffer. The lysates were sonicated for 5 s on ice and cen-
trifuged 10 min at 1,000x g at 4 °C. The pellet was dis-
carded, and the supernatant used for western blotting as
described below.

Western blotting

Total protein content was measured using a DC Protein
Assay Kit (Biorad, Hercules, CA). Equal amounts of
lysates were then diluted in loading buffer (120 mM Tris,
20 % (v/v) glycerol, 10 % (v/v) mercaptoethanol, 4 %
(w/v) SDS, 0.05 % (w/v) bromophenol blue, pH 6.8),
incubated for 5 min at 95 °C and submitted to gel elec-
trophoresis using AnykD™ gels (Biorad), and blotted onto
PVDF membranes (BioRad). Membranes were washed in
TBS-T and blocked in TBS containing 5 % (w/v) dry milk
powder, which was also used for antibody incubations.
Incubation in primary antibody against Lynx1 (1:1,000,
#sc-23060, Santa Cruz Biotechnology, Heidelberg,
Germany), Ly6H (1:1,000, #H00004062-MO1, Novus
Biologicals, Cambridge, UK), B2 (1:1,000, #834 a gift
from Dr. Cecilia Gotti), Actin (1:10,000, #A5060, Sigma-
Aldrich), GluR2 (1:200, #MABN71, Millipore), PSD-95
(1:2,000, #ab9708, Millipore) or Erkl (1:4,000, #610031,
BD Transduction Laboratories, Franklin Lakes, NJ) was
done overnight at 4 °C on parafilm in a humidified con-
tainer, followed by 3 x 10 min washes in TBS-T and 1 h
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incubation at 20-22 °C in horseradish peroxidase-coupled
secondary antibody (1:2,000, Dako, Glostrup, Denmark).
After thorough washing in TBS-T, enhanced chemilumi-
nescence Western blotting detection reagents (Western
Lightning® ECL Pro, Perkin Elmer, Waltham, MA) were
used for signal detection and protein bands were visualized
using an automated film developer (Colenta Labortechnik,
Wiener Neustadt, Austria). Mean optical densities of bands
were measured and their corresponding background mea-
surement subtracted. Validation of the Lynx1, Ly6H, and
B2 antibodies is shown in Figure S1.

For determination of the absolute amount of Lynx1 in
rat cortex, samples were loaded together with samples with
a known amount of ws-Lynx1 (3, 10, 29, 87, or 260 ng),
and a standard curve was created based on the ws-Lynx1
samples. This curve was used to determine the amount of
Lynx1 in the cortical samples.

mRNA extraction and gPCR

Total RNA was isolated using Trizol Reagent (Sigma-
Aldrich) according to the manufacturer’s instructions.
RNA samples were dissolved in RNase-free water and
RNA content was quantified using a Nanodrop ND-1000
Spectrophotometer (Nanodrop Technologies, Wilmington,
DE). Samples were diluted with RNase-free water to equal
RNA concentrations and reverse transcribed into single-
stranded cDNA with the ImProm-II"™ Reverse Transcrip-
tion System (Promega, Madison, WI) according to the
manufacturer’s directions using 0.5 g/reaction oligo(dT);5
primers, 6 mM MgCl,, and 20 units of RNase inhibitor.
Real-time qPCR reactions were performed in a total vol-
ume of 20 pl, containing 1 pl sample cDNA, 1x Brilliant®
II SYBR® Green gPCR Master Mix (Stratagene, La Jolla,
CA), and 15 pmol each of the forward and reverse primers
(Table 1, DNA technology, Aarhus, Denmark). PCR was
performed on a Light Cycler® 480 Real-Time PCR System
(Roche, Indianapolis, IN) with a 10 min preincubation at
94 °C followed by 40 cycles of 30 s at 94 °C, 45 s at 60 °C
and 90 s at 72 °C. Primer pairs were validated using seri-
ally diluted cDNA to establish a standard curve and by
confirming the existence of a single product on a gel at the
correct molecular weight. Quantification of mRNA
expression was performed according to the comparative Ct
method as described by Schmittgen and Livak (2008). For
each sample, the amount of target mRNA was normalized
to the mean of the P60 group.

Statistical analysis
Data were analyzed using Bonferroni-corrected ratio paired

t tests. The statistical calculations were performed using
GraphPad Prism version 6 for Windows (GraphPad
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Table 1 Primers used for real-time qPCR

Gene Forward primer 5'-3’ Reverse primer 53 Product size (bp)
Lynx1 ACCACTCGAACTTACTTCACC ATCGTACACGGTCTCAAAGC 81
Lynx2 GTTCTGGCTTCCAGGGCTGG GGCTGCTGACGATGCACACG 191
Ly6H CTACTGGCCTTGCTTCTCTG AATGATCCTTCCTGCTGCTG 163
PSCA GCCCTACCAGTTCTGATCAG TCACACCCACCTAGCTTCAT 154
o2 TGCCCAGGTGGCTGATGATGAACC GCTTTCTGTATTTGAGGTGACAGC 300
o4 GTCAAAGACAACTGCCGGAGACTT TGATGAGCATTGGAGCCCCACTGC 300
o7 AACTGGTGTGCATGGTTTCTGCGC AGATCTTGGCCAGGTCGGGGTCCC 300
B2 ACGGTGTTCCTGCTGCTCATC CACACTCTGGTCATCATCCTC 507

Software, San Diego, USA). All data are presented as
mean =+ standard error of the mean, and a P value of less
than 0.05 was considered statistically significant.

Results
Subcellular distribution of Lynx1 and Ly6H

To determine the extent of surface expression of the Ly-6
proteins Lynx1 and Ly6H tissue extracts from the FC or
HIP of adult rats were cross-linked using the cell-imper-
meable protein cross-linking agent BS® (Fig. 1). The
ionotropic GluR2 receptor was used as a positive control as
it is known to be located predominantly on the cell surface
(Grosshans et al. 2002; Mielke and Mealing 2009; Carino
et al. 2012). Cross-linking reduced the intensity of the
GluR?2 signal by 62 and 48 %, respectively, in the FC and

Fig. 1 Expression of Lynx1 A
and Ly6H proteins on the cell
surface. a Representative
western blot images of minced
tissue extracts from the frontal
cortex or hippocampus of adult

HIP (P < 0.01 and P < 0.001, respectively). In the FC, the
Lynx1 signal was reduced by 60 % (P < 0.01), corre-
sponding to 98 % of the signal reduction seen with GluR2,
indicating that Lynx1 is primarily present on the cell sur-
face in the FC. Contrarily, in the HIP the Lynx1 signal was
reduced by only 20 % and was not significantly different
from vehicle controls. In the FC and HIP, the Ly6H signal
was reduced by 23 and 34 %, respectively (P < 0.05 and
P < 0.01, respectively), corresponding to 37 and 70 % of
the signal reduction seen with GIuR2. In the FC, the signal
intensity of the f2 nAChR subunit was not significantly
different from vehicle controls in the FC or HIP.

In a further attempt to demonstrate the localization of
Ly-6 proteins, tissue homogenates from the FC and HIP
were fractionated into nuclear and synaptosomal fractions
(Fig. 2). GIuR2 was used as a positive control as it is
known to be located in the synaptosomal fraction (Sri-
vastava et al. 1998). There was a significantly higher level

rats cross-linked with
bis(sulfosuccinimidyl) suberate
(BS’) or vehicle (Veh). The
staining for GluR2 shows that
cross-linking with BS? reduces
the intensity of the GluR2 band
at 95 kDa, and produces a smear

of high-molecular weight cross-
linked proteins. b Quantification

of protein levels in vehicle- and
BS’-treated tissue. Data are

normalized to Actin levels and
the vehicle group was set to 1.

P <0.05, P < 0.01,
P < 0.001 indicates

statistical difference between
vehicle- and BS>-treated
samples in a Bonferroni-
corrected ratio paired 7 test.
n=9-11
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Fig. 2 Expression of Lynxl and Ly6H proteins in synaptosomal
fractions. a Representative western blot images of frontal cortical and
hippocampal tissue fractionated using differential centrifugation into
a pellet 1 (PI, nuclear) and pellet 2 (P2, crude synaptosome)
fractions. b Quantification of protein levels in P1 and P2 fractions.
Data are normalized to Actin levels and the level of the non-
fractionated homogenate (Hom) was set to 1 (dashed line). “P < 0.05,
"P < 0.01 indicates statistical difference between non-fractionated
homogenate and the P2 fraction, #p < 0.05, P < 0.01 indicates
statistical difference from the P1 fraction in a Bonferroni-corrected
ratio paired 7 test. n = 5

of Lynxl in the synaptosomal fraction compared to the
whole-cell homogenate in both the FC and HIP (both
P < 0.05) and of Ly6H in the HIP (P < 0.05). In addition,
comparing the synaptosomal and nuclear fractions revealed
a significantly higher level of Ly6H in synaptosomes in the
FC (P < 0.01), and of B2 in both the FC and HIP (both
P < 0.05).
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Lynx1 and Ly6H are exclusively membrane-bound
proteins in the brain

Cortical rat tissue was fractionated into soluble and mem-
brane fractions by ultracentrifugation and the resulting
fractions submitted to western blotting (Fig. 3a). Lynxl
and Ly6H were detectable only in the membrane fractions,
and not in the soluble fractions, demonstrating that in the
rat cortex, Lynx1 and Ly6H are exclusively membrane
bound. To validate the method, we demonstrated that the
integral membrane proteins PSD-95 and GIuR2 were only
present in the membrane fraction, whereas the soluble
protein Erkl was only present in the soluble fraction.

Cell- and tissue-type specific expression of Lynx1
and Ly6H

We analyzed the expression of Lynx1 and Ly6H protein in
adult rat cortical tissue compared to rat cortical primary
neurons cultured to DIV7 or 14, rat primary microglia cul-
tured to DIV 15, and rat primary astroglia cultured to DIV18
(Fig. 3b). Lynx1 was detected in adult cortical tissue and
neurons at DIV14, but was not detectable in neurons at
DIV7, microglia, or astroglia. Ly6H protein was detected in
neurons at DIV7, but much more prominently at DIV14,
although to a lesser extent than in adult cortical tissue. Ly6H
protein was not detectable in micro- or astroglia culture.

At the organ level, Lynx1 was detected in high amounts
in cortex and cerebellum and in low amounts in lung tissue
(Fig. 3c). Lynx1 was not detected in heart, liver, kidney, or
prostate. Ly6H was only detected in the cortex with no
expression in the cerebellum or other organs.

Concentration of Lynx1 in cortical rat brain tissue
and CSF

Lynx1 protein levels were measured using Western blot-
ting with cortical tissue and CSF samples by comparing
with ws-Lynx1 samples with known concentration (Fig. 4).
Based on a standard curve for ws-Lynxl, cortical tissue
was estimated to contain 8.6 ng Lynx1/pg total protein.
With a molecular weight of ws-Lynx1 of 8,399.6 g/mol
this corresponds to 1.0 pmol/pg total protein. Similarly, the
concentration in the CSF was estimated at 1.1 ng Lynx1/pg
total protein, corresponding to 0.13 pmol/pg. Relating this
to the volume of CSF loaded onto the gel gives a con-
centration of 0.5 pM of Lynx1 in the rat CSF.

Developmental expression of Ly-6 proteins
and nAChRs in the brain

We analyzed the mRNA levels of the Ly-6 genes Lynxl,
Lynx2, Ly6H, and PSCA and the nAChR subunits a2, o4,
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Fig. 3 Cellular and organ distribution of Lynx1 and Ly6H proteins.
The cellular and organ distribution of Lynx1 and Ly6H protein in rats
were analyzed using western blotting. a Protein levels in cerebrospi-
nal fluid (CSF) and soluble and membrane fractions of cortical tissue
showing that Lynxl and Ly6H are exclusively membrane bound.
However, Lynx1 protein is also present in the CSF. The membrane-
bound proteins PSD-95 and GluR2 and the soluble protein
extracellular-signal-regulated kinase 1 (Erk) are used as controls for

ws-lynx1

Fig. 4 Concentration of Lynx1 in cortical tissue and CSF. The levels of
Lynx1 protein were detected by Western blotting in membrane fractions
of cortical tissue (CTX) and cerebrospinal fluid (CSF) samples (20 pg
each) from an adult male rat together with a titration of a recombinant
water-soluble variant of human Lynx1 (ws-Lynxl) n = 2

o7, and B2 and the protein levels of Lynx1 and Ly6H as
well as the B2 nAChR subunit in the FC and HIP of rats at
P1, 7, 14, 26, 42, and 60 (Fig. 5). We were not able to
identify house-keeping genes that were expressed at con-
stant levels throughout postnatal development. Therefore,
we have not normalized protein or mRNA data from this
experiment to a reference gene. To ensure the validity of
the data, we have performed three independent analyses of
the samples.

Lynx1 mRNA was not detectable at birth in the FC or
HIP, but increased from P7 to P14, reaching adult levels in
the FC, and higher than adult levels in the HIP, which
gradually declined to adult levels. This pattern of expres-
sion was paralleled by Lynx1 protein levels. Ly6H mRNA
levels increased almost twofold during the first postnatal
week and were elevated compared to adult levels until P26.
Ly6H protein was present in very low amounts at birth in

effective fractionation (n = 4). b Protein levels in cortical tissue from
an adult male rat (CTX), in rat cortical primary neurons cultured for 7
or 14 days in vitro (Neuron DIV7 and 14, respectively), in rat primary
microglia cultured for 15 days in vitro, and in rat primary astroglia
cultured for 18 days in vitro (n = 3). Lynx1l and Ly6H are both
present in neuronal cultures, but not in micro- or astroglial cultures
¢ Protein levels in different organs from adult male rat (n = 2)

the FC and HIP, but increased dramatically from P1 to P14
when it reached adult levels. Lynx2 mRNA was detectable
at birth in the FC and HIP. In the FC, Lynx2 mRNA
increased more than twofold during the first two postnatal
weeks after which it declined gradually until P60. In the
HIP, Lynx2 mRNA increased threefold during the first
postnatal week followed by a decline to adult levels
between P14 and P26. PSCA mRNA in the FC was present
at near-adult levels at birth and increased gradually
throughout the postnatal period. In the HIP, PSCA mRNA
was present at birth, but increased fourfold during the first
two postnatal weeks after which it declined gradually to
adult levels.

Among the nAChR subunits B2 displayed a marked
postnatal peak in mRNA levels at P7, most prominently in
the FC, which almost completely declined before P14. 32
protein levels in the FC were stable from birth until P14
and increased gradually from P14 until P60. In the HIP, 32
protein levels were constant throughout postnatal devel-
opment. 2 mRNA in the FC displayed a marked postnatal
peak at P7, which declined to near-adult levels before P14.
In the HIP, there was no detectable a2 mRNA at birth, but
the expression gradually increased during the first two
postnatal weeks to adult levels. a4 mRNA levels remained
constant throughout postnatal development in the FC,
whereas there was a postnatal peak in the HIP that did not
reach adult levels before P42. o7 mRNA displayed a
marked postnatal peak at P7 in the FC, which almost
completely declined before P14. In the HIP, o7 mRNA
increased during the first postnatal week, where it stabi-
lized at near-adult levels.
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<« Fig. 5 Developmental expression of Ly-6 proteins. Male rats were

decapitated at postnatal day 1, 7, 14, 26, 42, or 60 and the frontal
cortex (FC) and hippocampus (HIP) dissected and analyzed. a mRNA
levels in the FC and HIP of Lynxl, Lynx2, Ly6H and PSCA as
analyzed by qPCR. b mRNA levels in the FC and HIP of the nAChR
subunits B2, 02, a4, and o7 as analyzed by qPCR. ¢ Protein levels of
Lynx1, Ly6H, and the B2 subunit as analyzed by western blotting.
d Representative western blotting images. n = 5-6 in each group

Discussion

Here we show that the Ly-6 proteins Lynx1 and Ly6H are
localized to the cell surface and synaptosomal fractions,
and that their expression is cell-type specific and devel-
opmentally regulated.

Lynx1

Lynx1 binds to and modulates the function of nAChRs
in vitro (Miwa et al. 1999, 2006; Ibafiez-Tallon et al. 2002;
Lyukmanova et al. 2011; Fu et al. 2012) and LynxI-
dependent modulation of cholinergic signaling is critical
for visual synaptic plasticity (Morishita et al. 2010). Here
we demonstrate that Lynx1 is present on the cell surface,
particularly in the FC, where Lynx1 has a ratio of surface
to intracellular receptors similar to that of GluR2, indi-
cating that it is predominantly localized to the surface. This
is in contrast to the 2 nAChR subunit which is predomi-
nantly intracellular, as described previously (Hill et al.
1993; Kuryatov et al. 2005). Furthermore, Lynx1 is pref-
erentially localized to synaptic compartments in the FC and
HIP. These findings are consistent with a role of Lynx1 in
the modulation of synaptic neurotransmission. We further
show that Lynx1 protein is predominantly expressed in the
brain with some expression in the lung. This is in line with
a previous report demonstrating Lynx] mRNA in the
mouse brain, but not in prostate, liver, or kidney (Miwa
et al. 1999). To determine which cell types in the brain
express Lynx1, we analyzed Lynx1 protein levels in pri-
mary cultures and were able to detect Lynx1 in neuronal,
but not in micro- or astroglia cultures. This is consistent
with the finding that more than 90 % of parvalbumin-
containing interneurons express Lynx1 mRNA in the visual
cortex (Morishita et al. 2010).

To our knowledge, the absolute amounts of Ly-6 pro-
teins in the brain have never been determined. Using
known amounts of human ws-Lynxl we were able to
estimate the absolute amount of Lynxl to 1.0 and
0.13 pmol/kg total protein in the rat cortex and CSF,
respectively. However, it should be noted that although
human and rat Lynxl protein have a high degree of
sequence similarity, there are amino acid variations, which
may cause differences in antibody affinity. Ws-Lynx1 has
been shown to displace a-bungarotoxin binding to AChBPs

and Torpedo nAChRs and alter the current response of
nAChRs expressed in Xenopus oocytes to ACh in a dose-
dependent and nAChR-type specific manner (Lyukmanova
et al. 2011). Thus, 1 M ws-Lynx1 enhanced the effect of
ACh on the o7 nAChR, but 10 uM ws-Lynx1 decreased it,
whereas ws-Lynx1 decreased a4p2-mediated responses at
both doses (Lyukmanova et al. 2011). With the determined
concentration of 0.5 pM Lynx1 in the CSF, and assuming
that 1.0 pmol/kg in the FC corresponds roughly to 1 uM,
this indicates that Lynx1 is present in the FC and CSF in
sufficient concentrations to affect nAChR-mediated sig-
naling. And with the preferential localization of Lynx1 to
the cell surface and synaptic compartments, local concen-
trations of Lynx1 at synapses may be much higher.

Some Ly-6 proteins exist as soluble proteins in addition
to the membrane-bound forms (Adermann et al. 1999).
Whether or not soluble forms exist may have an impact on
where and how these proteins can exert their function,
since the soluble protein may diffuse across the synaptic
cleft and the membrane-bound protein may be more
restricted in its interaction with nAChRs (Miwa and Walz
2012). In line with this, transgenic mice overexpressing
full-length or soluble Lynxl, respectively, display mark-
edly different effects in terms of motor learning (Miwa and
Walz 2012). We show that Lynx1 in the cortex is exclu-
sively membrane bound and is not present in soluble forms.
We did, however, detect Lynx1 in the CSF. This may come
from a number of sources; Lynx1 could be expressed on
immune cells in the CSF, although we did not find evi-
dence of cell residue in our samples. And in healthy ani-
mals, the number of immune cells in the CSF is low
(Wilson et al. 2010). Lynx1 could also be expressed as a
soluble protein outside the CNS or in distinct cell types
within the CNS and enter the CSF from these cells. It is
thus possible that the CSF acts as a source of soluble Lynx1
for the brain. Finally, soluble Lynx1 may be concentrated
in the CSF enabling a detection that is not possible in
tissue, or Lynx1 in the CSF may represent a waste product
from cells within the CNS.

Ly6H

Ly6H has been identified as a member of the Ly-6 family
in humans and mice (Horie et al. 1998; Apostolopoulos
et al. 1999), but unlike Lynx1 and Lynx2, Ly6H does not
bind to the major nAChR subtypes in the brain, o7 and
a4 2, when overexpressed in HEK293 cells (Tekinay et al.
2009). Here we show that endogenous Ly6H protein is
expressed in the rat cortex where it is exclusively mem-
brane bound. Ly6H demonstrated a restrictive expression
profile since it was not detectable in the cerebellum, heart,
lung, liver, kidney, or prostate. This is in agreement with
the reported expression pattern of human and mouse Ly6H
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mRNA (Horie et al. 1998; Apostolopoulos et al. 1999). We
also demonstrate that a significant proportion of Ly6H in
the HIP is located on the cell surface, and that Ly6H is
predominantly localized to synaptosomes in the HIP and
FC, suggesting a synaptic function of the protein. Fur-
thermore, Ly6H was detected in cultured neurons, but not
in microglia or astroglia. The similarities in distribution
and synaptic localization between Ly6H and Lynxl, as
well as the possibility of nAChR-mediated changes in
Ly6H mRNA expression (Thomsen et al. 2011), suggest
the possibility of a role for Ly6H in the modulation of
membrane signaling. Although Ly6H does not seem to
interact with o7 or 04p2 nAChRs, further studies are
required to determine whether it can bind to other nAChR
subtypes.

Developmental expression of nAChR subunits
and Ly-6 proteins

We found that the developmental pattern of mRNA
expression of Ly-6 family members and nAChR subunits
differed between the FC and HIP. In the FC, the B2, a2,
and o7 nAChR subunits displayed a marked peak in
expression at P7. It has previously been shown that post-
natal mRNA levels of a4, o7, and B2 in the rat cortex and
HIP peaks at P7-14 (Broide et al. 1995; Shacka and
Robinson 1998), although this is not found by all (Zhang
et al. 1998). The expression of a4, o7, and B2 in the FC
was paralleled by Ly6H although the latter had a more
gradual decline, whereas Lynx2 peaked 1 week later. By
contrast, Lynx1 and PSCA did not have peaks in mRNA
expression, but displayed a gradual increase throughout
postnatal development. These data are consistent with a
previous report demonstrating an increase in Lynx1 and a
decrease in Lynx2 mRNA in the V1 region from P18 to
P60 in mice (Morishita et al. 2010). In the HIP, B2 and o4
displayed a peak at P7, which was paralleled by Ly6H,
whereas Lynx1 peaked at P14. Lynx2 and PSCA showed
broader peaks with high expression at P7, but did not reach
maximum expression before P14. Contrarily, o2 and o7 did
not display postnatal peaks in expression in the HIP. The
expression of Ly6H and Lynx2, but not Lynx1 at P1 is in
line with a previous report showing embryonic expression
of Ly6H and Lynx2, but not Lynx1 in mice (Dessaud et al.
20006).

The mRNA expression was not entirely paralleled by
protein levels for Ly6H or B2. In the FC, Lynx1 and
Ly6H showed similar profiles with a gradual increase in
protein levels reaching a plateau at P14-P26, whereas 2
protein levels increased gradually throughout postnatal
development. In the HIP, Ly6H reached near maximum
levels at P14, whereas Lynx1 levels reached a maximum
a little later at P14-P26, and B2 levels were relatively
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constant. Thus, Lynx1 protein levels in the FC parallels
mRNA, levels as has previously been shown in mice
(Morishita et al. 2010), whereas this is not the case for
Ly6H. This suggests that the two products are subject to
differential post-transcriptional regulation during devel-
opment. Protein data are not available for all the genes of
interest since we could not get reliable staining for several
of the proteins due to non-specific antibodies, as has been
reported earlier for o7 (Herber et al. 2004; Moser et al.
2007).

These developmental data demonstrate for the first time
a degree of coherence between the expression of Ly-6
family genes and nAChR subunits. The expression of
Lynx1, Lynx2, and PSCA mRNA reached a maximum
approximately 1 week later than the nAChR subunits.
Notably, these three genes have all been implicated in
regulation of nAChR function, and particularly Lynx1 has
been proposed to be a dampener of cholinergic neuro-
transmission during development (Morishita et al. 2010).
Our data invite the possibility that the expression of Ly-6
proteins may regulate the expression of nAChR subunits
and thereby the developmental regulation of cholinergic
signaling. The different patterns of expression of nAChRs
and Ly-6 proteins in the FC and HIP, respectively, suggest
that this putative regulation is may differ between brain
regions. This is not surprising given that the distribution of
nAChRs differs between the FC and HIP (Albuquerque
et al. 2009).

Finally, our results from neuronal primary cultures
suggest that Lynx1 and Ly6H protein levels follow similar
temporal patterns in vivo and in vitro.

Conclusions

We demonstrate that Lynx! and Ly6H are membrane-
bound proteins in the brain, which are localized to the cell
surface and in synaptosome fractions. These proteins are
therefore well-situated to modulate synaptic signaling, e.g.,
via nAChRs to which several Ly-6 proteins have been
shown to bind directly. However, it is possible that the
intracellular pool of Ly-6 proteins has different functions,
perhaps as molecular chaperones of nAChRs, as has pre-
viously been hypothesized (Lester et al. 2009). In addition,
we show that several members of the Ly-6 protein family
display similar expression patterns during postnatal
development, and that they to some degree mirror nAChR
expression. These data support a role for Ly-6 in the reg-
ulation of nAChR function during development. In line
with this, we demonstrate that endogenous Lynx1 is pres-
ent in the brain in concentrations, which have been dem-
onstrated to modulate nAChR function (Lyukmanova et al.
2011).
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Supplementary material

Figure S1. Validation of antibodies used

(A) Anti-Lynx1 antibody (sc-23060) 1:1000 detectedcontical samples from wild-type (WT) and
Lynx1 knock-out (KO) mice as well as rat. Theraislear band around 12 kDa, corresponding to
the expected molecular weight of Lynx1, which id poesent in Lynx1 KO mice(B) Anti-p2
antibody (#834, provided by Cecilia Gotti) 1:100&tetted on cortical samples from rat and human
samples as well as7 and 2 WT and KO mice. There is a clear band around B@,k
corresponding to the expected molecular weighpZyfwhich is not present if2 KO mice.(C)
Anti-Ly6H antibody ((HO0004062-M01) 1:1000 detected 0.1 pug GST-tagged recombinantly
expressed human Ly6H protein (Abnova #H00004062-R0d 40ug samples of rat cortex, rat
cerebellum and human cortex. A clear band arounkD20is detected in rat and human cortex, but
not in rat cerebellum. This is in line with the yieus demonstration that Ly6H is expressed in
human cortex, but not cerebellum (Horie et al.,8)98 clear band around 45 kDa is detected in the
recombinant protein sample, which is in line withextra 25 kDa being added due to the GST tag.
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Figure S2. Validation of synaptosome preparation

Representative western blot images of frontal cartand hippocampal tissue fractionated using
differential centrifugation into a pellet 1 (P1,ahear) and pellet 2 (P2, crude synaptosome) fractio
Enrichment of synaptosomes in P2 is confirmed byidmiment of the synaptic protein Syntaxin
(Anti-Syntaxin, MAB336) in the P2 fraction comparedP1 and the total homogenate (Hom)
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Figure S3. Validation of primary neuronal cultures
Protein levels in cortical tissue from an adult enaat (CTX), in rat cortical primary neurons
cultured for 7 days in vitro (Neuron DIV7), in ratimary microglia cultured for 15 days in vitro,
and in rat primary astroglia cultured for 18 daysitro
Glial fibrillary acidic protein (GFAP) is an astige-specific protein. There is clear staining of
GFAP in adult cortex and astroglial cultures, batamost complete lack of GFAP staining in
neuronal and microglial cultures.
MAP2 is a neuron-specific protein. There are twoR2Aands in adult cortex, corresponding to the
high molecular weight isoforms MAP2a and ¢ and line molecular weight isoform MAP2c.
There is clear MAP2c staining in neuronal cultuasd no MAP2 staining in astro- or microglial
cultures. MAP2c has previously been shown to beesged mainly in immature neurons (Chung,
Kindler, Seidenbecher, & Garner, 1996), which ifine with our data.
Antibodies used for detection were Anti-GFAP (#G9286:5000 and Anti-MAP2 (#MMO03) 1:500.
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Figure $4. Validation of primary astroglia cultures

Rat primary astroglia stained witfA) the microglia-specific protein OX-42 (mouse, BD8359,
1:50) combined with AlexaFluor488 Donkey Anti-mouk8&00 (green) and the astrocyte-specific
protein glial fibrillary acidic protein GFAP (ralthi Abcam#ab7260, 1:500) combined
withAlexaFlour533 Goat Anti-rabbit 1:500 (red). Th@crograph was taken at 10x magnification
from a confluent culture, scale bar= {ith. Or (B) the neuron-specific protein MAP-2 (mouse,
Sigma #4403, 1:500) combined with AlexaFluor488 KmnAnti-mouse 1:500 (green) and GFAP
(rabbit, Abcam#ab7260, 1:500) combined with Alexaff533 Goat Anti-rabbit 1:500 (red). The
micrograph was taken at 20x magnification from a-nonfluent culture, scale bar= 10m.
Counting of immunopositive cells show that the @glia cultures contair99% GFAP-positive
cells.
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Alzheimer’s disease (AD) is a neurodegenerative disorder involving impaired cholinergic neurotrans-
mission and dysregulation of nicotinic acetylcholine receptors (nAChRs). Ly-6/neurotoxin (Lynx) proteins
have been shown to modulate cognition and neural plasticity by binding to nAChR subtypes and
modulating their function. Hence, changes in nAChR regulatory proteins such as Lynx proteins could
underlie the dysregulation of nAChRs in AD. Using Western blotting, we detected bands corresponding to
the Lynx proteins prostate stem cell antigen (PSCA) and Lypd6 in human cortex indicating that both
proteins are present in the human brain. We further showed that PSCA forms stable complexes with the
a4 nAChR subunit and decreases nicotine-induced extracellular-signal regulated kinase phosphorylation
in PC12 cells. In addition, we analyzed protein levels of PSCA and Lypd6 in postmortem tissue of medial

Keywords:

Alzheimer’s disease

Nicotinic acetylcholine receptor
Frontal cortex

Lynx frontal gyrus from AD patients and found significantly increased PSCA levels (approximately 70%). In
PSCA contrast, no changes in Lypd6 levels were detected. In concordance with our findings in AD patients,
Lypd6 PSCA levels were increased in the frontal cortex of triple transgenic mice with an AD-like pathology

harboring human transgenes that cause both age-dependent B-amyloidosis and tauopathy, whereas
Tg2576 mice, which display B-amyloidosis only, had unchanged PSCA levels compared to wild-type
animals. These findings identify PSCA as a nAChR-binding protein in the human brain that is affected
in AD, suggesting that PSCA-nAChR interactions may be involved in the cognitive dysfunction observed
in AD.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia
in the elderly individuals. Characteristics of AD consist of accumu-
lation of B-amyloid (AB) plaques and neurofibrillary tangles of
hyperphosphorylated tau proteins (Querfurth and LaFerla, 2010).
Another neuropathologic feature of AD is the selective degenera-
tion of cholinergic neurons in the basal forebrain, which is associ-
ated with the cognitive decline in AD (reviewed in Auld et al., 2002).

The most abundant nicotinic acetylcholine receptors (nAChRs)
in the brain, a7 and 242, are involved in cognitive performance,
such as attention and memory function, as well as synaptic

* Corresponding author at: Department of Drug Design and Pharmacology, Faculty
of Health and Medical Sciences, University of Copenhagen, Universitetsparken 2,
DK-2100 Copenhagen, Denmark. Tel.: +4535331717.

E-mail address: morten.s.thomsen@sund.ku.dk (M.S. Thomsen).

0197-4580/$ — see front matter © 2015 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.neurobiolaging.2015.01.001

plasticity (reviewed in Sarter et al.,, 2009; Thomsen et al., 2010).
Accordingly, they have been widely investigated for their involve-
ment in the pathology of AD. Genetic analyses have demonstrated
associations between single-nucleotide polymorphisms in the a7
nAChR gene and AD (Carson et al., 2008b) as well as the delusional
symptoms in AD (Carson et al., 2008a). Single-nucleotide poly-
morphisms in the genes of a4 (Dorszewska et al., 2005; Kawamata
and Shimohama, 2002) and B2 nAChR subunits (Cook et al., 2004;
Laumet et al.,, 2010) have also shown to be associated with AD.
Recent studies agree that 0432 nAChR levels are decreased in AD.
Thus, reduced [H]-nicotine binding was observed postmortem in
frontal cortex of AD patients (Marutle et al., 2013), and binding of
the a4p2 nAChR radioligand [ ®F]-2FA-85380, by the use of PET, was
decreased in several brain regions of AD patients and demonstrated
significant correlations with both A levels in the medial prefrontal
cortex and cognitive performance of the AD patients (Okada et al.,
2013). In contrast, there is currently no consensus on whether a7
nAChR levels in the brain are changed in AD, because binding
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studies have reported either downregulation or no change (Court
et al.,, 2001; Davies and Feisullin, 1981; Hellstrom-Lindahl et al.,
1999; Marutle et al., 2013).

AB1_42 has been shown to bind both 27 and 432 nAChRs, the
former with picomolar affinity, whereas its affinity for a4p2 was
5000 times lower (Wang et al., 2000). Furthermore, AB1_4; is able to
modulate the function of both a7 and a4p2 nAChRs with dose-
dependent effects (reviewed in Buckingham et al, 2009;
Jurgensen and Ferreira, 2010).

In addition to ABqi_42, several members of Ly-6/neurotoxins
(Lynx) protein superfamily have been shown to modulate the
function of nAChRs (reviewed in Miwa et al., 2011; Thomsen and
Mikkelsen, 2012). Therefore, alterations in o7 and @4f2 nAChRs
may be secondary to changes in Lynx protein levels.

The Lynx superfamily has structural similarities to snake venom
toxins such as a-bungarotoxin and are characterized by a “three-
fingered” loop motif (Tsetlin, 1999). The Lynx proteins Lynx1 and
Lynx2 have been shown to form stable complexes with and nega-
tively regulate both o7 and 242 nAChRs (Ibanez-Tallon et al., 2002;
Miwa etal.,2006; Tekinay et al., 2009). In addition, mice with genetic
deletions of Lynx1 or Lynx2 displayed increased associative learning
and elevated anxiety-like behavior, respectively (Miwa et al., 2006;
Tekinay et al., 2009). Moreover, it was recently shown that Lynx1
through a nAChR-dependent action had a crucial role in the loss of
synaptic plasticity observed in adult visual cortex (Morishita et al.,
2010). Furthermore, transgenic overexpression of the Lynx protein
Lypd6 in mice resulted in increased pre-pulse inhibition indicating
possible involvement in attention (Darvas et al., 2009). Thus, Lynx
proteins are suggested to be involved in cognitive function.

Prostate stem cell antigen (PSCA), another Lynx protein, was
found to suppress nicotine-induced Ca®* influx via activation of &7
nAChRs, when retrovirally expressed in dissociated avian ciliary
ganglion neurons (Hruska et al, 2009). In contrast, nicotine-
induced Ca®" currents were enhanced in dissociated murine tri-
geminal ganglia neurons from transgenic mice overexpressing
Lypd6, suggesting that Lypd6 is a positive modulator of nAChR
function (Darvas et al., 2009).

Because nAChRs and Lynx proteins can bind directly to each
other to affect cognitive function and synaptic plasticity, it is
pertinent to examine the involvement of Lynx proteins in AD. The
purpose of this study was to (1) investigate PSCA and Lypd6 in the
human brain in relation to expression and complex formations with
nAChR subtypes; (2) examine the ability of PSCA to modulate a
nicotine-mediated response in PC12 cells; and (3) reveal whether
the levels of the two Lynx proteins were changed in AD in both
human AD patients and transgenic AD mouse models.

2. Methods
2.1. Human tissue

Temporal cortical tissue was obtained from anterior temporal
lobectomies in two patients (1 female, aged 30 years and 1 male,
aged 57 years) with medically intractable temporal lobe epilepsy
with hippocampal onset. Written informed consent was obtained
from both patients before surgery. The study was approved by the
Ethical Committee in the Capital Region of Denmark (H-2-2011-
104) and performed in accordance with the Declaration of Helsinki.
The tissue was dissected and immediately frozen on dry ice and
stored at —80 °C until use. The neuropathologic examinations of the
neocortex from both patients were normal.

Postmortem brain tissue from medial frontal gyrus of 7 AD
subjects and 8 nondemented (non-AD) control subjects (see
Table 1) were obtained from the Netherland’s Brain Bank, Amster-
dam, the Netherlands. Autopsies were performed on donors from

Table 1
Clinicopathologic data of the human brain material

Diagnosis Age Gender pH PMD (h:min) Braak stage
Nondemented control 60 F 6.27 06:50 1
Nondemented control 60 F 6.80 07:30 1
Nondemented control 62 M 6.36 07:20 1
Nondemented control 78 M 6.52 <17:40 1
Nondemented control 87 M 7.11 08:00 1
Nondemented control 87 F 6.91 08:00 2
Nondemented control 97 F — 10:00 2
Nondemented control 90 F 6.54 06:10 3
Alzheimer’s disease 67 F 6.73 03:30 5
Alzheimer’s disease 58 M 6.29 05:15 6
Alzheimer’s disease 58 M 6.42 06:25 6
Alzheimer’s disease 59 M 6.26 05:05 6
Alzheimer’s disease 62 M 6.31 04:15 6
Alzheimer’s disease 62 F 6.53 04:25 6
Alzheimer’s disease 62 F 6.06 04:45 6

Key: F, female; M, male; PMD, postmortem delay.

whom written informed consent had been obtained either from the
donor or direct next of kin. All AD subjects were confirmed by
standard clinical (Dubois et al., 2007; McKhann et al., 1984) and
neuropathologic (Braak and Braak, 1991, 1995) diagnosis criteria.

2.2. Animals

Triple transgenic mice (3xTg-AD), expressing mutant human
transgenes (human amyloid precursor protein [APP] 695 with the
Swedish double mutation K670N/M671L [hAPPSwe], tau P301L)
mutation, and the presenilin-1 mutant M146V knock-in construct
(Oddo et al., 2003), were studied in two different age groups: 6-
month-old mice (n = 8) and 19- to 21-month-old mice (n = 8)
with age-matched wild-type (WT) mice (Sv129/B6; n = 7—8) as
controls. The mice were bred at the Medizinisch-Experimentelles
Zentrum at Leipzig University. At the day of experiment, the mice
were decapitated, frontal cortex and hippocampus dissected, and
the tissue was immediately frozen on dry ice and stored at —80 °C
until use.

Twelve male Tg2576 mice expressing the hAPPSwe mutations
(Hsiao et al., 1996) and their WT littermates (n = 15) bred on an inbred
12956 background were obtained from Taconic (Ry, Denmark). At the
age of 9 months, in an unrelated set of experiments, the mice
received bilateral intracerebroventricular phosphate-buffered saline
(PBS) injections (Laursen et al., 2014) followed by electrophysiological
testing. Mice were euthanized at the age of 15 months, and one
hemisphere was dissected, snap frozen, and kept at —80 °C until
further analysis. Frontal cortex was later separated from the frozen
sample and used for Western blot analyses as described in the
following.

Experiments with 3xTg-AD were approved by the Animal Care
and Use Committee of the University of Leipzig and local authorities
(Regierungsprdsidium Leipzig; T40/13) and conformed to the Eu-
ropean Communities Council Directive (86/609/EEC). Experiments
with Tg2576 mice were approved by the Danish National Com-
mittee for Ethics in Animal Experimentation.

2.3. Tissue fractionation

To fraction tissue into membrane and soluble fractions, human
temporal cortical tissue from neurosurgery (150—170 mg, n = 2)
was homogenized 2 x 30 seconds in Buffer1 (0.5 M NaCl, 50 mM
Tris—HCI, 10 mM MgCl,, 2 mM ethylenediaminetetraacetic acid
(EDTA), 10 pL/mL protease inhibitor cocktail [Sigma-Aldrich,
Brondby, Denmark], pH 7.3) using a PT1200C polytron blender
(Kinematica, Luzern, Switzerland) and centrifuged for 30 minutes
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at 126,000g at 20 °C—22 °C using an air-driven ultracentrifuge
(Airfuge, Copenhagen, Denmark). The supernatant containing the
soluble fraction was transferred to a new tube, and the pellet
containing the membrane fraction was washed twice in Buffer1,
resuspended by blending 2 x 30 seconds in Buffer2 (4 M urea,
50 mM Tris—HCl, 1% SDS, 10 puL/mL protease inhibitor cocktail, pH
7.3), and sonicated 3 x 5 seconds on ice.

2.4. PSCA affinity purification

Recombinant human GST-tagged PSCA produced in Escherichia
coli (purchased from MyBioSource Inc, San Diego, CA) and dissolved
to 0.7 mg/mL in PBS, pH 7.4 was coupled to PureProteome NHS
Flexibind magnetic beads (Millipore, Billerica, MA) in a ratio of
1:1.25 (vol/vol). In brief, beads were washed once in ice-cold 1 mM
HCI before addition of the PSCA solution. Subsequently, beads were
incubated overnight at 4 °C in a rotator (15 rpm). Unbound PSCA
was removed, and the beads were resuspended and washed four
times in Quench buffer (100 mM Tris-HCl, 150 mM NacCl, pH 8.0)
followed by incubation for 1 hour at room temperature. A batch of
beads without PSCA in the PBS was processed in parallel as a
negative control. The beads were incubated in 0.1% bovine serum
albumin in PBS, pH 7.4, for 1 hour at 4 °C before use.

The tissue was lysed in 1 mL lysis buffer (50 mM Tris, 50 mM Nacl,
5 mM EDTA, 5 mM EGTA, 10 pL/mL protease inhibitor cocktail [Sigma-
Aldrich, pH 7.5]) using the PT1200C polytron blender for 20 seconds.
The lysate was centrifuged for 30 minutes at 160,000g at 20 °C—22 °C
using the air-driven ultracentrifuge and the supernatant discarded.
The pellet was resuspended in 1 mL lysis buffer containing 2% Triton
X-100 by blending for 20 seconds and incubated for 2 hours at4 °Con
arotor (15 rpm). Thereafter, the sample was centrifuged as mentioned
previously, and the resulting supernatant (input) was used for affinity
purification. Total protein content was determined using the Pierce
660 nm Protein Assay (Thermo Scientific, Rockford, IL), and 1000 pg
protein was incubated with 50 uL magnetic beads in a total volume of
1500 pL lysis buffer for 18—22 hours at 4 °C in a rotator (15 rpm). A
sample of the homogenate after affinity purification was taken
(output). Subsequently, the beads were washed twice in 1 M NadCl,
8 mM NayHPO4, 2 mM NaH,POy4, 0.5% Triton X-100, pH 7.5 and three
times in an identical buffer, where 1 M NaCl was substituted with
0.1 M Nadl, and thereafter, the samples were immediately processed
for Western blotting.

2.5. ERK phosphorylation and (2 nAChR expression in PC12 cells

PC12 cells were maintained in 75 cm? flasks coated with 5 pg/mL
poly-L-lysine (Sigma-Aldrich), in Dulbecco modified Eagle medium
(DMEM, Gibco Life Technologies, NY) supplemented with 10% heat-
inactivated horse serum, 5% fetal bovine serum, 25 U/mL penicillin,
25 pg/mL streptomycin, 1 mM sodium pyruvate, and 2 mM gluta-
mine (complete culture medium) at 37 °C in a humidified incubator
with 5% CO,. Cells were subcultured every 3—4 days by detachment
with 0.25% trypsin in EDTA solution (Gibco Life Technologies) and
reseeded at 15% confluence.

For the extracellular-signal regulated kinase (ERK) phosphory-
lation assay, cells were seeded in 24-well plates at 12 x 10* cells/
cm?, in low serum medium (1% heat-inactivated horse serum, 0.5%
fetal bovine serum) 24 hours before the experiments, which started
by incubating cells for 10 minutes with recombinant human PSCA
protein (MyBiosource) in the concentrations (0.1, 1, and 10 pM)
diluted in DMEM, followed by stimulation with 25 uM nicotine
(Sigma-Aldrich) for 5 minutes. For the B2 nAChR expression assay,
PC12 cells were seeded in 96-well plates at 12 x 10* cells/cm? on
the day of the experiment in complete culture medium. Subse-
quently, cells were stimulated for 24 hours with recombinant

human PSCA protein (MyBiosource) in the concentrations (0.1, 1,
and 10 uM) diluted in DMEM. Thereafter, cells were immediately
lysed in 100 pL and 50 uL, respectively, ice-cold lysis buffer/well
(100 mM NacCl, 25 mM EDTA, 10 mM Tris, 4 mM Na3VOg4, 1 mM NaF,
and 1% [vol/vol] Triton X-100, 1% [vol/vol] NP-40, 1 uL/mL protease
inhibitor cocktail [Sigma-Aldrich], pH 7.4). To ensure complete lysis,
lysates were then placed in —80 °C for 15 minutes, thawed, and
sonicated for 5 seconds on ice. Lysates were stored at —80 °C until
they were processed for Western blotting.

2.6. Small interfering RNA transfection and real-time quantitative
reverse transcription polymerase chain reaction

FlexiTube small interfering RNA (siRNA) (Qiagen, Limburg, the
Netherlands) against PSCA (TACAATCATCCTGTAATAAAT) and a
scrumbled negative control were diluted in DMEM (Gibco Life
Technologies) to a final concentration of 50 nM. The transfection
reagent Lipofectamine 2000 (Life Technologies, Carlsbad, CA) was
diluted in opti-MEM (Life Technologies) and incubated for 5 mi-
nutes at room temperature according to the manufacturer’s in-
structions. siRNAs were mixed with the transfection reagent and
incubated further for 15 minutes at room temperature to allow the
formation of transfection complexes. Subsequently, 100 uL of
transfection complexes were added into each well of a 24-well
plate, and PC12 cells were seeded at 24 x 10* cells/cm? in com-
plete culture medium without antibiotics. Cells were incubated at
37 °C in a humidified incubator with 5% CO,. After 48 hours, the
medium was removed, the plate was placed on ice, and RNA was
immediately extracted using the RNeasy Mini Kit (Qiagen) accord-
ing to the manufacturer’s instructions.

RNA samples were dissolved in RNase-free water, and RNA
content was quantified using a Nanodrop ND-1000 Spectropho-
tometer (Nanodrop Technologies, Wilmington, DE). Samples were
diluted with RNase-free water to equal RNA concentrations and
reverse transcribed into single-stranded complementary DNA
(cDNA) with the ImProm-II Reverse Transcription System (Promega,
Madison, WI) according to the manufacturer’s directions using
0.5 gfreaction oligo(dT);5 primers, 6 mM MgCl,, and 20 units of
RNase inhibitor. Real-time quantitative reverse transcription poly-
merase reactions (RT-qPCR) were performed in a total volume of
20 puL, containing 1 uL sample cDNA, 1 x Brilliant Il SYBR Green qPCR
Master Mix (Stratagene, La Jolla, CA), and 15 pmol each of the for-
ward and reverse primers (DNA Technology, Aarhus, Denmark). RT-
gPCR was performed on a Light Cycler 480 Real-Time PCR System
(Roche, Indianapolis, IN) with a 10-minute preincubation at 94 °C
followed by 40 cycles of 30 seconds at 94 °C, 45 seconds at 60 °C,
and 90 seconds at 72 °C. Primer pairs were validated by using
serially diluted cDNA to establish a standard curve and by con-
firming the existence of a single product on a gel at the correct
molecular weight. Quantification of messenger RNA (mRNA)
expression was performed according to the comparative Cr method
as described by (Schmittgen and Livak, 2008). For each sample, the
amount of target mRNA was normalized to the amount of GAPDH.

The sequence of the designed primers were as follows: PSCA, forward
5'-GCCCTACCAGTTCTGATCAG-3', reverse 5'-TCACACCCACCTAGCTTCAT-
3 B2 nAChR, forward 5-ACGGTGTTCCTGCTGCTCATC-3', reverse
5'-CACACTCTGGTCATCATCCTC-3"; and GAPDH, forward 5-CATCAA-
GAAGGTGGTGAAGCA-3, reverse 5'-CTGTTGAAGTCACAGGAGACA-3'.

2.7. Tissue preparation for Western blotting

Human postmortem cortical tissue was lysed in homogenization
buffer (50 mM Tris, 100 nM NaCl, 25 mM EDTA, 1% [vol/vol] Triton-
X, 1% [vol/vol] NP-40, 1 uL/mL protease inhibitor cocktail [Sigma-
Aldrich], pH 7.4). Mouse cortical tissue was lysed in lysis buffer
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(50 mM Tris-HCl, 4 M urea, 1% [wt/vol] SDS, 1 uL/mL protease in-
hibitor cocktail [Sigma-Aldrich], pH 7.4). All lysates were briefly
sonicated 2 x 5 seconds and centrifuged at 1000g for 10 minutes at
4 °C. The resultant supernatant was used for detection of proteins
using Western blotting as described in the following.

2.8. Western blotting

Total protein content was determined using the DC Protein
Assay Kit (BioRad, Hercules, CA), and the samples were diluted in
loading buffer (final concentration: 60 mM Tris, 10% [vol/vol]
glycerol, 5% [vol/vol] mercaptoethanol, 2% [wt/vol] SDS, 0.025% [wt/
vol] bromophenol blue, pH 6.8), incubated for 5 minutes at 95 °C,
and submitted to gel electrophoresis using AnykD gels (BioRad).
After blotting onto polyvinylidene difluoride membranes (BioRad),
the membranes were washed in Tris-buffered saline with 0.1%
Tween 20 (TBS-T), and blocked in TBS containing 5% (wt/vol) dry
milk powder. Blots were incubated in primary antisera against PSCA
(1:1,000, #NB100-91938, Novus Biologicals, Cambridge, UK), Lypd6
(1:1,000, #ARP53451_P050, Aviva Systems Biology, San Diego, CA),
2 nAChR subunit (1:1,000, kindly provided by Dr Cecilia Gotti,
previously characterized in Thomsen et al., 2014), GluR2 (1:200,
#MABN71, Millipore), 24 nAChR subunit (1:100, sc-5591, Santa Cruz
Biotechnology), @7 nAChR subunit (1:1000 #ab23832, Abcam,
Cambridge, UK), or actin (1:10,000, #A5060, Sigma-Aldrich) over-
night at 4 °C. Subsequently, blots were washed in TBS-T 3 x
10 minutes followed by 1 hour incubation at room temperature
with horseradish peroxidase-conjugated secondary antibodies
(1:2000, Dako, Glostrup, Denmark). After thorough washing in TBS-
T, blots were visualized by enhanced chemiluminescence reagents
(Western Lightning ECL Pro, Perkin Elmer, Waltham, MA) using a
Chemidoc XRS system with Quantity One software (BioRad). Data
were quantified by measuring mean optical densities of bands and
subtracting an adjacent background measurement.

Validation of PSCA antibody (1:1,000, Novus Biologicals) was
done with co-incubation with the PSCA peptide, which had been
used as immunogen (1:100, # NB100-91938PEP, Novus Biologicals).
To determine the amount of endogenous PSCA in cortex, cortical
samples from mouse and human cortex were loaded along with
samples with known concentrations of the recombinant PSCA (0.5,
1, 2, 4, 8, and 16 ng). A standard curve was created based on the
PSCA samples and used to determine the amount of PSCA in the
cortical samples.

2.9. Immunofluorescence labeling

Age-matched 3xTg-AD and WT mice (n = 8) were perfused
transcardially with phosphate-buffered 4% paraformaldehyde after
being euthanized with CO,. Dissected brains were immersed in
fixative overnight, dehydrated, and cut with a freezing microtome
resulting in free-floating, 30-um-thick coronal sections. Selected
sections containing the frontal cortex or the hippocampal forma-
tion were used for phospho-tau and AB-immunolabeling according
to an earlier protocol with minor modifications (Hdrtig et al., 2014).
Tissues were incubated with a mixture of biotinylated mouse-anti-
AB17-24 (4G8; Covance, Emeryville, CA; 1:400 in TBS with 5%
normal donkey serum) and rabbit-anti-phospho-tau205 (Invi-
trogen, Karlsruhe, Germany; 1:300) overnight. Subsequently, the
sections were rinsed with TBS and incubated for 1 hour in a mixture
of carbocyanine 2 (Cy2)-conjugated streptavidin and Cy3-tagged
donkey anti-rabbit IgG (both from Dianova, Hamburg, Germany;
20 nug/mL TBS containing 2% bovine serum albumin). After washing
with TBS, the sections were treated with Sudan Black B for 10 mi-
nutes (Schnell et al., 1999) and mounted onto glass slides. For data
illustration, images were taken from selected sections using a 510
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Fig. 1. Prostate stem cell antigen (PSCA) is soluble and co-purifies with the ¢4 nAChR
subunit in human cortex. (A) The antiserum directed against PSCA recognizes the
human recombinant GST-tagged PSCA protein (total molecular weight 34.2 kDa) from
1 to 16 ng/well at the expected band size. Endogenous PSCA from mouse and human
cortical tissue (8 pg total protein/well) is detected at approximately 24 kDa, and the
amount in the cortical samples was compared with the known concentrations of re-
combinant PSCA protein. (B) Images of Western blot showing PSCA protein levels in
cortical tissue from human (protein concentration 4, 8, and 12 pg/well) and mouse (8,
15, and 30 pg/well) in the absence (—peptide) and the presence of PSCA peptide
(+peptide). (C) Representative images of Western blots showing PSCA and Lypd6
protein levels in soluble and membrane fractions of human temporal cortical tissue.
The membrane receptor proteins 2 nAChR and GluR2 are used as control. (D) Mag-
netic beads covalently coupled with PSCA recombinant protein were incubated with
cortical homogenates from human temporal cortex followed by detection of nAChR
subunits by Western blot. Homogenates before (input) and after affinity purification
(output) as well as the negative control (CTRL) were loaded.

Meta confocal laser-scanning microscope (Zeiss, Jena, Germany)
and processed with CorelDraw and/or Photo-Paint version 12.0
(Corel Corp, Ottawa, Canada).

2.10. Statistical analyses

Data from PC12 cells were analyzed using one-way analysis of
variance (ANOVA) with Dunnett multiple comparisons test. Corre-
lation of age, postmortem delay, and pH with protein levels in
human subjects was done using Pearson correlation analysis. Two-
way ANOVA was applied to analyze effects of genotype and age in
3xTg-AD mice. Unpaired multiple t tests using the Holm-Sidak
method was used to compare groups. The statistical calculations
were performed using GraphPad Prism version 6 for Windows
(GraphPad Software, San Diego, CA). Data are presented as mean +
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Fig. 2. Prostate stem cell antigen (PSCA) inhibits nicotine-induced ERK phosphorylation. (A) Preincubation with 10 uM recombinant human PSCA reduces nicotine-induced ERK
phosphorylation in PC12 cells. Values are presented as the ratio between phosphorylated and total ERK protein and normalized to the 25 uM nicotine group. (B) Representative
images of Western blots. (C) Protein levels of the B2 nAChR subunit are unchanged after 24 hours stimulation with PSCA in PC12 cells. (D) Representative images of Western blots.
Data are normalized to actin levels, and the vehicle group is set to 1. (E) Silencing PSCA messenger RNA (mRNA) expression in PC12 cells with PSCA small interfering RNA (siRNA) has
no effect on B2 nAChR mRNA levels. Data are normalized to GAPDH levels, and the control (CTRL) group is set to 1. “'p < 0.01 indicates statistical difference in a one-way analysis of
variance with Dunnett multiple comparisons test (n = 4—6). Vehicles are not included in the statistical test in A. “""p < 0.001 indicates statistical difference in an unpaired t test.

standard error of the mean, and p < 0.05 was considered as sta-
tistically significant.

3. Results

3.1. PSCA is a soluble protein that binds to a4 nAChR subunits in the
human cortex

The PSCA antiserum recognized recombinant human PSCA
protein in the concentration range of 1-16 ng/well at molecular
weight band of approximately 34 kDa (Fig. 1A). Recombinant PSCA
protein consisted of 75 amino acids (immunogen sequence posi-
tions 21-95) with a calculated molecular weight of 8.2 kDa. How-
ever, this protein was GST-tagged (approximately 26 kDa) resulting
in a total molecular weight of approximately 34 kDa, which
correlated with the molecular weight of the identified protein
(Fig. 1A). A band at a molecular weight of approximately 24 kDa was
detected by Western blotting in extracts from both human frontal
cortex (Fig. 1A), human temporal cortex (Fig. 1B), and mouse frontal
cortex (Fig. 1A and B). To estimate protein levels of PSCA in cortical
tissue, the intensity of PSCA staining in cortical samples was
compared with that of recombinant PSCA with known concentra-
tions (Fig. 1A). Based on the standard curve, cortical tissue was
estimated to contain 0.3 and 0.5 ng/ug total protein for mouse and
human cortex, respectively. Co-incubation of the diluted PSCA
antiserum with the immunogen peptide prevented detection of
bands in both human and mouse cortical extracts (Fig. 1B).

Human temporal cortical tissue was fractionated into soluble
and membrane fractions by ultracentrifugation, and the resulting
fractions were subjected to Western blotting (Fig. 1C). PSCA was
detectable only in the soluble fraction. On the contrary, Lypd6 was
detected only in the membrane fraction. To validate the fraction-
ation method, we show that the two receptor units, f2 nAChR and
GluR2, were only present in the membrane fraction (Fig. 1C).

Affinity purification from human temporal cortical homogenates
using magnetic beads coupled to recombinant human PSCA

demonstrated that PSCA was able to isolate the 24 nAChR subunit
(Fig. 1D). Affinity purification using uncoupled beads yielded no
isolation of a4 protein. By contrast, PSCA did not isolate the a7
nAChR subunit.

3.2. PSCA regulates nicotine-induced ERK phosphorylation in PC12
cells

Nicotine induces phosphorylation of the MAP kinase ERK in
PC12 cells (Fig. 2A). Recombinant human PSCA at 10 pM signifi-
cantly inhibited nicotine-induced ERK phosphorylation by
approximately 30% in PC12 cells (p < 0.01), whereas 0.1 and 1 uM
had no significant effects. PSCA alone did not affect basal levels of
ERK phosphorylation.

Stimulation of PC12 cells with PSCA (0.1, 1, and 10 uM) for
24 hours did not alter B2 protein levels (Fig. 2C). In addition, 2
mRNA levels in PC12 cells were unchanged, when silencing PSCA
levels using PSCA siRNA (Fig. 2E). The expression of PSCA was
reduced to approximately 40% by PSCA siRNA, when compared with
the expression in the presence of the negative control siRNA.

3.3. PSCA levels are increased in frontal cortex of AD patients

PSCA, Lypd6, and B2 protein levels were determined in human
postmortem cortical tissue from medial frontal gyrus using West-
ern blotting (Fig. 3). The levels of PSCA were increased by approx-
imately 70% in AD postmortem tissue compared with nondemented
(non-AD) control subjects (1.71 & 0.16, p = 0.0025), whereas Lypd6
levels were unchanged (0.99 + 0.12, p = 0.97). Levels of the 2
nAChR subunit were significantly decreased in AD patients (0.66 +
0.06, p = 0.014).

Although AD subjects were noted to be slightly younger and
have slightly shorter postmortem delay than the non-AD control
subjects (see Table 1), we found no correlation between any of these
parameters or pH with protein levels of PSCA, Lypd6, and 2 nAChR
within the non-AD or AD groups.
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Fig. 3. Prostate stem cell antigen (PSCA) protein levels are increased in medial frontal
gyrus in Alzheimer’s disease (AD). (A) Quantification of PSCA and Lypd6 protein levels
as well as the 2 nAChR subunit in homogenized postmortem tissue of medial frontal
gyrus from AD patients and nondemented control subjects (non-AD). (B) Represen-
tative Western blot images of protein levels of non-AD and AD patients. Data are
normalized to actin levels, and the non-AD control group is set to 1. "p < 0.05 indicates
statistical difference from non-AD control subjects in multiple t tests with Holm-Sidak
multiple comparison test (n = 7—8).

3.4. PSCA levels are increased in frontal cortex of 3xTg-AD mice

Protein levels of PSCA, Lypd6, and the 32 nAChR subunit were
determined in frontal cortex and hippocampus from 6 to 19- to 21-
month-old 3xTg-AD mice and age-matched WT controls using
Western blotting (Fig. 4). In frontal cortex using two-way ANOVA
with age and genotype as independent variables, there was no
interaction of the variables, but a significant main effect of genotype
on PSCA and 2 nAChR levels in 3 xTg-AD mice in the two age groups
(p < 0.01 and p < 0.05, respectively) compared with age-matched
WT mice (Fig. 4A), whereas there was no significant main effect of
age. Subsequent unpaired ¢ tests revealed that the effect of genotype
was driven primarily by the 6-month group, where 3 xTg-AD mice
had significantly enhanced PSCA (1.46 + 0.17, p = 0.038) and sig-
nificant lower $2 nAChR levels (0.79 4 0.04, p < 0.01) compared with
age-matched WT animals. PSCA and 2 nAChR levels in 19- to
21-month-old 3 xTg-AD mice were not significantly altered in un-
paired t tests (p = 0.10 and p = 0.23, respectively). In the hippo-
campus (Fig. 4A), there were no significant main effects on PSCA and
2 nAChR levels of genotype (p = 0.05 and p = 0.06, respectively) or
age (p=0.19and p = 0.35, respectively) in a two-way ANOVA. A two-
way ANOVA did not reveal any main effect of genotype or age in
Lypd6 levels in frontal cortex (p = 0.98 and p = 0.80, respectively) or
hippocampus (p = 0.42 and p = 0.94, respectively).

Immunofluorescence labeling was applied to sections of frontal
cortex and hippocampus in 21-month-old 3xTg-AD mice (Fig. 4C).
Frontal cortex displayed extracellular amyloid plaques as well as
intracellular  deposits  intermingled with  phospho-tau-
immunoreactivity. In hippocampus, tau hyperphosphorylation
was present, and B-amyloidosis was more pronounced than in
frontal cortex (Fig. 4C). In 6-month-old 3xTg-AD mice, weak
intracellular AB staining was displayed in both frontal cortex and
hippocampus. The staining of tissues comprising frontal cortex and
the hippocampus in age-matched WT mice revealed neither AB-
immunoreactive senile plaques nor hyperphosphorylated tau (see
Supplementary Fig. 1).

3.5. PSCA levels are unchanged in frontal cortex of Tg2576 mice

In frontal cortex of Tg2576 mice, there were no significant
changes in the levels of PSCA, Lypd6, and f2 nAChR subunit (Fig. 5)
compared with WT animals in unpaired t tests.

4. Discussion

Here, we show that the Lynx proteins PSCA and Lypd6 are pre-
sent in the human brain and that PSCA forms stable complexes with
the 04 nAChR subunit in the human temporal cortex and is able to
decrease nicotine-induced ERK phosphorylation in PC12 cells. We
further demonstrate that PSCA is increased in the frontal cortex of
AD patients as well as in 3xTg-AD mice. Because 3xTg-AD display
both age-dependent B-amyloidosis and tauopathy, this finding
suggests that increased levels of PSCA are linked to the patho-
physiology of AD.

PSCA was first identified as a protein that was upregulated in
prostate cancer (Reiter et al., 1998). PSCA mRNA has previously been
demonstrated in the central nervous system of adult mouse and
chicken embryos (Hruska et al., 2009), and Lypd6 mRNA has been
found in human and mouse brain tissue (Darvas et al., 2009; Zhang
et al,, 2010). We demonstrate that PSCA and Lypd6 proteins are
present in the human cortex. Because these Lynx proteins have
been associated with regulation of nAChR function in dissociated
neurons from chicken and mouse (Darvas et al., 2009; Hruska et al.,
2009), it is pertinent to study their function in the healthy and
diseased human brain.

Lynx proteins can exist as either glycosylphosphatidylinositol
(GPI)-anchored membrane proteins or soluble proteins (Adermann
et al., 1999; Bamezai, 2004). PSCA mRNA contains a GPI anchor
signaling site (Hruska et al., 2009; Reiter et al., 1998), and PSCA
protein is both secreted and cell-associated in PSCA-transfected
293T cells (Reiter et al., 1998). We detected native PSCA in the hu-
man brain exclusively as a soluble protein. Lypd6 was found to be
membrane-bound in the human cortex, which is in line with pre-
vious data on rat cortical tissue (Thomsen et al., 2013). Some GPI-
anchored proteins have been shown to have both membrane
bound and secreted forms, for example, CD59, another member of
the Lynx superfamily (Fritz and Lowe, 1996; Meri et al., 1996).
Soluble Lynx can diffuse to sites not available to the membrane-
bound GPI-anchored proteins. This may have an impact on how
Lynx proteins exert their function, for example, it was reported that
transgenic mice expressing secreted or full-length Lynx1, respec-
tively, show different effects in terms of motor learning (Miwa and
Walz, 2012).

We demonstrate that PSCA and the o4 nAChR subunit form
stable complexes in human cortex using affinity purification with
recombinant PSCA. We have recently shown that Lypd6 binds to
multiple nAChR subtypes in the human cortex (Thomsen et al.,
2013), and Lynxl and Lynx2 have been shown to co-
immunoprecipitate with o7 and ¢4B2 nAChR subunits in



M.M. Jensen et al. / Neurobiology of Aging xxx (2015) 1-10 7

A 20 #« Frontal cortex = N C Frontal cortex Hippocampus

= # g i "Bio4G8
%15

]

£1.0

2

0.0

3xTg-AD 3xTg-AD WT 3xTg-AD
PSCA Lypd6 B2

Hippocampus

2.0 v
T
S15
]
g 1‘0]_Ii|_l H I H ' ﬂ I ’:-I
<
o
0.0
3xTg-AD 3xTg-AD 3xTg-AD
PSCA Lypd6 B2
B Frontal cortex Hippocampus
WT 3xTg-AD WT 3xTg-AD
months 6 19-21 6 19-21 6 19-21 6 19-21

PSCA| g s s s || . o - |

Lypd6

N S — - A —

BZ|'—' e _”- e

) E—— )

Fig. 4. Prostate stem cell antigen (PSCA) levels are increased in frontal cortex of 3xTg-AD mice. (A) Frontal cortex and hippocampus were dissected from triple transgenic (3xTg-AD)
mice and age-matched wild-type (WT) animals, homogenized, and protein analysis was performed using Western blotting. Data are normalized to actin levels, and the 6-month-old
WT group is set to 1 (n = 7—8 per group). *p < 0.05, #p < 0.01 indicates significant main effect of genotype in two-way analysis of variance, “p < 0.05, ““p < 0.01 indicates statistical
difference between 6-month-old 3xTg-AD and age-matched WT mice in unpaired t tests. (B) Representative Western blot images of protein levels in frontal cortex and hippo-
campus. (C) Immunofluorescence labeling and confocal laser-scanning microscopy of neuropathologic alterations in the frontal cortex (I, I, V) and the hippocampal formation (II,
IV, VI) from a 21-month-old 3 xTg-AD mouse. Biotinylated 4G8 visualized by green fluorescent Cy2-streptavidin reveals both extracellular plaques and intracellular deposits in the
frontal cortex (I), whereas indirect immunolabeling with rabbit-anti-phospho-tau (Cy3, red) shows hyperphosphorylation in the same neocortical area (III). In the hippocampus,
several 4G8-immunopositive plaques are detectable (II), and abnormally phosphorylated tau is found in numerous cells including pyramidal neurons (IV). Merged pictures (V, VI)
indicate the allocation of the neuropathologic alterations. Scale bar = 75 pm. (For interpretation of the references to color in this figure, the reader is referred to the Web version of

this article.)

heterologous expression systems (Ibanez-Tallon et al, 2002;
Tekinay et al., 2009). These studies suggest that there may be an
entire subfamily of Lynx proteins that bind to nAChRs in the brain.

It has previously been suggested that PSCA may be a negative
modulator of a7 nAChRs in chicken cililiary ganglion neurons
(Hruska et al., 2009). We did not detect co-purification of the a7
nAChR subunit using PSCA affinity purification on human cortical
extracts. Possibly, the binding between PSCA and the o7 nAChR
subunit is not strong enough to be detected in our assay. Alterna-
tively, the binding of PSCA to nAChR subunits differs between
species, as it has been shown for Lynx1. Human Lynx1 competes
with binding of the a7 nAChR antagonist ¢-bungarotoxin to
acetylcholine-binding proteins and Torpedo nAChRs with an ICsg of
approximately 10 uM, suggesting that it binds to the orthosteric
site, whereas it does not compete with a-bungarotoxin binding to
human ¢7 nAChRs or with [*H]-epibatidine binding to human a4p2
nAChRs (Lyukmanova et al., 2011).

To investigate the potential effect of PSCA on nAChR function, we
determined the effect of PSCA on nicotine-induced phosphorylation
of the MAP kinase ERK. Activation of the intracellular MAPK/ERK
signaling pathway by phosphorylation plays a crucial role in the
formation of long-term potentiation and memory in hippocampus
(Adams and Sweatt, 2002). Nicotine has been suggested to induce

ERK phosphorylation in PC12 cells through «3p4 (Nakayama et al.,
2006) and to some extent o7 nAChRs (El Kouhen et al., 2009;
Gubbins et al., 2010). We show that 10 pM PSCA inhibits nicotine-
induced ERK phosphorylation in PC12 cells with no effect on
basal levels of ERK phosphorylation indicating that the inhibitory
effect is unique to nAChR signaling. The concentration of PSCA
corresponds to studies with Lynx1, which showed that 10 pM Lynx1
was able to inhibit ACh-induced currents in Xenopus oocytes
expressing human o7, 482, and «3p2, whereas 1 uM Lynx1 was not
(Lyukmanova et al., 2011). These data suggest that PSCA could bind
to a7 nAChRs, although we were not able to detect it and possibly
also to 234 nAChRs. Thus, PSCA may function as a modulator of
nAChR function in the brain. That PSCA affects a signaling pathway
known to be important for neural plasticity and memory, makes it
an interesting target for future studies.

With the demonstration that PSCA and Lypd6 bind to and
modulate nAChRs, it is pertinent to investigate the function of PSCA
and Lypd6 in diseases, where nAChRs are dysregulated, such as AD.
nAChRs are important for normal cognitive function, and some
studies suggest a correlation between nAChR levels and cognitive
deficits in AD (Nordberg et al., 1995; Okada et al., 2013; Perry et al.,
2000). Recent studies suggest that Lynx1, Lynx2, and Lypd6 are
involved in cognitive processes in rodents (Darvas et al., 2009;
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Fig. 5. No changes in prostate stem cell antigen (PSCA) levels in frontal cortex of
Tg2576 mice over-expressing f-amyloid. (A) Frontal cortical extracts dissected from 15-
month-old male Tg2576 mice and age-matched wild-type (WT) controls were ho-
mogenized and followed by Western blotting for protein analysis. (B) Representative
images of Western blots. Data are normalized to actin levels, and the WT group is set to
1 (n = 12—14 per group).

Miwa et al., 2006; Tekinay et al., 2009). However, whether cognitive
disturbances seen in AD patients are caused by alterations in Lynx
protein function and/or expression is unknown. Here, we show that
the level of PSCA protein is increased in the frontal cortex of AD
patients. Combined with our finding that PSCA binds to the o4
nAChR subunit and inhibits nAChR signaling, increased PSCA levels
may decrease nAChR function in patients with AD. If PSCA is able to
inhibit the function of 482 nAChRs similar to Lynx1 (Ibanez-Tallon
et al.,, 2002), the dysfunction of the receptor may have negative
impact on the cognitive performance of the AD patients especially
on attention and executive function as has been described previ-
ously (Okada et al., 2013; Sarter et al., 2009). Lypd6 also binds to
nAChRs in human cortex (Thomsen et al., 2013) and is suggested as
a nAChR neuromodulator (Darvas et al., 2009; Thomsen et al.,
2013), but we found no change in Lypd6 levels in AD. Another
member of the Lynx superfamily CD59, which is involved in the
innate immune system as inhibitor of the membrane attack com-
plex (Davies et al.,, 1989), has been demonstrated to be down-
regulated in AD (Yang et al., 2000). Alterations of both PSCA and
CD59 in AD suggest that some Lynx proteins may be involved in the
disease.

Therefore, we asked whether altered protein levels of PSCA are
related to AD pathophysiology. We found increased PSCA protein
levels in frontal cortex of 3 xTg-AD animals that overexpress AP and

hyperphosphorylated tau, the hallmarks of AD pathology. This in-
dicates that the combination of increased AP and hyper-
phosphorylated tau are sufficient to increase in PSCA protein and
suggest that the increase in PSCA levels found in AD patients is linked
to the pathophysiology of AD. PSCA levels were not altered in
transgenic Tg2576 mice that overexpress the A precursor APP and
display increased AP levels (Hsiao et al., 1996). This suggests that
increased AP levels are not sufficient to increase PSCA levels. How-
ever, it should be noted that APP transgene animal models, such as
the Tg2576 mice, show a slower accumulation of Af plaques than the
3xTg-AD mouse model (reviewed by Lee and Han, 2013), so the lack
of effect in the model may reflect lower AP load. Furthermore, the
progression and dynamics of AD pathology in 3 xTg-AD mice are
rather similar to the pathogenesis in AD patients (Bilkei-Gorzo,
2014), where AP deposition begins first in cortical regions and
later in hippocampus, whereas tau pathology initiates in limbic re-
gions and then progresses to cortical regions (Oddo et al., 2003).
Here, we demonstrate by immunofluorescence labeling of frontal
cortex and hippocampus from 3 xTg-AD mice a pronounced AD-like
pathology in 21-month-old animals, whereas 6-month-old animals
are displaying intracellular AR immunoreactivity but are devoid of
amyloid plaques or apparent tau pathology suggesting that the
changes in PSCA are not driven by tau pathology alone. Intracellular
immunoreactivity in the young animals could indicate cross-
reactivity of the applied antibody 4G8 for APP as previously re-
ported (Hartig et al., 2014; Winton et al., 2011). Because we show the
strongest increase of PSCA levels in 6-month-old 3 xTg-AD mice, our
data indicate that the regulation of PSCA levels occurs before AB
plaque and neurofibrillary tangle formation, although this does not
preclude an involvement of soluble AP forms in the regulation of
PSCA levels. Because both Af and PSCA can bind to nAChRs, they may
share the same nAChR-binding site. However, it has been proposed
that binding of A to different nAChR subtypes may involve different
binding sites (Nery et al., 2013). Our data suggest that increase in
PSCA may be a precursor to stages of plaque overload in the 3xTg-AD
mice, suggesting that the regulation of PSCA is an early event in the
progression of AD pathology in this animal model.

Because PSCA binds to o4-containing nAChRs, the altered
expression of nAChRs in AD could be a consequence of changes in
PSCA or vice versa. We demonstrate that 2 nAChR levels are
decreased in frontal cortex of AD patients and 3xTg-AD mice,
whereas they are not changed in Tg2576 animals and in the hip-
pocampus of 3xTg-AD mice, where we do not observe increased
PSCA levels. However, when we investigated PSCA in PC12 cells, we
did not find alterations of 2 expression at both mRNA and protein
levels in the absence or presence of PSCA, respectively. It should be
noted that these findings do not exclude that PSCA is able to change
B2 expression in native tissue and/or under pathologic conditions.
The finding that PSCA and B2 nAChR levels are not increased in
hippocampus of the 3xTg-AD mice could be because of different
origin of the cholinergic input to frontal cortex and hippocampus,
respectively. Pathologic changes in the nuclei of the basal forebrain
may therefore influence the expression of PSCA and B2 nAChRs
more prominently in the frontal cortex. Regulation of frontal
cortical 24B2 nAChR expression in early-stage AD has previously
been demonstrated in humans, for example, a significant reduction
in a4f2 binding in vivo in frontal cortex of patients with mild
cognitive impairment (Kendziorra et al., 2011) and early-stage AD,
which correlated with high [''C]-PiB uptake as a measure of amy-
loid deposits (Okada et al., 2013). In addition, [*H]-nicotine auto-
radiography in postmortem frontal cortical tissue showed a
significantly reduced binding in AD patients (Marutle et al., 2013).
Given our data that PSCA binds to the a4 nAChR subunit, and the
fact that ¢4 and 2 nAChR subunits form heteromers, increased
PSCA expression may influence o432 nAChR levels in AD.
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In summary, our findings have identified PSCA as a nAChR-
binding protein in the human brain. PSCA inhibits nAChR
signaling in vitro and is dysregulated in the frontal cortex of AD
patients as well as animal models with AD pathology. Therefore,
PSCA-nAChR interactions may affect cognitive function particularly
in the context of AD pathology.
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Supplementary material

Figure S1 Age- and transgene-dependent double fluescence labeling of AD-like alterations

Confocal laser-canning micrographs of immunoreéai for 4G8 (Cy2, green) and tau-phospho-
threonine 205 in the frontal cortex (I-1V) and letsubiculum as part of the hippocampal formation
(V-VIII). Comparative analysis of staining patternsveals predominant intracellular 4G8-
immunoreactivity in the frontal cortex (l), but cderably strongep-amyloidosis as well as tau
hyperphosphorylation in the subiculum of a 21-meoith 3xTg-AD mouse (V). In parallel, these
signs are completely lacking in an age-matched -typp@&@ animal (Il, VI). The 6-month-old
transgenic mouse displays weak intracellular 4G8wmoreactivity also indicating overexpressed
APP in both investigated regions, which are dewadi@xtracellular plaques and phospho-tau (lll,
VII). The age-matched animal expectedly displaysnmmunolabeling at all (IV, VIII). Scale bar =

75 pm.

Frontal cortex

21M, 3xTg-AD 6M, 3xTg-AD

Hippocampus
21M; 3xTg-AD § VI
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