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Preface

During my doctoral thesis | worked on several projects, aimed to investigate

molecular mechanisms of neuropsychiatric disorders. These projects were:

1. The contribution of common variants of autism related synaptic
genes to neuropsychiatric risk, as exemplified in schizophrenia.
Result: Common variants (Single Nucleotide Polymorphisms,

SNPs) of synaptic genes NLGN3, NLG4X, NLGN4Y,
SHANK3 and NRXN1 are not associated with global
schizophrenia risk in the GRAS sample.

2. D. melanogaster, lacking dnrxn1 and dnign2, as plausible model
for autism spectrum disorders.

Result: D. melanogaster dnrxn1 - KO flies demonstrated
locomotor impairment which did not allow testing of
socially relevant readouts. Dnilgn2 — KO flies have normal
motor activity and show impairment in social interaction.

3. Analysis of episode-specific gene expression of prostaglandin
related genes in peripheral blood mononuclear cells of patients
with rapid cycling bipolar disorder.

Result: Genes involved in the prostaglandin cascade show a
phase specific differential expression pattern in rapid
cycling patients.

Project 1 is a side project of a larger study on autism, spanning beyond the

scope of this thesis. The results described here will later be incorporated in a

publication, which is currently being prepared.

Project 2 has led to a publication, provided in the appendix. Additional

experiments on dnrxn KO flies that | performed and analyzed, but that were

not included in the publication, are presented here in detail. Other results are
presented briefly here with reference to the appendix for details.

Project 3 is my first author publication, which is currently in press. Results

and methods are shortly presented here with reference to the manuscript in

the appendix for details.

Furthermore | have contributed as a coauthor to three other papers:
Hagemeyer et al, EMBO Molecular Medicine, 2012
Hammer et al, Molecular Psychiatry, 2013
Woijcik et al, Molecular Medicine, 2013.
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Introduction

1. Introduction

1.1. Autism

1.1.1 Clinical characteristics of autism

Autism, first described in 1943 by Kanner (Kanner 1943), is listed under the
category “Autism Spectrum Disorder” in the Diagnostic and Statistical Manual
of Mental Disorders (DSM-5). The main features of Autism Spectrum Disorder
(ASD) are: (A) persistent impairment of social interaction and communication;
(B) restricted, repetitive patterns of behavior activities and interests; (C)
persistence of the above mentioned symptoms since early childhood and (D)
impairment  of everyday living  caused by the symptoms
(AmericanPsychiatricAssociation 2013).

Autism is most often recognized by parents due to a delay in speech and
language development at the mean age of 19 months (De Giacomo and
Fombonne 1998). Some symptoms, which may include impaired orienting to
name, looking at the faces of people around, imitative behavior and sharing of
affect, may be recognized at earlier stages (Ozonoff, et al. 2008).

The symptom pattern in autistic individuals is presented in a broad spectrum
with a considerable variability of symptom structure and severity across
individuals (Geschwind 2009). A number of attempts have been made to
define subgroups of patients based on various criteria, such as signs of early
dysmorphogenesis (Miles, et al. 2005), patterns of social interaction
(Castelloe and Dawson 1993; Wing and Gould 1979), intelligence quotient
(Bartak and Rutter 1976) and neurocognitive profiles (Tager-Flusberg and
Joseph 2003).

A number of studies have attempted to classify the clinical patterns using
different diagnostic instruments, like ADI-R (Lord, et al. 1994) or ADOS (Lord,
et al. 2000), or by applying various statistical approaches, such as principle
component analysis, latent class analysis or factor mixture modeling
(Boomsma, et al. 2008; Georgiades, et al. 2013; Georgiades, et al. 2011,
Georgiades, et al. 2007; Kamp-Becker, et al. 2009; Munson, et al. 2008;



Introduction

Snow, et al. 2009; van Lang, et al. 2006). These studies represent an
approach, where the distinctions in autism spectrum disorders are thought to
be qualitative (Frazier, et al. 2010), whereas other researchers argue in favor
of a dimensional approach, in which autistic traits are seen as a quantitative
spectrum of traits (Constantino 2011). This is supported by the assessment of
the distribution of autistic traits in the general population (Constantino and
Todd 2003; Constantino and Todd 2005) and by the notion that some autistic
behavioral traits have been observed in unaffected family members of autistic
patients (Losh, et al. 2008; Murphy, et al. 2000; Piven, et al. 1997; Szatmari,
et al. 2000). Interestingly, in addition to being seen in the general population,
the autistic phenotype may also share common features with other psychiatric
disorders, particularly schizophrenia. Thus, patients with ASD may suffer from
paranoid (Craig, et al. 2004) and psychotic symptoms (Toal, et al. 2009),
whereas patients of both disorders might show such symptoms as
communication impairments (Bagner, et al. 2003; Condray, et al. 2002; DeLisi
2001) and social functioning deficits (Bellack, et al. 1990; Edwards, et al.
2002).

1.1.2 Genetic basis of autism: monogenetic cases

Prevalence of autism is estimated to be 62 affected individuals in 10,000
(Elsabbagh, et al. 2012). Autism spectrum disorders have a high concordance
rate of 88%-95% for monozygotic twins, compared to the lower rate in
dizygotic twins, ranging from 0%-31% (Bailey, et al. 1995; Rosenberg, et al.
2009; Taniai, et al. 2008). Heritability rates range from 80%- 93% (Bailey, et
al. 1995; Lichtenstein, et al. 2010). Various genetic mechanisms have been
suggested to explain such a high genetic influence in the disease. Thus,
genome wide association studies (GWAS) have revealed a number of single
nucleotide polymorphisms (SNPs) and copy number variations (CNVs)
associated with autism (Alarcon, et al. 2008; Maestrini, et al. 2010; Szatmari,
et al. 2007; Weiss, et al. 2009). Rare and de novo CNVs were also identified
as important genetic markers for ASD (Marshall, et al. 2008; Morrow, et al.
2008; Sebat, et al. 2007; Stefansson, et al. 2014). In genome wide linkage
studies the regions 2q, 7q and 17q, 15q and 22q have recurrently shown
positive results for ASD (Freitag 2007; IMGSAC 2001; Kim, et al. 2008;

2
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Malhotra and Sebat 2012; Szatmari, et al. 2007). However, around 10% of
autistic cases may be explained by rare de novo mutations (Abrahams and
Geschwind 2008; Weiss, et al. 2009). Among those traceable causes of these
monogenic forms of ASD, a number of synaptic genes were identified.

Two genetic alterations in SHANK3 were shown to cause autism in a study by
Durand et al.: a de novo 142 kb deletion of 22q13, mapping to exon 8 of
SHANKS3, and a G nucleotide insertion in exon 21, which has later been
shown by Arons et al. to lead to loss of function (Arons, et al. 2012; Durand, et
al. 2007). A SHANK3 mutation in a third family, studied by Durand et al., a
large 800 kb deletion in 22q was identified in a girl with autism, suffering from
severe language impairment. Interestingly her brother suffering from Asperger
syndrome with fluent speech but compromised social interaction, had a 22qter
partial trisomy. Authors suggested an important role of fine gene dosage in
the regulation of speech and communication abilities. Indeed, in further
studies using a mouse model, mutations in Shank3 have caused a deficit in
social interaction (Peca, et al. 2011), and a dose-related phenotype-genotype
correlation has been observed in patients with deletions, including SHANK3
(Sarasua, et al. 2011). However, a mouse model overexpressing Shank3
shows a manic-like hyperactivity behavior (consistent with two human cases
of SHANK3 duplication with attention deficit hyperactivity disorder (ADHD)
and bipolar disorder reported in study), but no autism-like phenotype (Han, et
al. 2013).

A study published by Jamain et al. has reported mutations in the homologous
neuroligin genes, found in two unrelated families with siblings suffering from
autism spectrum disorders (Jamain, et al. 2003). In one family a 1186insT
NLGN4 frameshift mutation has been found in two siblings, one with typical
autism and another with Asperger syndrome, but not in their unaffected
brother. The mutation causes a stop codon and premature protein
termination.

Another mutation, namely 1351C—T transition in NLGN3, which results in the
amino acid substitution Argd51—Cys451, was found in both affected siblings
of another family. Nonsynonymous mutations in NLGN4, namely 1597A—G

and 1253del(AG), have further been found in individuals with autism, as the



Introduction

studies of Laumonnier et al. and Pampanos et al. reported (Laumonnier, et al.
2004; Pampanos, et al. 2009). NLGN4X and NLGNS3 are situated on the X-
chromosome, in the regions Xp22.3 and Xq13 respectively, which have been
affected in autistic cases (Auranen, et al. 2002; Gillberg 1998; Shao, et al.
2002; Shinawi, et al. 2009; Wentz, et al. 2013). The location of these genes
on the X-chromosome may partially explain a male-to-female ratio of 4:1
among affected individuals (Fombonne 2003; Ritvo, et al. 1989). Moreover,
mutations in another homologous sex-chromosome related gene, NLGN4Y
situated on the Y chromosome, was reported in an autistic case (Yan, et al.
2008). Further animal model studies, testing neuroligin deficient mice, have
shown autism related phenotypes. Specifically, Nlgn3-knock out mice showed
a deficit in social novelty and olfaction (Radyushkin, et al. 2009) and NIgn4-
knock out mice showed a deficit in social behavior (Jamain, et al. 2008), while
both null mutations resulted in reduced ultrasound vocalization and brain
volume. Moreover, further tests of Nign4 — knock out mice showed that these
mice also show stereotyped repetitive behaviors detected by marble burying
test, increased circling episodes in spontaneous homecage behavior and

extensive grooming (El-Kordi, et al. 2013).

1.1.3 Neuropsychiatric disorders as diseases of the synapse:

emphasis on autism

As discussed by Baudouin et al. (Baudouin 2014), the fact that such a wide
range of underlying genetic patterns leads to a relatively convergent
phenotype in ASD patients may be explained by the fact that the genetic
markers identified in association and linkage studies might affect similar
functional molecular pathways. Thus, the genetic findings concerning
SHANK3, NLGN3, NLGN4X, and NLGN4 coding for post-synaptically
localized proteins show that disturbance in synaptic functioning contributes to
the complex autistic phenotype. Interestingly the NRXN171 gene, which codes
for the binding partner of neuroligin proteins (Ichtchenko, et al. 1996), has

also been associated with autism spectrum disorders (Kim, et al. 2008).
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Neurexins have initially been identified as receptors of a-latrotoxin (a black
widow venom, binding to presynaptic nerve terminals) as proteins, specifically
expressed in the brain and present in excitatory and inhibitory neurons as
shown by in-situ hybridization (Ullrich, et al. 1995; Ushkaryov, et al. 1992).
Neurexin genes (I-1ll) each have two promoters, yielding transcripts for a- and
B- neurexins which, in combination with alternative splicing, results in
thousands of isoforms (Missler and Sudhof 1998). Both longer a-neurexins,
containing five LNS and three EGF-like domains, and shorter p-neurexins,
which lack those domains but have a laminin G domain, can interact with
postsynaptic neuroligins (Rudenko, et al. 1999; Ushkaryov, et al. 1994;
Ushkaryov and Sudhof 1993). Neuroligins were isolated as binding partners
of neurexins using an affinity matrix made from p-neurexins (Ichtchenko, et al.
1995; Ichtchenko, et al. 1996). Nguyen and Sudhof have shown a Ca2+
dependent binding of transfected cell lines expressing neuroligin-1 and
neurexin 18 (Nguyen and Sudhof 1997). Neuroligin-1 has been proven to
localize in the postsynaptic membrane, where it extends into the synaptic cleft
and co-localizes with glutamatergic synapses (Song, et al. 1999). Neuroligin-4
is situated (as studied in rodents) in inhibitory synapses within the retina,
spinal cord, thalamus, colliculi and brainstem (Hoon, et al. 2011), similar to
neuroligin-2 (Varoqueaux, et al. 2004). Studies in cultured neurons show that
neuroligin-3 can be localized in inhibitory and in excitatory synapses (Budreck
and Scheiffele 2007; Levinson, et al. 2010). Neuroligins contain a PDZ-
binding site on a C-terminal domain and have been shown to physiologically
interact with PSD-95 and thus with glutamate receptors in excitatory synapses
(Irie, et al. 1997). They also interact with collybistin in inhibitory synapses
(Papadopoulos, et al. 2008) and with gephyrin (Graf, et al. 2004) connecting
to GABA receptors. Further, direct yeast two-hybrid assays have shown that
neuroligins interact with Shank3 (Meyer, et al. 2004), and a study in rodent
neurons has shown that changes in levels of Shank3 provokes alterations in
pre- and postsynaptic protein levels through neurexin-neuroligin signaling.
Moreover, SHANK3 might have a functional connection to NRXN1, due to its
binding to latrophilins (CIRLs) which form NRXNs-like receptors to a-latrotoxin
(Tobaben, et al. 2000).
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As summarized by Krueger et al. (Krueger, et al. 2012), several lines of
evidence show that the neuroligin-neurexin complex is involved in in-vitro
synapse formation (Graf, et al. 2004; Scheiffele, et al. 2000), in-vivo synapse
maturation and maintenance (Varoqueaux, et al. 2006), and its activity-
dependent validation (Chubykin, et al. 2007).

The link of these synaptic functions of the neuroligin-neurexin complex to an
autistic phenotype has been made by performing animal model studies, such
as a knock in mouse line, carrying an Arg451—Cys451 mutation in
neuroligin3 that was previously associated with ASD (Jamain, et al. 2003;
Tabuchi, et al. 2007), and another line lacking Nign4 entirely (Jamain, et al.
2008). The Arg4d51—Cys451 knock in mutation, leading to a 90% decrease in
neuroligin3 in mice, leads to an increase in inhibitory synaptic transmission
and an increased number of GABAergic synapses, whereas this was not
observed in mice with a complete knock out of Nign3 (Tabuchi, et al. 2007).
This agrees with the hypothesis that an imbalance in inhibition and excitation
may be one of the factors laying ground for an autistic phenotype, as
reviewed by Rubenstein and Merzenich (Rubenstein and Merzenich 2003).
Indeed, the prevalence of epileptiform electroencephalograms in autistic
individuals has been estimated as high as 60% (Spence and Schneider
2009). Furthermore, a study based on an optogenetic method showed that
altered excitation and inhibition balance led to social behavior deficits in mice
(Yizhar, et al. 2011).

Similarly, behavioral characterization of the knock in mice carrying the
Arg451—Cys451 mutation showed a decrease in social interaction in tests
with a novel caged target mouse, and an increase in spatial learning and
memory in the Morris water maze (Tabuchi, et al. 2007). This overlaps with
the autistic phenotype in humans, since some individuals have normal to
enhanced cognitive abilities in combination with impaired social interaction
(AmericanPsychiatricAssociation 2013).

A knock out mouse lacking Nign4 shows reduced interest in conspecific mice
and reduced ultrasound vocalization in contact with a female (Jamain, et al.
2008). Furthermore, the loss of Nign4 provokes a reduction in the number of
glycerin receptors (GlyR) and leads to slower glycinergic miniature inhibitory

postsynaptic currents (mIPSCs), as shown in a retina model (Hoon, et al.

6



Introduction

2011). Mice lacking Nrxn1 demonstrate a decrease in miniature excitatory
postsynaptic current (EPSC) frequency, and decreased evoked excitatory
synaptic strength (Etherton, et al. 2009), however, behavioral characterization
of the Nrxn1 knock out model is somewhat inconsistent (Etherton, et al. 2009;
Grayton, et al. 2013; Laarakker, et al. 2012).

Overall these data suggest an important role of synapse altered functionality
in the autistic phenotype, where the neurexin-neuroligin-shank complex may
be crucial for synapse stabilization and maturation, which occurs in the
perinatal period, shortly before manifestation of the first signs of autism
(Bourgeron 2009).

Synaptic alterations were also suggested to play an important role in
schizophrenia, another disorder of the neuropsychiatric spectrum (Yin, et al.
2012). Genes encoding proteins involved in synaptic function were shown to
play an etiological role in schizophrenia (Karlsgodt, et al. 2008; Stephan, et al.
2006). Post mortem studies revealed altered expression of synaptic proteins
in the brain tissue of schizophrenic patients (Eastwood, et al. 2001; Harrison
and Eastwood 1998; Knable, et al. 2004). Furthermore, genes involved in
regulation of synaptic transmitter release and synaptic plasticity were shown
to regulate disease symptomatology, in particular cognitive performance of
schizophrenic patients (Begemann, et al. 2010; Grube, et al. 2011).
Interestingly, the Copy Number Variants (CNVs) of presynaptic NRXN1 were
associated with both schizophrenia (Kirov, et al. 2008; Rujescu, et al. 2009;
Walsh, et al. 2008) and autism (Kim, et al. 2008; Szatmari, et al. 2007). A
genetic overlap based on rare structural variants can be seen between
schizophrenia and autism (Sebat, et al. 2009). In a recent study, de novo
mutations in genes, revealed by exome sequencing of >600 schizophrenia
trios, were shown to overlap with de novo mutations identified in autism
(Fromer, et al. 2014).

1.1.4. D. melanogaster as an animal model for ASD

Several Drosophila genes have been reported to be homologous to human
neuroligins and neurexins, although none of them have a particular similarity

to human orthologous genes.
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Drosophila neuroligin homolog CG31146, also referred to as Drosophila
neuroligin 1 (dnlg1) has been identified in an unbiased mutagenesis screen
for genes that influence neuromuscular structure in flies (Banovic, et al. 2010).
The study was mainly focused on neuromuscular junctions (NLJ), which serve
as a model for synaptic formation and functioning in Drosophila (Collins and
DiAntonio 2007), and was able to isolate mutations in dnlg1, resulting in NMJs
with a strongly reduced number of synaptic boutons. It was shown that dnig1
is specifically expressed and functionally required at the postsynaptic side of
the NMJ, which corresponds to the data about postsynaptic localization of
neuroligins in humans, as described in chapter 1.1.3. The study of Banovic et
al. was unable to identify any expression of this gene in the central nervous
system (Banovic, et al. 2010).

A Drosophila gene named gliotactin, has been suggested as the most
homologous to NLGN3 in humans (Gilbert, et al. 2001). Gliotactin is
expressed in the glia, associated with the olfactory neurons from the maxillary
palp and antennae (Gilbert, et al. 2001), which corresponds to the data in
mice (Radyushkin, et al. 2009). However, despite the fact that the knock out
embryos are morphologically normal, they are unable to hatch and were
paralyzed (Zeev-Ben-Mordehai, et al. 2003). The latter obviously made
behavioral tests of knockout flies impossible.

Another Drosophila gene CG13772, also referred to as Drosophila
neuroligin 2 (dnlg2), codes for a protein which has a similar structure to
vertebrate neuroligins: an N-terminal extracellular acetylcholinesterase-like
domain, a single transmembrane region, and a C-terminal cytoplasmic region
with a conserved PDZ binding motif (Sun, et al. 2011). Dnlg2 is expressed in
the embryonic brain, ventral nerve cord and glutamatergic neuromuscular
junction (NMJ) (Sun, et al. 2011). The same study has identified the strong
co-localization of the dnlg2 with the Drosophila neurexin homolog, dnrxn, in
the central nervous system and neuromuscular junction (NMJ), also outlining
the important role of dnlg2 in synaptic development. The expression of this
gene in the CNS was widespread and uniform and was not preferentially
localized with any specific neurotransmitter or neurohormone.

As mentioned previously, the expression analysis of dnlg2 high levels in the

brain and ventral nerve cord (VNC) of third-instar larvae, and co-localization
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with dnrxn (Sun, The Journal of Neuroscience, 2011). The same co-
localization has been seen in NMJ. This data goes along with the fact that
human neuroligins and dnrxn form a complex in the synaptic region,
performing important functions in synaptic transmission and differentiation as
discussed in chapter 1.1.3. Dnrxn is reported to be homologous to vertebrae
a-Neurexin (26% amino acid identity with the rat a-neurexin 1) (Zeng, et al.
2007).

No additional neurexin-like genes or transcripts in Drosophila were revealed.
A gene named Drosophila neurexin IV has been identified as an analog of the
human Neurexin family gene CASPR (Baumgartner, S, Cell, 1996); however,
as mentioned by Nguyen and Sudhof (Nguyen and Sudhof 1997), it cannot be
regarded as a human neurexin homolog distantly homologous to vertebrate
neurexins, as it has a different domain structure and is expressed in glia but
not neurons (Banerjee and Bhat 2007).

Dnrxn expression in the central nervous system is maintained at all stages of
development (Zeng, et al. 2007). It was shown that the dnrx null mutants are
viable, fertile, but have a reduced lifespan. The dnrx null mutants have fewer
synaptic boutons, but more active zones per bouton (similar to dn/2 null
mutants); however, in contrast to dn/2 null mutants, they show a decrease in
transmitter release (Li, et al. 2007; Sun, et al. 2011).

While Sun et al. (Sun, et al. 2011) have focused on locomotor activity of
different mutants lacking dnrx and/or dnlg2 (a homozygous mutant of dnl/2 that
lacked one copy of dnrx, and a homozygous mutant for dnrx that lacked one
copy of dnl2), Zeng et al. (Zeng, et al. 2007) looked at associative learning in
larvae of dnrx mutant flies. The associative learning was reduced in
hypomorphic mutants and more severely reduced in null mutant larvae. These
findings provide some grounds to further test the central nervous system
function in dnrx mutant flies.

Banovic et al. failed to detect any direct interactions between dnrx and dnlgn1
in neuromuscular junctions (Banovic, et al. 2010). However, dnrx and dnlgn1
mutants shared phenotypical similarities in abnormalities of synapse structure,
while dnign1 mutations resulted in more severe disturbances.

Thus, given the fact Drosophila dnrx and dnlg2 mutants have not been

previously tested for social interaction, performing such behavioral
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experiments may deliver first evidence for Drosophila to be used as a model
organism for autism spectrum disorders.

One approach to investigate social behavior in Drosophila is to study their
courtship behavior. The courtship behavior in Drosophila includes several
steps (Greenspan and Ferveur 2000). The male orients towards the female,
taps the female’s abdomen and thorax with a foreleg, and extends the wing
nearest to the female. Vibration of the wing generates the courtship song.
Then comes the licking of the female’s genitalia and an attempt to copulate.
The courtship song is only produced by males and has been shown in
playback experiments to reduce the female locomotion and to increase her
receptivity (Gailey, et al. 1986). The song consists of a continuous oscillation
known as the “sine song”, followed by pulses, named the “pulse song”, which
are separated by so called interpulse intervals (IPl) (Tauber and Eberl 2003).
The song can be characterized by various parameters (Gleason 2005), which
are important in species recognition to prevent interbreeding.

In this study, several approaches using the readouts of the courtship behavior
were used, which will be discussed in respective chapters and in the attached

original publication in the appendix (Hahn, et al. 2013).

1.2 Rapid cycling syndrome

1.2.1 Clinical characteristics of rapid cycling bipolar disorder

The rapid cycling syndrome is a subtype of the bipolar disorder, which is
characterized by the presence of manic phases and/or depressive phases. A
manic episode is described as a distinct period of abnormally elevated,
expansive or irritable mood, causing impairment in social functioning, which is
not attributed to any substance and is accompanied by at least three of the
following symptoms: grandiosity, decreased need for sleep, pressure to keep
talking, flight of ideas, increased distractibility, psychomotor agitation, and/or
involvement in  activities with  potential  painful  consequences
(AmericanPsychiatricAssociation =~ 2013).  Depressive  episodes  are
characterized by the presence of at least five of the following symptoms:

depressed mood, diminished interest in almost all activities, weight loss,
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hyper- or insomnia, stable psychomotor retardation or agitation, loss of
energy, feeling of guilt, diminished concentration, and/or suicidal ideations;
these symptoms are not due to any substance consumption and lead to
impairment in social and occupational functioning
(AmericanPsychiatricAssociation 2013).

Rapid cycling is listed in the DSM-5 as a specifier for bipolar disorder and it is
mainly defined by the presence of at least four mood episodes in the previous
twelve months that meet the criteria for a manic, hypomanic or major
depressive episode (AmericanPsychiatricAssociation 2013). Faster switches
in polarity, namely in the course of weeks to days (ultradian) and faster than
once in 24 hours (ultra-rapid) have also been described (Kramlinger and Post
1996).

The term “rapid cycling” was first coined in a study aiming to identify the
clinical features leading to unsuccessful treatment by lithium (Dunner and
Fieve 1974). Indeed, rapid cycling syndrome was later shown to have a much
higher clinical non-improvement rate than non-rapid cycling bipolar disorder
and not only upon treatment with lithium (Tondo, et al. 2003).

This data, in combination with a relatively high prevalence of rapid cycling
among bipolar patients (>12%) (Kupka, et al. 2003), provides sufficient

reasons for exploring the molecular mechanism underlying this syndrome.

1.2.2 Potential involvement of prostaglandins in bipolar disorder:
preliminary evidence

Begemann and colleagues published a case report, describing a female case
with an extreme rapid cycling syndrome that has been monitored for over 20
years (Begemann, et al. 2008). The case report describes a female patient,
born in 1945, with no prior medical illness and no evidence of
neuropsychiatric illnesses in her family. In 1991, she became ill with rapid
cycling syndrome of extreme severity and kept a diary of her illness, which
was used to reconstruct 108 cycles over a 16-year period. The time series
suggests complex rhythms in periodicity with a mean total cycle length of 53 +
21 d, switching within hours between manic (mean 28 + 14 d) and depressed

(mean 26 £ 14 d) episodes without normal intervals.
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To investigate possible underlying biological mechanisms, a strategy to
identify genes differentially expressed in the manic and depressed phases
has been applied. Firstly, eight blood samples were collected during two
consecutive depressed and manic episodes on two consecutive days each.
After screening by microarrays GeneChip Human Genome U133 Plus 2.0
(Affymetrix, Santa Clara, CA, USA), the data set was submitted to two
bioinformatic processing steps. Any genes that differed between the two
consecutive days within a particular episode were excluded (arbitrary daily
variation). Further genes were excluded that were differentially expressed
within the two depressed or within the two manic episodes (arbitrary monthly
or inter-episode variation of the same mood state). The expression patterns of
the remaining depressed and manic episode genes were subsequently
compared. Genes found to be differentially expressed by microchip screening
were confirmed by qRT-PCR in all samples (blood sampling was extended
beyond the initial screening period, and regulated genes were again validated
more than one year later).

Among other groups of genes, which have shown an episode specific
expression pattern, the prostaglandin metabolism related genes PTGDS
(lipocalin-type prostaglandin D synthetase) and AKR71C3 (prostaglandin D2
11-ketoreductase) were shown to have a higher expression in depressed
episodes, and have been addressed further. A clinical experiment using a
treatment approach was completed by applying a compassionate use of the
cyclooxygenase inhibitor Celecoxib (Celebrex, Pfizer, 2 x 200 mg daily oral).
A significant improvement in clinical symptomatology upon treatment with
Celecoxib as measured with Hamilton Rating Scale for Depression (HAMD),
Young Mania Rating Scale (YMRS) and Positive and Negative Syndrome
Scale (PANSS) was reported.

Other studies also showed the effectiveness of COX2 inhibitors in the
treatment of affective disorders. For example, a double blind add-on study by
Mualler et al. (Muller, et al. 2006) showed that Celecoxib was effective in
reducing symptom severity in patients suffering from an acute depressive
episode. This result was replicated in a study with a similar design three years
later (Akhondzadeh, et al. 2009). Anti-inflammatory drugs from other classes,

namely polyunsaturated fatty acids and anti-TNFalpha, were also effective in
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depression treatment, as recently reviewed by Fond et al. (Fond, et al. 2013).
These treatment approaches were mostly derived from the idea of underlying
inflammatory pathology in affective states (Leboyer, et al. 2012).

Interestingly, prostaglandin related genes have previously been shown to play
an important role in hibernation. Specifically, Prostaglandin D2 (PGD;) shows
increased expression levels in the brain during the torpor phase in chipmunks
(Takahata, et al. 1996). Also, the mRNA levels of Prostaglandin D2 Synthase
(PTGDS) declines significantly in the hypothalamus of ground squirrels across
the hibernation cycle (O'Hara, et al. 1999), whereas intracerebral injections of
PGD, promotes sleep in rats and monkeys (Hayaishi 1999; Onoe, et al. 1988).
These findings allow parallels to be drawn between rapid cycling syndrome

and hibernation (Begemann, et al. 2008).

1.2.3 Key players of the prostaglandin pathway

One key player in the prostaglandin pathway, which has been used as a
clinical target for decades, is cyclooxygenase (COX), also named

Prostaglandin-endoperoxide synthase (PTGS), which catalyzes the synthesis

Arachidonic acid

=0 PGE,

15-keto-PGF2a

=

PGF-M

Figure 1 Key players of the Prostaglandin Pathway, modified from Gurvich et al, in

press
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of Prostaglandin G, (PGG;) and Prostaglandin H, (PGH>) by arachidonic acid
(AA) (DeWitt and Smith 1988).

The COX gene has two isoforms, namely COX-1 and COX-2, which share a
great structural and biochemical similarity, and both have arachidonic acid as
a substrate; however, COX-1 activity is physiological, whereas COX-2 activity
is mostly induced and pathological (Vane, et al. 1998). COX-2 is expressed
also constitutively in the brain, specifically in the forebrain, and is enriched in
the cortex, in the hippocampus in neuronal cells (Yamagata, et al. 1993), in
microglia and in endothelial cells (Laflamme, et al. 1999). The two structurally
and functionally interconnected sites (the cyclooxygenase site and peroxidase
site) of the COX protein catalyze two consecutive reactions: first is the
cyclooxygenase reaction, in which arachidonate and two O, molecules are
converted to PGG,, and then the peroxidase reaction occurs, in which PGG,
is converted to PGH; (Smith, et al. 2000). The Cyclooxygenase 2 coding gene
has two isoforms, referred to as PTGS2, which has been identified in brain
tissue (Knott, et al. 2000), and PTGDSZ2a, so far only identified in
thrombocytes (Censarek, et al. 2004).

Additionally, several metabolic pathways are possible. PGH, can be converted
to Prostaglandin D, (PGD,) in a reaction catalyzed by Prostaglandin D
synthase (PTGDS) (Urade and Hayaishi 2000).

PGD, is then non-enzymatically converted to Prostaglandin J, (PGJ;) and
then to 15A - PGJ,; (Desmond, et al. 2003), which activates Peroxisome
Proliferator—Activated Receptor Activator y (PPARY), a molecule important for
the inhibition of pro-inflammatory signals (Dave and Amin 2013). In the
presence of Aldo-keto reductase family 1 member C3 (AKR71C3), however,
another pathway is activated. In this pathway, the protein AKR1C3, also
referred to as type 5 173- hydroxysteroid dehydrogenase (173-HSD) due to
its involvement in the steroid hormone metabolism (Lin, et al. 1997) and as
prostaglandin F synthase (Matsuura, et al. 1998), exhibits two type of
activities in the prostaglandin pathway. Firstly, PGH, 9,11-endoperoxide
reductase activity catalyzes the formation of Prostaglandin F2 alpha (PGFa)
directly from PGH;, and secondly, PGD, 11-ketoreductase activity, which in
the presence of NADPH catalyzes the formation of 9a,113 - PGF, from PGD
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(Komoto, et al. 2004, Liston and Roberts 1985; Watanabe, et al. 1986). PGH,
can also be converted to Prostaglandin E, (PGEz) by Prostaglandin E
synthase (PGES) (Nakanishi and Rosenberg 2013). Finally, PGH, can be
processed by NAD+-linked 15-hydroxyprostaglandin  dehydrogenase
(15PGDH), which leads to the formation of low biologically active 15-keto
metabolites, which, taking into consideration the reciprocal interaction of
15PGDH and COX-2, allows 15PGDH to be regarded as the enzyme

responsible for the inactivation of prostaglandins (Tai, et al. 2006).

1.3.1 Aims Part |

The aim of the project related to autism was to (a) investigate the plausible
contribution of normal variation in autism related synaptic genes as risk
factors in a schizophrenic population, applying a case-control design, and (b)
to further explore the contribution of these genes to social behavior,

suggesting Drosophila melanogaster as an animal model.

1.3.2 Aims Part Il

The aim in Part Il of the study was to further investigate the role of
prostaglandin related genes in the pathogenesis of the rapid cycling
syndrome. For this purpose it was set to explore (a) whether the results
published earlier by our group can be replicated in other rapid cyclers, (b)
whether another gene involved in the prostaglandin metabolism of COX2 will
also show phase dependent changes in mRNA levels, and (c) whether such
changes can also be observed in a sample of patients suffering from non-

rapid cycling bipolar disorder and/or monopolar depression.
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2. Methods
2.1 Methods Part |

2.1.1 GRAS population and healthy controls

The Goéttingen Research Association for Schizophrenia patient data collection
has been extensively described elsewhere (Ribbe, et al. 2010). Briefly, in the
time period between 2005 and 2008, a total of 1071 schizophrenic patients
were investigated by a travelling team all across Germany. For 1041 patients
(66.7% men/ 33.3% women; mean age 39.54+12.55), the diagnosis of
schizophrenia or schizoaffective disorder was confirmed by a careful re-check

of diagnostic criteria.

Healthy control subjects, who gave written informed consent, were voluntary
blood donors and were recruited by the Department of Transfusion Medicine
at the Georg-August-University of Géttingen according to national guidelines
for blood donation. They fulfilled health criteria, confirmed by a pre-donation
screening process containing standardized questionnaires and interviews, as
well as hemoglobin, blood pressure, pulse, and body temperature
determinations. Blood samples from a total of 2265 subjects were obtained
(m/f= 1303/962) with the mean age of 33.8 + 12.2 years, with a range from 18
to 69 years. Participation as healthy controls for the GRAS sample was
anonymous, with information restricted to age, gender, blood donor health

state and ethnicity.

2.1.2 Selection of the single nucleotide polymorphisms

The selection of the single nucleotide polymorphisms (SNPs) was first
performed by making an extensive database/ in silico analysis using the open-
access databases: The National Center for Biotechnology Information

(NCBI)(Sherry, et al. 2001), The University of California Santa Cruz genome
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browser (UCSC)(Kent, et al. 2002), Ensembl genome browser (Flicek, et al.
2013), and data from the Hapmap project (HapMapConsortium. 2003).

Criteria for selection

The SNPs for the genes NLGN3, NLGN4X, NLGN4Y, NRNX1, and SHANK3
were selected to be of a relatively equal distance from each other across the
gene. The linkage disequilibrium — the non-random association of alleles —
was taken into account, so that each SNP would at most report by itself for

the corresponding region, not serving as a proxy for another selected marker.

To make sure that the study has enough power to detect the plausible effects,
the minor allele frequencies (MAF) were selected so that most of the selected
SNPs had a MAF of around 0.5 and only few of them had the MAF around
0.15.

2.1.3 Genotyping procedures

DNA from whole blood was isolated using the JETQUICK Blood & Cell
Culture DNA Spin Kit (Genomed GmbH, Léhne, Germany). Two vials EDTA -
whole blood (S-Monovette® EDTA K2 Gel, Sarstedt, Germany), (ca 2,7 ml)
were poured into one Falcon tube and mixed with 150 RNase A (Roche
Diagnostics GmbH, Mannheim, Germany). Following the addition of 250 pl of
Protease, the contents were mixed vigorously and 5 ml of K1 Buffer was
added. The tubes were then incubated for 10 min at 70 °C; 5 ml of ethanol
was added, mixed vigorously and the solution was put through a JETQUICK
Maxi-spin Column. The column was centrifuged for 3 min at 2000 xg. The
flow-through was discarded, 10 ml of KX Buffer was introduced to the column
and the column was centrifuged for 5 min at 4000 xg. The flow-through was
discarded, 10 ml of K2 Buffer was applied and the column was again
centrifuged for 5 min at 4000 xg. Once more, the flow-through was discarded
and the column was centrifuged for 17 min at 4000 xg. The column was put
into a 50 ml Falcon tube and 1 ml of 10 mM Tris-HCI Buffer (pH 9.0;
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preheated to 70 °C) was added. This mixture was incubated for 5 min at room
temperature and centrifuged for 3 min at 4000 xg. The flow-through was

collected into Eppendorf tubes.

Genotyping was performed with simple probes, ordered from TIB Molbiol,
Berlin, Germany. Simple probes for overall 22 SNPs in the NLGN3, NLGN4X,
NLGN4Y, NRNX1, and SHANK3 were ordered.

First a test run with a limited sample set of human DNA and a water negative

control was performed for each SNP probe to determine the best master mix

solution:
Master mix Solution Reagent Mix | Genotyping Mix | MgCl, | Water
1 1:10,3mM MgCL, 0,5 ul 1 ul 0,6 ul | 59ul
2 1:10,1,5mM MgCL, | 0,5 ul 1l - 6,5 ul
3 1:20,3mM MgCL, | 0,5 ul 0,5 ul 7.2ul | 6,7ul
4 1:10,2,5mM MgCL, | 0,5 ul 0,5 ul 24ul |67yl

The test runs with 2 pyl of DNA per sample and 8 ul of the described master
mixes were performed in the Roche LC480 Light Cycler (Roche Diagnostics
GmbH, Mannheim, Germany). The master mix for each SNP was selected
according to the best Melting Curves profile as compared to those provided by
TIB Molbiol. Furthermore, the genotyping of all subjects and healthy controls
was performed using the best master mix in the Multiwell plate 384 (Roche
Diagnostics GmbH, Mannheim, Germany).

The Melting curves were analyzed using the LightCycler® 480 Software,
Version 1.5. The Tm-calling and the curve shape for each patient was
checked and in case of unusual curve shape or shifted peak melting
temperature (as compared to the profile provided by TIB Molbiol for each

probe), the PCR run was repeated.

2.1.5 Case — control association study

The case — control study was performed using the SPSS Statistics 17.0 for

Mac (BM Deutschland GmbH, Ehningen, Germany). The Pearson Chi-square
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test was used to assess if the genotype frequencies were different between

the case and the control group.

2.1.6 Drosophila melanogaster experiments

2.1.6.1 dnrxn1 —mutant animals

Originally two populations of balanced flies were obtained: DfExcel6191/Tm6b
and nrx-1241 / Tm3c. Tubby pupae of DfExcel6191/Tm6b were collected and
virgin females were separated. This was done based on the following criteria:
female virgin flies have larger abdomens, the abdomen is very tender to the
touch and white colored, and finally, females with a greenish spot on their
dorsal part (meconium) are virgins. They were crossed against nrx-1241 /
Tm3c males. The progeny of nrx-1241/DfExcel6191 was collected, first
selecting the non-Tubby pupae and then the fetched flies lacking the Serrate
maker. Virgin females were collected. Males and females were separated

from each other in groups until the experiments.

2.1.6.2 dnl2 —mutant animals

dnl2-deficient mutant lines (dn/2°"”, dni2"°%), generated by targeted knock
out of the dnl/2 genomic locus (Sun, et al. 2011), were obtained. Virgin 7 days
old decapitated wild type females were used as courtship targets and males
were between 7 and 12 days of age and socially naive. All recordings were
performed at temperature (20-22°C). Results reported are taken from dni2K017
flies, whereas trial tests with dnl2°’® flies have shown similar, though
sometimes weaker effects in acoustic communication effects. A detailed
description is presented in the original publication (Hahn, et al. 2013), see

Appendix.

2.1.6.3 Sound and video recordings

Acoustic signals were recorded in a sound proof chamber with a microphone
(Bruel&Kjaer Type 4165), and then amplified (Bruel&Kjaer Type 2619 and
5935) and directly digitized. The software Audacity 1.3.12 beta

(http://audacity.sourceforge.net) was used for data acquisition and analysis.
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The total duration of sine and pulse songs was determined between the 1st
and 6th minutes of the recording period. From each recorded male (where
possible) three representative song sequences, that contained both pulse and
sine song, were selected for the following analysis. Frequency spectra of
pulse songs and sine songs were determined by Fourier transformation with
2048 Hanning window. The dominant frequency component was determined
from these spectra. Interpulse intervals were determined for pulse song
periods.

Video recording using a Logitec Web-Camera were done simultaneously with
the sound recording.

The experimenter was blinded to genotypes during data acquisition and

analysis.

2.1.6.4 Experimental setting

For nrnx-1 mutant flies, courtship songs were recorded during a 10-minute
interaction between one 4-7 day old mutant (nrx-1241/DfExcel6191) male or
one control (Canton-S) male and one intact virgin 4-7 day old wild type
Canton-S female at room temperature. Additionally, 4-7 day old Canton S
males were tested during interaction with 4-7 day old virgin mutant (nrx-
1241/DfExcel6191) females under the same conditions. Flies were tested in
two sets, on separate days, at the same time of the day (around mid-day).
The experimenter was blind to the genotypes while performing the

experiments and analyzing the data.

The experimental setting used in testing the dnl2 mutant flies is described in
the original publication (Hahn, et al. 2013) in the appendix. Here is a short
summary.

In an inter-individual distance assay ten mature flies of the same genotype
were put in a featureless arena. After an exploration period, their individual
positions were recorded, analyzed by ivTools software suite (developed by

Lindemann & Braun, https://opensource.cit-ec.de/projects/ivtools) and MatLab

(Mathworks inc.) was used to calculate the median distance of each fly from

all other flies in the assay. The competitive courtship assay was performed
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with a decapitated female and two males in a round arena; videos were
recorded. Courtship and agonistic interactions during the 1st, 4th, 7th, 10th
and 13th minute were scored through analysis of individual frames by an
observer blind to the genotype of the flies. To assess the circadian locomotor
activity, the flies were put into a glass tube (3 mm in diameter and 7 mm in
length) sealed with food at one end and with a gas permeable cap on the
other. The tube was put into a special incubator (Tritech Research,

CircKinetics). Midline crossings of individual flies were counted over 96 hours.

2.2 Methods Part

2.2.1 Patients with bipolar disorder and monopolar depression:

cohort collection

The detailed description of Methods Part Il is presented in the manuscript
(Gurvich et al in press) attached in the Appendix. Here a short summary.

The collection of data and samples has been approved by the ethical
committee of the Georg-August-University of Gottingen. All patients have
signed an informed consent. The recruitment took place between 2010 and
2013. Four rapid cycling patients (3 males and 1 female) were included in the
study, as well as 43 patients with non-rapid cycling bipolar affective disorder
and 97 monopolar depressed patients. All patients kept their preexisting

medication and no systematic intervention was undertaken in this study.

2.2.2 Psychopathology rating

Psychopathology was rated using standard scores: Hamilton Depression
Rating Scale (HAMD) (Hamilton 1967), Beck Depression Inventory (BDI)
(Beck, et al. 1961), Yong Mania Rating Scale (YMRS) (Young, et al. 1978)
and Positive and Negative Syndrome Scale (PANSS) (Kay, et al. 1987).

2.2.3 Isolation of peripheral blood mononuclear cells (PBMCs)

Blood samples, obtained via phlebotomy into CPDA vials (Citrate Phosphate
Dextrose Adenine, Sarstedt, Germany) underwent the standard Ficoll-Paque
Plus isolation procedure (GE Healthcare, Munich, Germany). RNA isolation

was performed using the miRNeasy Mini Kit (Qiagen, Hilden, Germany). The
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cDNA was transcribed from 1ug of total RNA with a mixture of oligo-dT- and
hexamer primers, dNTPs, DTT and 200U SuperScriptlll (Life Technologies
GmbH, Darmstadt, Germany). The mixture was incubated for 10min at 25°C,
45min at 50°C and 45min at 55°C.

2.2.4 gRT-PCR

For the gRT-PCR, the cDNA was diluted 1:25 in a 10ul reaction mix,
containing 5ul SYBR Green (Life Technologies GmbH, Darmstadt, Germany)
and 1pmol of each primer.

The following primer sequences were used:

PTGDS: 5 CGGCTCCTACAGCTACCG 3’ (forward)

5" CAGCGCGTACTGGTCGTA 3’ (reverse)

AKR1C3: 5 CATTGGGGTGTCAAACTTCA 3’ (forward)

5 CCGGTTGAAATACGGATGAC 3’ (reverse)

COX2pan: 5 GAGCAGGCAGATGAAATACCAG 3 (forward)

5 GTTGGAAGCACTCTATGGTGACA 3’ (reverse)

PTGS2: 5 GATCCCCAGGGCTCAAACAT 3’ (forward)

5 TCATATTTACGGTGAAACTCTGG 3’ (reverse)

P2RX7: 5 AGGAAGAAGTGCGAGTCCAT 3’ (forward)

5 CTGCTGGTTCACCATCCTAA 3’ (reverse)

The samples were run with technical triplicates on the LightCycler480 system
(Roche Diagnostics GmbH, Mannheim, Germany).
A detailed procedure description is provided in the manuscript attached in the

Appendix.

2.2.5 Statistical analysis

All numerical results are presented as meanzSD in the text and meantSEM in
the figures. Student t test (two-tailed or one-tailed if applicable) was
performed using GraphPad Prism version 5.04 for Windows, GraphPad
Software, San Diego California USA.
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2.3 Materials

2.3.1 Chemicals

Product
Chloroform
Ethanol 99,8%
Ficoll-Paque PLUS

Power SYBR Green

Supplier Product number
Merck KGaA, Darmstadt (Germany) 102445
Sigma-Aldrich, Steinheim (Germany) 603002005
GE Healthcare Munich (Germany) 17144003

Life Technologies GmbH, Darmstadt (Germany) 4367659

2.3.2 Consumables

Product
S-Monovette CPDA
Microwell plate 96

Multiwell plate 384

Supplier Product number
SARSTEDT AG & Co., Niimbrecht (Germany) 051167001
Thermo Fisher Scientific, Roskilde (Denmark) 269620
Roche Diagnostics, Mannheim (Germany) 04729749001

2.3.3 Equipment

Product
EpMotion robot 5075

Light Cycler 480

Supplier
Eppendorf AG, Hamburg (Germany)

Roche Diagnostics GmbH, Mannheim (Germany)

Water purification system arium 611 Sartorius, Gottingen (Germany)

Centrifuges
Megafuge 16R

Megafuge 3.0
Mini Spin Plus

Biofuge Haemo

Thermo Fisher Scientific, Bonn (Germany)
Thermo Fisher Scientific, Bonn (Germany)
Eppendorf AG, Hamburg (Germany)

Thermo Fisher Scientific, Bonn (Germany)
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2.3.4 Software

Product Supplier
Audacity 1.3.13 beta http://audacity.sourceforge.net/
GraphPad Prism 5 GraphPad Software Inc., La Jolla (USA)

LightCycler® 480 Software, Version 1.5  Roche Diagnostics GmbH, Mannheim (Germany)
SPSS IBM Deutschland GmbH, Ehningen (Germany)

2.3.5 Enzymes

Product Supplier Product number
RNase A Roche Diagnostics GmbH, Mannheim (Germany) 10109169001
SuperScript Il Life Technologies GmbH, Darmstadt (Germany) 18080-044
2.3.6 Kits
Product Supplier Product number
miRNeasy Mini Kit Qiagen, Hilden (Germany) 217004
JETQUICK Blood & Cell Culture DNA Spin Kit  Genomed GmbH, Lohne, 440 050
(Germany)
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3. Results
3.1 Results Part |

3.1.1 SNPs selection

NLGN3

The gene size of 26,3 KB allowed distribution of the SNPs at nearly equal
distances (5-7 KB) and the detection of possible signals from each part of the

gene. Figure 2 shows the position of the SNPs on the gene.

rs11795613 rs5981079 1510127395 rs4844287
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Figure 2. Schematic representation of the NLGN3 gene. Lines represent introns, empty
boxes represent exons, filled boxes represent 3’- and 5° UTR regions. The distances

between exons are written in black. Distances between SNPs are written in purple.

All SNPs in the NLGN3 gene met the selection criteria for minimal allelic
frequency. The minimal allelic frequencies and the SNP alleles are presented

in the table below.

SNP MAF Alleles
rs11795613 0.5 A:G
rs5981079 0.456 T:.C
rs10127395 0.482 TG
rs4844287 0.456 T:.C

Table 1. Single nucleotide polymorphisms (SNPs) in the NLGN3 gene. The minor allele
frequency (MAF) for each SNP and the SNP alleles are shown.
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SHANK3

This gene is 58,57 KB in size and was covered by nine SNPs, which are
shown in the figure below.

rs9616915 rs13055562 rs739365  rs2040487 rs6009951 rs6010065 rs8137951
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Exon 2
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Figure 3: Schematic representation of the SHANK3 gene. Lines represent introns,

empty boxes represent exons, filled boxes represent 3’ UTR region.

Table 2 shows the characteristics of the SNPs selected for SHANKS. Eight
SNPs have minor allele frequencies close to 0.5. Although rs2301584 has a
smaller MAF, its location is in the 3'UTR region, involved in expression
regulation (Barrett, et al. 2012; Pichon, et al. 2012). Another SNP, rs9628185,
is situated 3 KB away from the transcription start site, in the promoter region,
which in case of significant association signals might shed light directly onto
expression regulation mechanisms (Ayoubi and Van De Ven 1996; Juven-
Gershon and Kadonaga 2010).

SNP MAF Alleles
rs9628185 0.478 T:.C
rs9616915 0.491 CT
rs13055562 0.491 A:G
rs739365 0.321 CT
rs2040487 0.429 A:G
rs6009951 0.402 CT
rs6010065 0.441 G.C
rs8137951 0.286 GA
rs2301584 0.164 GA

Table 2 Single nucleotide polymorphisms (SNPs) in the SHANK3 gene. The minor allele
frequency (MAF) for each SNP and the SNP alleles are shown
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NLGN4X

Since the gene size, at 337,8KB, is relatively big, the SNPs were selected to
specifically cover the gene region, where mutations have been reported to
cause autism, i.e. in exon 5: K378R reported by (Pampanos, et al. 2009),
1253delAG reported by (Laumonnier, et al. 2004) and 1186insT reported by
(Jamain, et al. 2003). The rs2290488 was chosen due to its position in the
exonic region of the splice variant NM_020742.3, while the slice variants
NM_181332.2 and NM_001282145.1 map to the intronic region (Kent, et al.
2002). The rs1455316 SNP is 3237 base pairs away from the coding

sequence start at the 5’ end.
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5'UTR
_NM 020742 0 _
rs5961886 D] ﬂ

rs3810686 rs1921360 r322904;88
7 1L P , )
JUTR 7 7 ' / - L :
9.4 Kb 5 Kb 120 Kb
wn

121,5 Kb 76,5 Kb

rs1455316

Exon3 ===
Exon 2 @l

Exonl glo

Exon 6
Exon
Exon 4

1Kb
Figure 4 Schematic representation of the NLGN4X gene. Lines represent introns,

empty boxes represent exons, filled boxes represent 3’ and 5’ UTR region

rs1455316 0.244 GA
rs2290488 0.4 C:G
rs5961886 0.494 CT
rs1921360 0.325 GT
rs3810686 0.3 CT

Table 3 Single nucleotide polymorphisms (SNPs) in the NLGN4X gene. The minor allele
frequency (MAF) for each SNP and the SNP alleles are shown
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NLGN4Y

Due to a repressed meiotic recombination in the y-chromosome (Sun and
Heitman 2012) only two markers were chosen. Both have relatively low MAF,
since they are situated on an infrequently recombining chromosome, but both

lie in close vicinity to the exons (Fig
5).
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Figure 5 Schematic representation of the NLGN4Y gene. Lines represent introns,

empty boxes represent exons, filled boxes represent 3’ UTR and 5’ UTR regions

rs7067486 0.3 GA

rs16980459 0.15 A:G

Table 4 Single nucleotide polymorphisms (SNPs) in the NLGN4Y gene. The minor allele
frequency (MAF) for each SNP and the SNP alleles are shown

NRXN1

The gene is very big in size, spreading over 1 MB on chromosome 2. The
extensive coverage of the gene with SNPs positioned in regular intervals
would be difficult to accomplish due to its big size. Thus, two markers were
selected and both are situated in the UTR- regions.

rs11885824

rs35228545
A Al el e e A — o T
g‘@z‘\ﬁ/&{ 10£D 36/k 145k//b/ 228(5 40 ;{kb - %9%4 2/ka 1§{<b 66kb 2{1 b 10/(§kb ‘ ﬂ
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Exon 2
Exon 20
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Exon 10
Exon 2

Figure 6 Schematic representation of the NRXN17 gene. Lines represent introns, empty

boxes represent exons, filled boxes represent 3’ UTR and 5’ UTR regions
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SNP2
SNP1

0.2
0.25

C:A
A:G

Table 5 Single nucleotide polymorphisms (SNPs) in the NRXN1 gene. The minor allele

frequency (MAF) for each SNP and the SNP alleles are shown

3.1.2 Case-control association study

All SNPs fulfilled the Hardy- Weinberg equilibrium as shown in Table 6.

NLGN3 (women)

rs11795613 0,87 0,75
rs5981079 0,59 0,99
rs10127395 0,47 0,61
rs4844287 0,42 0,55
SHANK3

rs9628185 0,33 0,98
rs9616915 0,98 0,97
rs13055562 0,93 0,22
rs739365 0,98 0,70
rs2040487 0,25 0,99
rs6009951 0,66 0,84
rs6010065 0,81 0,99
rs8137951 0,20 0,99
NLGN4X (women)

rs1455316 0,56 0,99
rs2290488 0,94 0,72
rs5961886 0,77 0,33
rs1921360 0,98 0,90
rs3810686 0,98 0,99

29




Results

NRXN1
rs35228545 0,65 0,48
rs118855824 0,79 0,49

Table 6 Test for deviation from Hardy-Weinberg-Equilibrium (HWE) for NLGN3 (for
women), SHANK3, NLGN4X (for women), and NRXN1.

The case control study did not deliver any significant results. Table 7 lists the
results of genomic comparisons for each SNP. For genes in the sex

chromosomes, analysis was performed separately for men and women.

NLGN4X
Genotypes P-value
rs1455316 (MEN) c T
Cases (n=691) 514 (74.4%) 177(25.6%) 0.459
Controls (n=657) 477 (72.6%) 180 (25.6%)
rs2290488 (MEN) G c
Cases (n=700) 441 (63.0%) 259(37.0%) 0.980
Controls (n=661) 416 (62.3%) 245 (37.1%)
rs5961886 (MEN) c T
Cases (n=699) 278 (39.8%) 421(60.2%) 0.912
Controls (n=660) 265(40.2%) 395 (59.8%)
rs1921360 (MEN) G T
Cases (n=692) 389 (56.2%) 303(43.8%) 0.128
Controls (n=660) 398 (60.3%) 262 (39.7%)
rs3810686 (MEN) c T
Cases (n=700) 401 (57.3%) 299(42.7%) 0.209
Controls (n=663) 402 (60.6%) 261 (39.4%)
rs1455316 (Women) cc TT TC
Cases (n=339) | 186 (54.9%) 28(8.3%) 125(36.9%) 0.306
Controls (n=461) | 228 (49.5%) 40(8.7%) 193(41.9%)
rs2290488 (Women) GG cc GC
Cases (n=340) | 137 (40.3%) 43(12.6%) 160(47.1%) 0.305
Controls(n=461) | 173 (37.5%) 76(16.5%) 212(46.0%)
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rs5961886 (Women) cc TT TC
Cases (n=339) | 53 (15.6%) 132(38.9%) 154(45.4%) 0.298
Controls(n=462) | 58 (12.6%) 172(37.2%) 232(50.2%)
rs1921360 (Women) GG TT TG
Cases (n=334) | 108 (32.3%) 64(19.2%) 162(48.5%) 0.866
Controls(n=461) | 157 (34.1%) 84 (18.2%) 220(47.7%)
rs3810686 (Women) cc TT TC
Cases (n=339) | 108 (31.9%) 66(19.5%) 165(48.7%) 0.695
Controls(n=462) | 158(34.2%) 81(17.5%) 223(48.3%)
NLGN3
Genotypes P-value
rs11795613 (MEN) A G
Cases (n=701) 376 (53.6%) 325(46.4%) 0.938
Controls (n=663) 357 (53.8%) 306(46.2%)
rs5981079 (MEN) T c
Cases (n=701) 418 (59.6%) 283(40.4%) 0.988
Controls (n=662) 395 (59.7%) 267 (40.3%)
rs10127395 (MEN) T G
Cases (n=699) 424 (60.7%) 275(39.3%) 0.993
Controls (n=663) 402 (60.6%) 261(39.4%)
rs4844287 (MEN) T c
Cases (n=701) 431 (61.5%) 270(38.5%) 0.774
Controls (n=662) 402 (60.7%) 260 (39.3%)
rs11795613 (Women) AA GG GA
Cases (n=340) | 102 (30.0%) 74(21.8%) 164(48.2%) 0.672
Controls (n=461) | 128 (27.8%) 111 (24.1%) 222(48.2%)
rs5981079 (Women) T cc TC
Cases (n=340) | 141 (41.5%) 50 (14.7%) 149 (43.8%) 0.069
Controls (n=461) | 155 (33.6%) 82 (17.8%) 224 (48.6%)
rs10127395 (Women) T GG TG
Cases (n=340) | 145 (42.6%) 49(14.4%) 146 (42.9%) 0.827
Controls (n=462) | 187 (40.5%) 69 (14.9%) 206 (44.6%)
rs4844287 (Women) T cc TC 0.907
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Cases (n=340)

146 (42.9%)

49 (14.4%)

145 (42.6%)

Controls (n=461)

191 (41.4%)

67 (14.5%)

203 (44.0%)

SHANK3
Genotypes P-value
rs9628185 T cc TC
Cases (n=1040) | 281 (27.0%) 263 (25.3%) 496 (47.7%) 0.476
Controls (n=1128) | 286 (25.4%) 275 (24.4%) 567 (50.3%)
rs9616915 TT cc TC
Cases (n=1039) | 236 (22.7%) 288 (27.7%) 515 (49.6%) 0.843
Controls (n=1130) | 245 (21.7%) 319 (28.2%) 566 (50.1%)
rs13055562 GG AA GA
Cases (n=1006) | 198 (19.7%) 318 (31.6%) | 490 (480.7%) 0.614
Controls (n=1091) | 231 (21.2%) 349 (32.0%) 511 (46.8%)
rs739365 T cc TC
Cases (n=1036) | 95 (9.2%) 507(48.9%) 434(41.9%) 0.314
Controls (n=1128) | 123 (10.9%) 525 (46.5%) 480(42.6%)
rs2040487 GG AA GA
Cases (n=993) | 192 (19.3%) 342(34.4%) 459(46.2%) 0.333
Controls (n=1106) | 187 (16.9%) 385(34.8%) 534(48.3%)
rs6009951 cc TT CcT
Cases (n=1039) | 347 (33.4%) 173(16.7%) 519(50.0%) 0.814
Controls (n=1030) | 392 (34.7%) 183 (16.2%) 555 (49.1%)
rs6010065 GG cc CG
Cases (n=1033) | 305 (29.5%) 206(19.9%) 522(50.5%) 0.059
Controls (n=1130) | 298 (26.4%) 269 (23.8%) 563(49.8%)
rs8137951 GG AA GA
Cases (n=1036) | 519 (50.1%) 72(6.9%) 445(43.0%) 0.096
Controls (n=1129) | 542 (48.0%) 107(9.5%) 480(42.5%)
NLGN4Y
rs7067486 A G
Cases (n=692) 310 (44.8%) 382(55.2%) 0.058
Controls (n=660) 262 (39.7%) 398(60.3%)
rs16980459 A G
Cases (n=696) 640 (92.0%) 56(8.0%) 0.059
Controls (n=659) 623 (94.5%) 36(5.5%)
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NRXN1
rs35228545 AA GG AG
Cases (n=1039) | 508 (48.9%) 103(9.9%) 428(41.2%) 0.323
Controls (n=1127) | 534 (47.4%) 97(8.6%) 496(44.0%)
rs118855824 AA cc AC
Cases (n=1035) | 33 (3.2%) 716(69.2%) 286(27.6%) 0.118
Controls (n=1126) | 34 (3.0%) 735 (65.3%) 357(31.7%)

Table 7 Case - control study of the synaptic genes in the GRAS population. P —value

reported is derived from the genotypic comparisons.
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3.1.3 Screen testing of dnrxn and D. melanogaster

Sound recordings, obtained from Canton S (wild type) flies, demonstrated a
normal pattern characteristic of courtship song for Drosophila melanogaster
(Tauber and Eberl 2003). Figure 7 demonstrates how a male wild type fly

switches repeatedly from sine to pulse song.
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Figure 7 Courtship song of a male Canton S D. Melanogaster. Sine (S) and Pulse (P)
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songs are highlighted.

Figure 8 represents the pulse song of the Cantos S fly in an enlarged time
scale. The average Inter Pulse Interval (IPI): IPI=36 (+3,8) milliseconds (Fig8).
This corresponds to the normal average pulse song characteristics of the wild
type Drosophila (Tauber and Eberl 2003).
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Figure 8 Pulse song of a Canton S drosophila in an enlarged time scale.

The Interpulse Interval (IPI) is highlighted.
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Figure 9 Spectral analysis of the sine song of the Canton S (wild type) male song. The

Peak frequency is 190 Hz.

Twelve trials were run in two sets of experiments. Eight mutant male flies and

four male Canton S (wild type) were tested. Table 8 shows the duration of the

sine and pulse songs of the nrx-1241/DfExcel6191 and control flies,

measured between the 15 and 6™ minutes of the recording period.

Setl
Malel CS 10,5 4,5
Male2 Mutant silent silent
Male3 Mutant 6,5 2,4
Male4 Mutant silent silent
Male5 () silent silent

Set 2
Malel Mutant <1 single pulses
Male2 Mutant 2 single pulses
Male3 CS 60 53
Male4 Mutant 2 single pulses
Male5 Mutant 1 single pulses
Male6 CS 43 38
Male?7 Mutant 1 6,3

Table 8 Courtship songs of male mutant nrx-1241/DfExcel6191 and control flies. The

duration of the sine and pulse songs (where applicable) is shown.
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Two of the eight flies did not produce any sound. The video recording has
showed that they tried to initiate the courtship song production, but stayed
with one wing extended and could not produce any sound, which is indicative
of a severe locomotor impairment (Fig 9). The other six male mutant nrx-
1241/DfExcel6191 flies produced sounds, however they were abnormal
courtship songs. Thus, no pulse song was produced, which normally should
contain from 2 to 50 pulses per train (Tauber and Eberl 2003), but single
pulses were observed instead (Fig 10). The sine song produced by male
mutant nrx-1241/DfExcel6191 flies was also abnormal. The overall length of

the sine song of the mutant flies was shorter than that of wild type flies.

B 062353

Figure 10: Male mutant nrx-1241/DfExcel6191 tries to initiate the courtship song

production, but the wing stays extended, indicating a locomotor impairment.
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Figure 11: Male mutant nrx-1241/DfExcel6191 is only able to produce single pulses not

accompanied by a sine song.

The sine song produced my nrx-1241/DfExcel6191 flies also arrived in short
bouts of about 0,1 seconds (Fig 12) and had abnormal spectral characteristics
(max frequencies 646 Hz and 1175 Hz) as compared to the Canton S flies

(max frequency 190 Hz) (Fig 9 and Fig13).
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Figure 12: Abnormal sine song (S) of nrx-1241/DfExcel6191 male fly. The song is
produced in very short bouts, with reduced amplitude and accompanied

by single pulses.
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Figure 13: Spectrum analysis of the sine song of the nrx-1241/DfExcel6191 male fly

shows abnormal characteristics of song; peak frequencies at 646 Hz and 1175 Hz.

Additionally, the screen testing of nrx-1241/DfExcel6191 mutant male flies
showed that the flies are either silent or produce a severely abnormal pattern

of the courtship song, which is due to their severe locomotor impairment.

3.1.4 Behavioral assay of the dnl2 mutant flies

The detailed description of the results is provided in the Appendix in Hahn et
al. 2013. Here the results summary is provided.

The acoustic signals of the dn/2-deficient flies had overall characteristics
similar to those of the wild type flies, though the IPI of the pulse song was
shorter and the volume of the sine song was reduced in dn/<°’” flies compared
to the wild type flies.

The median distance of individual flies to all other flies in the arena during the
group behavior assay was significantly larger in dn/“°’” mutants than in wild
type flies.

In the assay, where two males of equal genotype were assessed during their
interaction with a decapitated mature virgin wild type female, the dn/<°"”
mutants showed no difference in courtship behavior as compared to wild

IKO17

types. However in the mixed assay, where one dn mutant was competing
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with one wild type male, the mutant flies performed significantly less
courtship, initiated less courtship attempts, and the courtship bouts were
shorter than in the wild type males. Moreover, a large proportion of mutant
males did not initiate courtship at all while competing with the wild type males
in the mixed assay. The durations of agonistic interaction in the equal

genotype and mixed assays was reduced in the dn/<°"”

mutants as compared
to the wild types. The results are suggestive of a reduced motivation in the
males. Furthermore, no difference was found in the general activity and

peripheral sensory processing of the mutant or the wild type flies.

3.2 Results Part |1

3.2.1 Demographic and clinical characteristics of four rapid
cyclers
Four rapid cycling patients, one female (born in 1958) and three male (born in
1961, 1941 and 1959) were included in the study. The detailed

sociodemographic and clinical data is presented in Table 1 in the attached

manuscript (Gurvich et al, in press), in the appendix.

3.2.2 Bipolar and monopolar patients cohort description

43 patients with bipolar affective disorder (male/female=24/19; mean age
50.0+12.1 years; mean age at disease onset: 34.5+11.6 years; mean number
of phases/year: 0.9+0.6), as well as 97 monopolar depressed patients
(male/female=42/55; mean age 49.4+15.0 years; mean age at disease onset:

41.0+15.7 years; mean number of phases/year: 1.2+1.3) were recruited.

3.2.3 PTGDS, ARK1C3 and PTGS2/COX2pan episode specific
expression in rapid cyclers, patients with bipolar disorder and
monopolar depression.

Detailed results are provided in the manuscript in the Appendix (Gurvich et al,
in press), but here is a short summary.
The expression levels of genes that were previously shown to be differentially

regulated in a phase specific manner (PTGDS and AKR1C3) were explored
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once more in four patients with rapid cycling bipolar disorder. Furthermore, as
a new readout of the prostaglandin synthesis pathway, a ratio of
PTS2/COX2pay was determined (the ratio was calculated to specifically
address the brain expressed splice variant). P2RX7 (P2X purinoceptor7) was
also assessed as a non-prostaglandin related control gene. In order to apply
an integrative approach and to assess the expression levels in all four rapid
cycling patients, the mean of all measured values per gene regardless of
episode was calculated and set to 100%; all individual data obtained were
then expressed in % of this mean value for each gene. Thus, replicating
previous findings from the original case report (Begemann, et al. 2008), the
levels of PTGDS were significantly higher in the depressed phases of the
rapid cycling patients. In contrast, AKR1C3 neither showed any significant
differential regulation as assessed by integrative approach, nor did it have a
consistent trend for such regulation in the individual patient panels. The new
PTS2/COX2pandemonstrated a trend to be increased in depressed episodes
in three out of four patients, resulting in borderline significance upon
integration. The control gene, P2RX7, did not show any steady trend in these
4 patients.

The expression levels of PTGDS, AKR1C3, P2RX7 and the ratio
PTS2/COX2pany measured in PBMCs of 43 patients with non-rapid cycling
bipolar disorder and 97 monopolar depressed patients did not show any

episode specific changes.
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4. Discussion
4.1 Part |

4.1.1 Synaptic genes and schizophrenia risk

A major involvement of synaptic function and homeostasis in autism spectrum
disorders is well documented (Bourgeron 2009). This study aimed to further
explore the association of several synaptic genes, NLGN3, NLGN4X,
NLGN4Y, SHANK3 and NRXN1, previously shown to play an important role in
autism spectrum disorders (Durand, et al. 2007; Jamain, et al. 2003;
Szatmari, et al. 2007) with neuropsychiatric risk. Altered synaptic functioning
has also been reported to be pivotal in another psychiatric disorder —
schizophrenia (Yin, et al. 2012) - which has a phenotypic and genetic overlap
with autism spectrum disorders (Owen, et al. 2011). Thus it was intriguing to
explore whether the common variation of these synaptic genes plays a role in
schizophrenia risk. Therefore, a population of more than one thousand
schizophrenic patients, included in the GRAS sample (Ribbe, et al. 2010),
was genotyped with respect to the Single Nucleotide Polymorphisms (SNPs)
selected to representatively cover each of the five synaptic genes. Then a
case-control study was undertaken. The analysis for the sex chromosome-
linked genes, NLGN3, NLGN4X and NLGN4Y, was performed separately for
men and women. The case-control study did not reveal any association of
NLGN3, NLGN4X, NLGN4Y, SHANK3 or NRXN1 with schizophrenia in the
GRAS population.

The role of NLGN3, NLGN4X, NLGN4Y and SHANKS in the etiology of autism
was initially described based on mutations leading to major disturbance in
gene function, whereas subsequent genome-wide association studies, taking
into account common polymorphisms, failed to find any association of these
genes with an autistic phenotype (Anney, et al. 2012; Wang, et al. 2009;
Weiss, et al. 2009). Thus, it is possible that the lack of association of these
genes with schizophrenia is due the fact that those genes only lead to the
disease when severely mutated, whereas common polymorphisms do not

play a role in the neuropsychiatric disease risk. NRNX1 was associated with
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neuropsychiatric risk based on Copy Number Variants (CNVs), which are far
rarer than SNPs. Similarly, the lack of association of NRXN7 with
schizophrenia risk in this study may be indicative of the primarily important
role of CNVs in the disease risk and not SNPs. However a much more likely
explanation is the heterogeneity of the disease group called “schizophrenia”.

Whether common polymorphisms (SNPs) in these synaptic genes are
important for the subtle phenotype alterations and/or disease symptomatology

is a matter of further investigation.

4.1.2 D. melanogaster as a model of autism

Previous studies addressed the possible behavioral implications upon knock
out of neuroligin and neurexin genes in mice. Specifically, the Nign-3 knock
out (KO) mice showed a deficit in social novelty and olfaction (Radyushkin, et
al. 2009), while the NIgn4-KO mice showed a deficit in social behavior
(Jamain, et al. 2008), and both null mutations had reduced ultrasound
vocalization and brain volume. Neuroligins and neurexins are evolutionary
conserved (Knight, et al. 2011) and previous studies described D.
melanogaster mutants lacking genes, which are homologous to human
neurexins and neuroligins (Sun, et al. 2011; Zeng, et al. 2007). However,
none of the previous studies explored whether flies lacking neurexin and/or
neuroligin demonstrate autism related features in behavior.

Thus, nrx-1241/DfExcel6191 mutant D. melanogaster, lacking the neurexin —
1 gene, and dn/f°"" mutant flies, lacking the neuroligin - 2 gene, were
obtained and involved in behavioral testing. Since one of the key features of
an autistic phenotype is impaired social interaction, this behavioral read-out
was directly addressed, testing the courtship, agonistic and group behavior of
the flies. The courtship behavior in male flies includes several steps, one of
which is producing a courtship song, consisting of so-called sine and pulse
songs; this is performed by a unilateral wing extension and its vibration
(Tauber and Eberl 2003). The courtship song of nrx-1241/DfExcel6191 mutant
male flies was recorded during their interaction with a female virgin. Two out
of eight tested mutants did not produce any sound at all, though the video
recording showed that they attempted to initiate courtship song production,

but stayed with one wing extended, and were therefore unable produce any
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sound. The other six male mutant nrx-1241/DfExcel6191 flies produced
abnormal courtship songs. While a normal courtship song should contain from
2 to 50 pulses per train, a song of nrx-1241/DfExcel6191 contained only
separate pulses. The overall length of their sine song was shorter than the
one of the wild type flies. The sine song of nrx-1241/DfExcel6191 flies also
came in short bouts of about 0,1 seconds and had abnormal spectral
characteristics (max frequencies 646 Hz and 1175 Hz) compared to the
Canton S flies (max frequency 190 Hz). The fundamental frequency of the
sine song of Canton S wild type flies obtained in this study is consistent with
previous reports on spectral characteristics of the wild type sine songs (von
Schilcher 1976; Wheeler, et al. 1988). These results are indicative of a severe
locomotor impairment in the dnrxn1- deficient flies, which did not allow further
testing or drawing any conclusions on social interaction of the mutants.

In contrast, dnin2-deficient flies did not show any major locomotor disabilities.
The courtship songs of dnln2 — mutants showed reduced intensity of the sine
song and shorter interpulse intervals of the pulse song. Since dn/in2 — mutant
flies were shown to have reduced synaptic transmission in the neuromuscular
junction (Banovic, et al. 2010; Sun, et al. 2011), reduced amplitude of wing
vibration provoked by decreased muscle activation in the NMJ leads to a
lower intensity of the sine song. Altered synaptic properties in thoracic circuits,
which generate the pulse song pattern, and/or differences in the intensity of
their activation by descending brain neurons is likely responsible for the
reduced interpulse intervals of the pulse song (Clyne and Miesenbock 2008).
The courtship song of male D. melanogaster aims to make the female more
receptive and reduce her activity so that further courtship acts can be
performed by the male, finally leading to copulation (Greenspan and Ferveur
2000). Thus, altered acoustic communication in the dnin2 —KO flies, which
goes along with reduced ultrasound vocalization in Nign-3 and Nign-4
deficient mice (Jamain, et al. 2008; Radyushkin, et al. 2009), lack of
locomotor and sensory impairment, and larger interindividual distances in the
group behavior assay are clearly indicative of an impaired social interaction
between these mutant flies. This, in turn, may be due to compromised
information processing in the central nervous system circuits responsible for

behavior initiation and coordination. Mushroom bodies are the structures
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which play a role in these processes in insects (Popov, et al. 2005).
Interestingly, the neuroligin and neurexin expression in mushroom bodies of a
honeybee was shown to be regulated by social exposure (Biswas, et al.
2010). This further supports the role of neuroligin- neurexin complexes in
social behavior across species and provides intriguing perspectives for

studying neuroligin — deficient Drosophila.

4.2 Part Il: Prostaglandin related genes in rapid cycling bipolar
disorder

This study was initiated based on a previous report of a female case with
extreme rapid cycling, where genes involved in prostaglandin metabolism
were shown to be regulated in a phase-specific manner (Begemann, et al.
2008). For further investigation of the prostaglandin related genes in rapid
cycling syndrome, four patients suffering from this disease were included in
the study and expression levels of PTGDS and AKR1C3 were measured in
the PBMCs from various phases. Indeed, the phase specific expression
pattern of PTGDS was replicated in this study, with significantly more
expression of the gene during depression. In contrast, AKR1C3 was not
differentially regulated in depressive or in manic phases in this study.
AKR1C3 and PTGDS are closely related functionally. The product of PTGDS,
Prostaglandin D2, has an important role in sleep regulation (Matsumura, et al.
1994; Urade and Hayaishi 2011), while sleep pattern is known to be disturbed
in bipolar disorder (Plante and Winkelman 2008). A strong stimulation or
accumulation of PGD; over the course of severe rapid cycling syndrome may
lead to a more pronounced induction of AKR71C3 (Mantel, et al. 2012), which
could explain the upregulation of AKR71C3 in the initial report of extreme
symptom severity (Begemann, et al. 2008) and not in the present study,
where the patients’ psychopathology was less severe.

Furthermore, a new read-out, PTGS2/COX2pan specifically addressing the
expression levels of a brain expressed cyclooxygenase isoform, showed a
differential phase dependent expression pattern in pooled PBMC samples
during depressive episodes. This further supports a strong involvement of the

prostaglandin cascade regulation in the course of rapid cycling syndrome.
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No significant results, however, were obtained when expression of these
genes was estimated in a phase specific manner in patients with non-rapid
cycling bipolar disorder and monopolar depression. It is also important to
mention that only a limited number of samples were available from these
patients after a 3-year recruitment period, due to rare episode occurrence in
non-rapid cycling individuals. This did not allow application of the integrative
approach while analyzing the data. Thus these negative findings in non-rapid
cycling bipolar patients and monopolar depressed patients may be a result of

inter-individual mean expression variability.
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5. Outlook

The case-control study did not reveal significant association between common
genetic variants in autism related synaptic genes and schizophrenia risk. As
discussed previously, this may be due to the fact that only severe gene
disruptions may lead to disease, as shown by case reports on autism.
Common variation in these genes however may contribute to different aspects
of symptomatology of the neuropsychiatric disorders, such as autistic features
in schizophrenia. This can be studied by careful analysis of autism related
phenotypic readouts and their association with common genetic variants of
the synaptic genes, using the PGAS approach (Begemann, et al. 2010).
Furthermore, patients having the genotype associated with a more
pronounced autistic symptomatology may be selected as donors of
fibroblasts, which can be reprogrammed to neurons using an induced
pluripotent stem cell technique. This will allow for the application of
electrophysiological tests on neurons directly obtained from patients with
important genotype-phenotype correlations. Indeed this ambitious and
promising project is currently running in our lab on the basis of the GRAS

sample.

The present study revealed that dnign2 -KO Drosophila melanogaster
demonstrate impaired social interaction, as measured by courtship, agonistic
and group behavior. It would be intriguing to perform rescue experiments to
further validate present findings. Also it would important to assess if other
Drosophila neuroligins, namely dnign3 and dnign4 (dnin1 is not expressed in
the nervous system), work as counterparts of dnign2, allowing formation of
proper excitation/inhibition balance, which may be disturbed in autism
(Rubenstein and Merzenich 2003). Additionally, based on findings in
honeybees that indicate a regulatory role of social exposure in the expression
of neuroligins and neurexins (Biswas, et al. 2010), it would interesting to

investigate if similar effects may be seen in Drosophila.
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This study also provided further evidence that genes involved in the
prostaglandin synthesis cascade are differentially reqgulated across phases of
rapid cycling syndrome. This provides ground for a prospective study in a
larger sample of rapid cycling patients and implicates medical intervention
strategies, e.g. with cyclooxygenase inhibitors, that would potentially
revalidate the compassionate use of medication, as suggested in the initial
case report (Begemann, et al. 2008). This would contribute to the
development of novel treatment approaches for rapid cycling bipolar disorder,
which is hardly manageable with the existing conventional treatment
approaches. It would also be intriguing to further explore the gene expression
patterns in patients with non-rapid cycling bipolar disorder and monopolar
depression in a larger sample, including individuals for a longitudinal follow-
up, importantly ensuring repetitive blood sample collection in several phases
for each patient. This will allow for better controlling of inter-individual
variability upon data analysis, which may mask existing phase dependent
gene expression patterns. Finally, no construct valid animal model is available
for bipolar disorder. This study provides evidence, which may lead to the
creation of a transgenic mouse model with inducible and reversible
PTGDS expression in the brain, thus allowing the study of behavioral

consequences of episode specific gene expression changes.
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A role for prostaglandins in rapid cycling
suggested by episode-specific gene expression
shifts in peripheral blood mononuclear cells:

a preliminary report
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H. A role for prostaglandins in rapid cycling suggested by episode-
specific gene expression shifts in peripheral blood mononuclear cells: a
preliminary report.
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Objectives: Over 12% of patients with bipolar disorder exhibit rapid
cycling. The underlying biological mechanisms of this extreme form of
bipolar disease are still unknown. This study aimed at replicating and
extending findings of our previously published case report. where an
involvement of prostaglandin synthesis-related genes in rapid cycling
was first proposed.

Methods: Psychopathological follow-up of the reported case was
performed under cessation of celecoxib treatment. In a prospective
observational study, patients with bipolar disorder (n = 47: of these,
four had rapid cycling) or with monopolar depression (n = 97) were
recruited over a period of three years. Repeated psychopathology
measurements were conducted using standard instruments. Peripheral
blood mononuclear cells (PBMC) were obtained during as many
consecutive episodes as possible and processed for mRNA isolation and
quantitative real-time reverse transcriptase polymerase chain reaction for
prostaglandin D2 synthase (PTG DS), aldo-ketoreductase family 1,
member C3 (4KRIC3), COX2p 5. prostaglandin-endoperoxide synthase
2 (PTGS2). and purinergic receptor P2X, ligand-gated ion channel 7

¥} (P2RX7).

Results: The follow-up of our original case of a patient with rapid
cycling who had shown impressive psychopathological improvement
under celecoxib revealed complete loss of this effect upon
discontinuation of the COX2 inhibitor. Episode-specific gene expression
measurements in PBMC of four newly recruited rapid cycling patients
confirmed the higher expression of PTGDS in depressive compared to
manic phases. Additionally, higher relative expression of PTGS2/
COX2p ,n was found. No comparable alterations were observable in
samples available from the remaining 43 patients with bipolar disorder
and the 97 monopolar depressed patients. emphasizing the advantages of
the rapid cycling condition with its rapid and frequent shifts for
identification of gene expression changes.

Conclusions: This study supports a role for prostaglandins in rapid
cycling and advocates the cyclooxygenase cascade as a treatment target
in this condition.
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Rapid cycling constitutes a severe and disabling
subgroup of bipolar affective disorders, present in
>12% of the bipolar population (1). According to
DSM-5 (2), the essential feature of rapid cycling
bipolar disorder is the occurrence of at least four
mood episodes during the previous 12 months.
These episodes can occur in any combination and
order. They must meet both the duration and
symptom number criteria for a major depressive,
manic, or hypomanic episode and be demarcated
by either a period of full remission or a switch to
an episode of the opposite polarity. Manic and
hypomanic episodes are counted as being on the
same pole. Except for the fact that they occur more
frequently, the episodes are no different from those
seen in a non-rapid cycling pattern. The underlying
etiology and pathogenesis of bipolar disease in
general and of rapid cycling in particular are still
completely unknown.

We previously described the case of a female
B patient with pronounced rapid cycling, whom we
have followed up for >20 years (3). In this case, we
uncovered consistent episode-specific expression
shifts in genes encoding determinants of prosta-
glandin synthesis, prostaglandin D2 synthase
(PTGDS) and aldo-ketoreductase family 1, mem-
ber C3 (AKRI/C3). Since PTGDS and prostaglan-
dins are associated with hibernation (4, 5) as an
established cycling condition sharing behavioral
and autonomic features with bipolar disease, we

proposed a pathological hibernation hypothesis of

rapid cycling (3). The unavailability of effective
treatment options in this severe condition
prompted us to initiate a compassionate use
approach, employing a cyclooxygenase 2 (COX2)
inhibitor. This approach was independently sup-
ported by recent treatment trials in affective disor-
ders using celecoxib as an anti-inflammatory
strategy (6, 7). In our case. celecoxib indeed led to
considerable attenuation of affective symptom
severity, both depressive and manic (3).

Here we provide a brief follow-up of our original
Bl female patient with regard to psychopathology
upon cessation of celecoxib treatment. Encouraged
by these findings, we initiated the present prospec-
tive study to (i) extend the original peripheral
blood mononuclear cell (PBMC) gene expression

[ findings to four other rapid cycling patients by
M including PTGDS. AKRIC3. COX2p4n, and pros-

taglandin-endoperoxide synthase 2 (P7GS?2) in the
analysis and adding purinergic receptor P2X,
ligand-gated ion channel 7 (P2RX7) as a prosta-
glandin-unrelated control gene; and (ii) integrate
PBMC samples of a number of bipolar and mono-
polar affective patients without rapid cycling diag-
nosis into the analyses.

2

Materials and methods
Patients

The present prospective study was approved by the
ethical committee of the Georg August University

of Gottingen. All patients gave informed consent.

Recruitment took place from 2010 to 2013. From a
total of seven patients (three male and four female)
who were identified during the recruitment period
as rapid cyclers, four patients (three male and one
female) agreed to return for regular follow-up
examinations and could thus be included. Their so-
ciodemographic and clinical characteristics are
shown in Table 1. Moreover, 43 patients with
bipolar affective disorder (male/female = 24/19;
mean age: 50.0 = 12.1 years: mean age at disease
onset: 34.5 £ 11.6 years; mean number of phases/
year: 0.9 + 0.6) as well as 97 monopolar depressed
patients (male/female = 42/55; mean age: 49.4 +
15.0 years; mean age at disease onset: 41.0 =
15.7 years; mean number of phases/year:
1.2 = 1.3) were recruited. All patients either kept
their pre-existing medication during the study or

had treatment performed as usual. There was no

particular systematic intervention in this study.

Psychopathology rating

Psychopathology was assessed using standard
instruments: the Hamilton Depression Rating
Scale (HAM-D) (8), Beck Depression Inventory
(BDI) (9). Young Mania Rating Scale (YMRS)
(10), and Positive and Negative Syndrome Scale
(PANSS) (11).

Procedures

Isolation of PBMC. Blood samples were obtained
via phlebotomy into citrate phosphate dextrose
adenine (CPDA) wvials (Sarstedt.
between 7:00 a.m. and 8:00 a.m. after an overnight
fast. PBMC were collected by applying the stan-
dard Ficoll-Paque Plus isolation procedure (GE
Healthcare, Munich, Germany). For RNA isola-
tion, the miRNeasy Mini Kit (Qiagen, Hilden.
Germany) was used. The cDNA was transcribed
from 1 pg of total RNA with a mixture of oligo-
dT and hexamer primers, dNTPs, DTT and 200U
SuperScriptIII (Life Technologies GmbH. Darms-
tadt, Germany). The mixture was incubated for
10 min at 25°C, 45 min at 50°C, and 45 min at
55°C.

Quantitative  real-time  reverse  transcriptase—

polymerase chain reaction (qRT-PCR). For the
qRT-PCR, the cDNA was diluted 1:25 in a 10-pl
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Table 1. Sociodemographic and clinical characteristics of four patients with rapid cycling bipolar disorder

Patient 1 (male)

Patient 2 (male)

Patent 3 (male)

Patient 4 (female)

Sociodemographic data

Year of birth
Education, years®

1958
10 + 3.6

1962
9+35

1941
13 + 6.0

1959
9

Employment Early retirement® Early retirement® Early retirement® Early retirement®

Disease course

Age of onset, years 20 27 22 50

Phases/year 8-10 4.5 10-12 12-16

Psychopathology

Phase M D M D M D M D

HAM-D score 0-5 8-28 0-5 13-16 5-9 8-33 0-2 12-17

BDI score n.p. 20-36 8 n.p. 7-25 8-48 7-10 13-17

YMRS score 14-20 0-1 23-27 0 9-26 0 12-17 0-1

PANSSq1a sCOrE 33-45 31-53 48 49-60 39-55 37-85 38-43 25-92

Suicidality No Thoughts No Thoughts No Thoughts No Thoughts

Autonomic and physical signs

Phase M D M D M D M D

Sleep Less Increase Less Increase Less Less Less Less

Appetite Increase Loss Loss Loss Increase Loss Increase Loss

Weight No change Loss Gain Loss No change Loss No change No change

Medication

Present QTP, LTG, VAL, Perphenazine, LTG, VAL, Venlafaxine, aripiprazole, Venlafaxine, QTP,
L-thyroxin melperone, citalopram L-thyroxin lithium, LTG, ECT

Past Lithium Lithium, carbamazepine,  Lithium, bupropion, LTG, Lithium

haloperidol,
levomepromazine,
benperidol,
olanzapine, clozapine,
phenobarbital, ECT

VAL, QTP, lorazepam, ECT

BDI = Beck Depression Inventory; D = depressed phase; ECT = electroconvulsive therapy; HAM-D = Hamilton Depression Rating
Scale; LTG = lamotrigine; M = manic phase; n.p. = not performed; PANSS = Positive and Negative Syndrome Scale; QTP = quetia-

pine; VAL = valproate; YMRS = Young Mania Rating Scale.
“School education + professional training.

PAge = 41 years.

“Age = 47 years.

9Age = 51 years.

reaction mix, containing 5 pl of SYBR Green (Life
Technologies GmbH) and 1 pmol of each primer.
The following primer sequences were employed:

(1) PTGDS: 5 CGGCTCCTACAGCTACCG 3%
(forward); 5 CAGCGCGTACTGGTCGTA 3
(reverse)

(i) AKRIC3: 5 CATTGGGGTGTCAAACTT
CA 3 (forward); 5 CCGGTTGAAATACGGAT-
GAC 3 (reverse)

(iii) COX2pn: 5 GAGCAGGCAGATGAAA-
TACCAG 3 (forward): 5 GTTGGAAGCACTC
TATGGTGACA 3’ (reverse)

(iv) PTGS2: 5 GATCCCCAGGGCTCAAACAT
3’ (forward); 5 TCATATTTACGGTGAAACT
CTGG 3/ (reverse)

(v) P2RX7: 5" AGGAAGAAGTGCGAGTCCAT
3 (forward); 3 CTGCTGGTTCACCATCCTAA
3’ (reverse)

(vi) GAPDH: 5
CACC 3 (forward); 5 TGCTGTAGCCAAATTC
GTTGT 3 (reverse)

The samples were run with technical triplicates
on the LightCycler480 system (Roche Diagnostics
GmbH, Mannheim, Germany) with the following
profile: pre-heating at 95°C for 10 min; 45 cycles
of 95°C for 15 sec and 60°C for 1 min. Cycle
threshold (CT) values were standardized to CT
values of GAPDH. In order to control for intra-
and interplate variability due to technical reasons.
a reference sample. containing cDNA from pooled

3
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PBMC-derived mRNA from four healthy controls,
was included at the beginning, in the middle, and
at the end of each plate. The values standardized
to GAPDH were further standardized to the mean
CT value of the reference sample in the respective
plate.

Statistical analyses

All  numerical results are presented as
mean + standard deviation (SD) in the text and

mean + standard error (SEM) in the figures. Stu-

dent’s 7-test (two-tailed or one-tailed if applicable)
was performed using GraphPad Prism version 5.04
for Windows (GraphPad Software, San Diego.
CA, USA).

Results

In our previous rapid cycling case report, a signifi-
cant decrease in the severity of depressive as well
as manic symptoms was observed upon treatment
with the COX2 inhibitor celecoxib (3). During a
depressed phase, the patient decided to discontinue
celecoxib treatment. This gave us the opportunity
to monitor psychopathology upon discontinuation

of celecoxib (using HAM-D and YMRS). As illus-

trated in Figure A, values returned to pretreat-
ment levels.

This finding further indicated a causal involve-
ment of prostaglandins in rapid cycling and
encouraged us to start the present prospective
observational study, aiming to reproduce the
expression shifts of prostaglandin-related genes in
rapid cycling. In parallel, we included bipolar
affective disorder and monopolar depressed
patients. During the recruitment process, a total of
seven rapid cycling patients (three male and four
female) were identified, of whom four (three male
and one female) agreed to return for frequent regu-
lar follow-up investigations including blood sam-
pling. Patient characteristics of these four
individuals, including sociodemographic. psycho-
pathological and medication data, are given in
Table 1.

All four patients were receiving social security
insurance after early retirement due to permanent
disability. With at least four affective episodes per
year, the diagnosis of rapid cycling was supported
in all subjects. Mood stabilizers, antipsychotics.
and antidepressant medication were given in previ-
ous years with very limited success.

In these patients, we explored the expression
in PBMC of PTGDS and AKRIC3, the two
genes involved in prostaglandin synthesis which

Bl were previously found to be regulated during

4
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Fig. 1. (A) Psychopathology rating of a female patient with IE
severe rapid cycling before, during, and upon cessation of cel-
ecoxib treatment (300 mg/day). Numbers in the columns
denote the number of independent psychopathology ratings in
the respective episodes. Mean + standard error is presented.
HAM-D = Hamilton Depression Rating Scale; YMRS =
Young Mania Rating Scale. (B) Prostaglandin synthesis path-
way illustrating the position of the enzymes encoded by the
genes of interest (34-37). COX2 = cyclooxygenase-2 (alias
PTGS?2 = prostaglandin-endoperoxide synthase 2); PGG2 =
prostaglandin G2: PGH2 = prostaglandin H2;: PGE2 = pros-
taglandin E2; PGJ2 = prostaglandin J2; PGF2y = prostaglan-
din F2o: PGD2 = prostaglandin D2; PGF-M = prostaglandin

F metabolites; PTGDS = prostaglandin D2 synthase;
AKRIC3 = aldo-ketoreductase  family 1. member C3:
PGES = prostaglandin E synthase; /5-OH-PG-DH = 15-hy-
droxyprostaglandin dehydrogenase.

episodes (Fig. 1B) (3). As a new central readout
in prostaglandin synthesis-related genes, we addi-
tionally determined the ratio of PTGS2/COX2-
PAN. COX2, better referred to as COX2PAN. has two
splice variants, P7GS2 and COX2a, the latter
having been identified in platelets (12, 13). To
specifically address potential alterations of the
brain-expressed P7GS2 (14, 15) in relation to
COX2p,y. we calculated their ratio. As a
non-prostaglandin-related  control gene, not
indisputably associated with bipolar disorder
(16-18). we utilized P2RX7 encoding the P2X Ml
purinoceptor 7.
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Fig. 2. Episode-specific gene expression in four rapid cycling patients. (A) Relative expression level of the genes of interest in all four
patients together during all available manic and depressed phases. For comparability of expression shifts among patients, every sub-
ject's episodic shifts were normalized to his individual mean value (100%). (B-E) Presentation of individual raw data (normalized to
GAPDH) for all patients separately. The n values given in brackets in (A)«(E) represent the total numbers of samples taken per aflec-
tive state. in (A) referring to all four patients, and in (B)~(E) referring to individual patients. Mean =+ standard error is presented.
AKRIC3 = aldo-ketoreductase family 1. member C3; P2RX7, purinergic receptor P2X, ligand-gated ion channel 7; PTGDS = pros-
taglandin D2 synthase: PTGS2 = prostaglandin-endoperoxide synthase 2.

Figure 2A integrates the PBMC gene expression
levels of all repeated measurements during manic
and depressed episodes for all four rapid cycling
patients. For this integrative approach, data
obtained from each individual patient had to be
first standardized to the individual mean expres-
sion level of each gene. This was done by calculat-
ing the mean of all measured values per gene
regardless of episode, and setting it to 100%. All
individual data obtained were then expressed for

P#] cach gene as a percentage of this mean value. This

allowed the integration of all patients with their
repeated measurements into Figure 2A. The
necessity for processing using this method

PX] becomes obvious upon inspection of the variable
PZ] individual expression levels shown in Figures 2B

E. The individual patient panels reveal a consis-
tent trend of an upregulation of PTGDS mRNA
during depressed phases as detected in our origi-

nal case (3). In contrast. AKR/C3 showed only an
inconsistent trend of increased expression, which
failed to become significant in the integrative
approach (Fig. 2A). The new readout P7GS2/
COX2p,n revealed a trend of an increase in
depressed episodes in three of the four subjects,
resulting in borderline significance upon integra-
tion. The control gene, P2RX7, did not show any
steady trend in these four patients.

Figures 3A-D display the raw data (normalized
to GAPDH) for PTGDS, AKRIC3., P2RX7 and
PTGS2/COX2pan mRNA expression in PBMC
obtained from 43 patients with bipolar disorder in
manic, depressed, hypomanic, and euthymic epi-

sodes, respectively (total N = 162). Analogously,

Figures 3E-H present data for 97 patients with
monopolar depression in depressed and euthymic
episodes (total N = 237). Obviously, there is no
evidence of episode-specific expression changes of

5
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. (A-D) Scatter plots of episode-specific gene expression in 162 peripheral blood mononuclear cell (PBMC) samples from 43

pducnls with bipolar disorder. (E-H) Scatter plots of episode-specific gene expression in 237 PBMC samples from 97 patients with
monopolar depression. Each symbol represents the mean value of all data obtained from each individual patient in the respective

phase. Therefore, n values do not add up to sample numbers. The differing numbers (n =

24 versus n = 23) in euthymic phases shown

in (E) and (G) are due to missing data for one patient sample with technical problems in the polymerase chain reaction.

AKRIC3 = aldo-ketoreductase family 1, member C3: P2RX7, purinergic receptor P2X. ligand-gated ion channel 7: PTGDS = pros-

taglandin D2 synthase; PTG S2 = prostaglandin-endoperoxide synthase 2.

these genes in the two groups of patients (Fig. 3).
We note, however, that only a very limited number
of samples per individual (one to four per subject
on average) could be obtained over the recruitment
period of three years, reflecting the much rarer
occurrence of episodes in non-rapid cycling cases.
This precluded an overall analysis of individual
means in a fashion comparable to the rapid cycling
subjects. The possibility thus cannot be excluded
that interindividual mean expression variability
rather than the restriction of a specific role for
prostaglandin-related genes to rapid cycling
accounts for the negative result.

Discussion

In the present study, the prostaglandin synthesis-
related gene expression findings of our previous
case report on a patient with an extreme form of
rapid cycling (3) could essentially be independently
replicated in another four patients with this condi-
tion. The mRNA levels of PTGDS and PTGS2/
COX2pyy were significantly increased in pooled
PBMC samples during depressed episodes. These
findings. together with the observed alleviation of
symptoms under COX2 inhibition in our case
report, support an involvement of prostaglandins
in rapid cycling. In contrast, in the present ana-

6

lyzed PBMC samples from two larger cohorts of
non-rapid cycling bipolar disorder and depressed
patients, no episode-specific expression of these
genes was detected.

We are fully aware that PBMC are not brain tis-
sue (which would be impossible to obtain repeat-
edly during rapid cycling episodes in humans) and
that our sometimes borderline significant findings
could be epiphenomena rather than an indication
of causality. Another limitation of the present
study is the fact that we did not measure and quan-
tify protein or enzymatic products and metabolites.
For this, the required amount of material for reli-
able, repeated analyses would not easily be avail-
able and most likely be subject to even higher
variability than already observed for mRNA
expression. Nevertheless, the efficacy of prosta-
glandin-targeting treatment and its complete loss
upon cessation thereof in the reported case may
underscore at least some causal relationship of the
mRNA expression changes measured here with the
disease process.

Remarkably, recent clinical trials used COX2
inhibitors for treatment of affective disorders with
the idea of applying an anti-inflammatory strategy
to these diseases (6. 7. 19-21). Even though our
approach was originally derived from our patho-
logical hibernation hypothesis (3), the effectiveness
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of these regimens lends further support to a causal
role of the prostaglandin cascade in these illnesses.
According to the present findings, PTGDS as

EHl the enzyme responsible for formation of PGD»
B# apparently plays a predominant role in rapid

cycling. Notably, a recent report on attention-defi-
cit hyperactivity disorder, which is even considered
as a possible prodrome of bipolar disorder (22),
described elevated expression of P7TGDS in this

Prostaglandins in rapid cycling

be helpful to gain mechanistic insights into the dra-
matic and disabling intraindividual behavioral
shifts in humans. We envision that transgenic mice
with inducible and reversible PTG DS expression in
the brain might be useful as a first step to model
and study episode-specific gene expression changes
and their behavioral consequences.

Interestingly, in a recent genome-wide associa-
tion study in bipolar disease, a significant associa-

tion signal [single nucleotide polymorphism (SNP)
rs4650608] was found in close proximity to PTGFR

condition (23).
RR] In contrast to PTGDS. we were unable to reli-

ably replicate the episode-specific expression pat-
tern of AKRIC3 observed in our previously
reported case. PTGDS and AKRIC3 are function-
ally closely related regarding the generation of

PGF, metabolites from PGD- (Fig. 1B). The con-

sistently higher expression in depressed phases of

PTGDS but not AKRIC3 may emphasize a central

role of its product, PGD», in mood and sleep regu-
lation (24-28), with also the latter heavily affected

in bipolar disorders (29). A strong stimulation or

accumulation of PGD, in the course of a severe
rapid cycling syndrome may lead to a more pro-
nounced induction of AKRIC3 (30). This could
explain the increase in AKR/C3 in the original case

BBl (3) and would also be consistent with the similar

tendency observed in patient 3 with his particularly

RI accentuated psychopathology (Table 1).

Although the involvement of prostaglandins in
rapid cycling is further supported by this study, no
conclusions can be drawn at this point regarding
non-rapid cycling bipolar disorder or monopolar
depression. This may be due to the limited number
of blood samples per individual obtained within
the relatively short recruitment and follow-up per-
iod of <3 years. High interindividual variation in
PBMC-derived mRNA expression levels and the
small number of samples per individual (preclud-
ing a calculation of individual mean expression
values as performed here for rapid cycling patients)
may have veiled a potential regulation of prosta-
glandin-associated genes. An alternative explana-
tion could be that rapid cycling constitutes a
biologically separate subgroup of bipolar disease
involving prostaglandins and resembling features
of the hibernation program (4, 5. 31, 32). Prospec-
tive studies on more subjects and with longer indi-
vidual follow-up with more PBMC samples per
person would possibly help to clarify this issue.
The beneficial effects of the use of COX2 inhibitors

as an anti-inflammatory strategy obtained in recent

clinical trials for affective disorders (6, 7. 19-21),
however, may already indicate a broader role of

(33). This lends further support to the hypothesis
that prostaglandins are causally involved in the
pathogenesis of bipolar disorder. The low odds
ratio (1.14 for the T allele) would support the
notion that only a subgroup of individuals may be
characterized by a genetic predisposition involving
the prostaglandin pathway.

To conclude, the present data indicate once
more a potential causal relationship of the prosta-
glandin system with rapid cycling bipolar disorder.
Based on these findings, the development of novel
treatment strategies for rapid cycling and of ade-
quate animal models to study the pathogenesis of
this severe disorder should be encouraged.
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altered.
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activity and intact sensory percep-
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Neuroligin2-deficiency affects brain
circuits  that coordinate social
behaviours.

Mutant flies display the behavioural
core symptoms of autism spectrum
disorders.
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ABSTRACT

Autism spectrum disorders (ASDs) are characterized by deficits in social interactions, language develop-
ment and repetitive behaviours. Multiple genes involved in the formation, specification and maintenance
of synapses have been identified as risk factors for ASDs development. Among these are the neuroligin
genes which code for postsynaptic cell adhesion molecules that induce the formation of presynapses,
promote their maturation and modulate synaptic functions in both vertebrates and invertebrates.
Neuroligin-deficient mice display abnormal social and vocal behaviours that resemble ASDs symptoms.

Here we show for the fly Drosophila melanogaster that deletion of the dnl2 gene, coding for one of four
Neuroligin isoforms, impairs social interactions, alters acoustic communication signals, and affects the
transition between different behaviours. dnl2-Deficient flies maintain larger distances to conspecifics
and males perform less female-directed courtship and male-directed aggressive behaviours while the
patterns of these behaviours and general locomotor activity were not different from wild type controls.
Since tests for olfactory, visual and auditory perception revealed no sensory impairments of dnl2-deficient
mutants, reduced social interactions seem to result from altered excitability in central nervous neuropils
that initiate social behaviours. Our results demonstrate that Neuroligins are phylogenetically conserved
not only regarding their structure and direct function at the synapse but also concerning a shared impli-
cation in the regulation of social behaviours that dates back to common ancestors of humans and flies.
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In addition to previously described mouse models, Drosophila can thus be used to study the contribution
of Neuroligins to synaptic function, social interactions and their implication in ASDs.

© 2013 Published by Elsevier B.V.

1. Introduction

Neuroligins represent a family of postsynaptic cell adhesion
molecules that establish bidirectional trans-synaptic signalling
complexes via association with presynaptic neurexins [1-3]. Neu-
roligins’ intracellular domains are important for the accumulation
of postsynaptic density proteins (including PSD-95, SAPAP, Homer
and subunits of metabotropic and ionotropic glutamate recep-
tors at excitatory synapses and collybistin, S-SCAM and GABAx-
or glycine receptors at inhibitory synapses) through direct associa-
tion with Shank or gephyrin scaffolding proteins [3-5]. Neuroligins'
extracellular domains bind presynaptic Neurexins which serve as
organizers for presynaptic scaffolding proteins and proteins of
the synaptic release machinery [G]. Different genes and a num-
ber of splice variants of these trans-synaptic adhesion proteins
have been suggested to contribute to a combinatorial code that
determines synapse identity and network connectivity during brain
development [3]. Impairments of several components of this trans-
synaptic signalling complex, including Neuroligins, Neurexins, and
Shanks, have been associated with autism spectrum disorders
(ASDs) [1,2,4,5.7] that are characterized by three core behavioural
symptoms: impairment in language and communication, deficits
in social interactions and stereotyped repetitive actions.

Though Neuroligins can induce the formation of presynapses
they are not required for synaptogenesis but rather promote the
maturation, maintenance and activity dependent modulation of
synapses [8-10]. In humans, especially neuroligin 3 and neuroligin
4 have been linked to autistic phenotypes [11] and mice defi-
cient of these or other neuroligin genes have impaired synaptic
release [8,9] and plasticity [10] and display abnormal social and
vocal behaviours [12-15]. Deficits in social behaviour of mice and
humans are suggested to arise from unbalanced excitatory and
inhibitory synaptic signalling in relevant brain circuits [ 16] caused
by inactivation of particular Neuroligin isoforms that preferably
function at excitatory or inhibitory synapses [8,17,18].

Neuroligins and Neuroligin-Neurexin trans-synaptic interac-
tions are conserved from nematodes, molluscs, and insects to
mammals [19]. Insects, like mammals, contain multiple neuroli-
gin genes that lead to a variety of protein isoforms by alternative
splicing [20]. Phylogenetic analyses of neuroligin gene sequences
revealed distinct clusters of vertebrate, insect and nematode
homologs that emerged from a single common ancestor in sea
urchins [20]. Drosophila contains four neuroligin genes (dnll-
4) none of which displaying a particular similarity with one
of the human orthologs. Only two of these four neuroligins in
Drosophila melanogaster, dnl1 specifically expressed in muscle and
dnl2 expressed in muscle and neuronal postsynapses, have so far
been studied for their role in the formation and function of neu-
romuscular junctions (NM]). Absence of either Dnl1 or Dnl2 does
not prevent NM] formation but interferes with NM]| expansion,
active zone addition, and the molecular composition of glutamate
receptors during subsequent muscle development causing an over-
all reduced (dnl1 deletion) or increased (dnl2 deletion) synaptic
excitation in the mature neuromuscular system [21,22].

A large number of human disease genes have well conserved
homologues in the Drosophila genome [23] and Drosophila is
increasingly used to study mechanisms of neurodegenerative and
neurological diseases (e.g. Parkinson's Disease; Alzheimer's Dis-
ease, fragile x syndrome) while its potential value as a model
system for disorders that are mainly diagnosed by psychiatric phen-
otypes has not yet been recognized (reviewed in [24]).

Given the association of human Neuroligins with ASDs and
assuming that social behaviours are regulated by central nervous
circuits (which excludes a role of dnl1 being exclusively expressed
at the neuromuscular junction) we analyzed acoustic communica-
tion signals and social behaviour of a Drosophila dnl2 null mutant
(dni2X917generated and characterized for its function at the NM]
by Sun et al. [22]). Our studies revealed characteristic alterations
in social interactions and communication patterns that resem-
ble autism-like phenotypes described in ASD patients and mouse
models for this disease. Since control experiments revealed no
impairments of motor coordination, general activity and periph-
eral sensory processing, the observed behavioural phenotypes of
dni2-deficient flies must result from altered excitability in cen-
tral nervous circuits that initiate and coordinate social and other
behaviours in Drosophila.

2. Materials and methods
2.1. Animals

Studies were performed with wild type CantonS Drosophila melanogaster and
a dnl2-deficient mutant line (dnl2X0'7) generated by targeted knockout of the dnl2
genomic locus |22). The mutants had been outcrossed into Canton S background
through several generations. Virgin 7 day old decapitated wild type females were
used as courtship targets. Behavioural tests were performed with 7-12 days old
socially naive males, that have beenisolated for individual housing within two hours
after eclosion. All recordings were made at room temperature (20-22 'C).

Some experiments were repeated with another dni2-deficient mutant line
(dnl2k072) |22], showing similar though in most cases weaker effects on acous-
tic communication signals and social interactions. Similar studies were also
attempted with neurexin-deficient D, melanogaster (dnrx1 described in [25]). Since
these flies had severe locomotor impairments and were not able to produce
any acoustic communication signals, there detailed behavioural analysis was not
completed.

2.2, Sound recordings

Male courtship songs were recorded with a microphone (Bruel & Kjaer Type
4165) mn a soundproof chamber, amplified, band pass filtered (70-5.000Hz)
and directly digitized with a sampling [requency of 44.100 Hz. The software
Audacity 1.3.12beta (http://audacity.sourceforge.net) was used for acoustic data
acquisition and analysis. Frequency spectra were determined by Fast Fourier
Transformation with a 4096 width Hanning window. Maximal song intensities
were compared on a relative basis from recordings with identical settings, reg-
istered as dBFS (logarithmic scale without absolute calibration) by the Audacity
software. Statistical comparison of song parameters (usually not normally dis-
tributed but with equal variance) was performed with the Mann-Whitney rank sum
test.

2.3, Interindividual distance assay

Ten mature flies (5 males and 5 females) of same genotype were simulta-
neously aspirated into an equally illuminated featureless round arena (¢ 65 mm).
Flies were allowed to disperse and explore the arena for 5 min. Subsequently, their
individual positions were recorded (at 100 Hz frame rate with a Dalsa GigaE (Dalsa)
camera) during five periods of 1 min duration, starting at 5, 8, 11, 14 and 17 min
alter introduction to the arena. Three experiments were performed with both wild
type and dni2*°’" mutant flies giving data for 30 flies per genotype. Flies” positions
and orientations were tracked with the ivTools software suite (developed by Linde-
mann & Braun, https://opensource.cit-ec.de/projects/ivtools). MatLab (Mathworks
Inc.) was used to determine the median distance of each fly to all other flies in
the assay on 60,000 frames per experiment and to calculate its median distance
to the other flies over the entire observation period. Durations of males' unilateral
wing extensions were determined from the recorded movies by an observer that
was blind to the genotype of the flies. For statistical analysis of the results per-
mutation tests on the differences between the medians of different experimental
groups were performed. Permutation tests belong to the family of exact signifi-
cance test as first introduced by Fisher [26] and refined by various authors [e.g.
27,28].
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2.4. Competitive courtship assay

One day before behavioural testing male flies were labelled by small dots of
acrylic paint on the dorsal thorax. Behavioural assay was performed with one
decapitated virgin female and two males that were simultaneously aspirated into
a round arena (¢ 9mm), After 5min acclimatization, behaviour was recorded
from above with a webcam (Hercules, Deluxe Optical Glass) with a frame rate of
30 Hz during observation periods of 15 min and movies were stored in avi format.
Courtship and agonistic interactions during the 1st, 4th, 7th, 10th and 13th minute
were scored through analysis of individual frames (2 Hz temporal resolution) by
an observer that was blind to the genotype of the flies. Statistical analysis was
identical to evaluation of data from mter individual distance assays. Since the
same data set was used for comparison more than one time, we corrected the
p-values with the Benjamini-Hochberg procedure [29,30]. For calculations we used
the Matlab implementation of Benjamini and Hochberg’s procedure by David M.
Groppe, Dept. of Cognitive Science, University of California, San Diego (http://www.
mathworks.com/matlabcentral/fileexchange/29274-mass-univariate-erp-toolbox/
content/fdr bh.m),

2.5. Circadian locomotion assay

Flies were placed in glass tubes (¥ 3 mm; length 7 mm) sealed with food on one
end and with a gas permeable cap on the other. The glass tubes were introduced into
a special incubator for assessment of circadian activity (Tritech Research, CircKinet-
ics). Midline crossings of individual flies were automatically counted for 96 h (4 days
with 12:12 h light:dark cycles at 24 'C) starting with the first complete light phase
>15h after introduction to the tubes. Numbers of flies’ centre crossings were not
normally distributed and therefore evaluated by ANOVA on ranks (Kruskal-Wallis)
and post hoc Mann-Whitney rank sum test.

2.6. Electroretinogram

Flies were waxed to a teflon holder and placed in a dark box. Light stimuli were
generated with a 3 W white InGaN-LED (model ASMT-MWE2-NMNOO, Avago Tech-
nologies). Stimuli were delivered through a glass optical fibre (1 0.5 mm) contained
in a hypodermic needie whose opening was positioned perpendicular to the eye's
surface at a distance of 0.5 mm. The hypodermic needle was connected with the eye
via a drop of conductive gel (SignaGel, Parker Laboratories) to serve as recording
electrode. A second sharp hypodermic needle was impaled below the fly's scutellum
as indifferent electrode. Recorded signals were amplified with a custom built high
input-impedance DC amplifier, A/D converted with a sampling rate of 20 kHz with
a Micro1401-3 data acquisition box (Cambridge Electronic Design) and registered
with Spike 2 (version 7.09, Cambridge Electronic Design).

2.7. Auditory functions

Peripheral auditory functions were tested as described in [31]. Vibrations of the
flies’ sound receiver, the arista, were measured by laser Doppler vibrometry (PSV-
400, Polytec GmbH), Best frequencies of arista oscillations were determined from
the power spectrum of its vibrations in the absence of sound stimulation. Anten-
nae were stimulated with pure tones at their individual best frequency and with
artificial pulse song (inter pulse interval 30 ms, carrier frequency 170 Hz). Stimulus
particle velocity at the fly's position in the sound field was measured with a pres-
sure gradient microphone (Emkay NR 3158, Knowles Electronics Inc.). Compound
action potentials (CAPs) were recorded with an electrolytically tapered tungsten
electrode inserted between antenna and head and the indifferent electrode placed
in the scutellum. Recorded signals during stimulation with different sound inten-
sities were digitized with 12.1 kHz sampling rates and subjected to Fast Fourier
Transformation. CAP amplitudes were determined as Fourier amplitudes at twice
the stimulus frequency,

3. Results
3.1. Acoustic communication signals

Courtship songs of dnl2-deficient males contained regular pulse
and sine songs (Fig. 1A) as typically produced by wild type flies
during courtship [32]. The average inter pulse interval, a temporal
parameter critical for species recognition and song attractiveness
[33], was significantly shorter in pulse songs of dnl2X9!7 mutants
(45ms) than in wild type males (47.6 ms; p=0.009) (Fig. 1B). In
contrast, regularity and numbers of pulses within pulse trains,
sound intensity of pulses, numbers of oscillations per pulse, and
average intra pulse frequencies (wild type: 214.6 Hz; dnl2¥0'7:
230.7 Hz) were not different between genotypes. Sine songs of
dnl2X917 mutants were significantly reduced in volume compared
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Fig. 1. Acoustic communication signals of male dnl2-deficient and wild type D.
melanogaster. (A) Oscillogram of a courtship song with typical pulse song and sine
song patterns generated by a dnl2*°'” mutant male. Inter pulse interval (IP1) is indi-
cated. (B) dnl2¥®"” mutant males have sharter IPl duration than wild type flies (wt).
N=10 for each genotype, each value represents the average of IPls from three ran-
domly chosen pulse trains with at least 14 pulses, (C) Sine song intensity is reduced in
dnl2¥°"7 mutant males compared to wild type males. n=10 for each genotype, each
value represents the average of the maximal sound intensities from three randomly
chosen sine songs.

to those of wild type males (p<0.001) (Fig. 1C) but did not differ
in any other characteristic including the average sine song fre-
quency (wild type: 125Hz; dnl2X017: 121.8 Hz) and the duration
of sine song sequences. Thus, courtship songs of dnl2X°!7 mutants
were similar to those of wild type D. melanogaster in all except two
parameters, the duration of inter pulse intervals and the intensity
of sine songs.

3.2. Inter individual distance and transition between behaviours

To study the distribution and behaviour of small fly groups,
we placed five male with five female flies of the same genotype
into a featureless round arena. The median distance of individ-
ual flies to all other flies in the arena was significantly larger
in dnl2X017 mutants (median 34.94 mm) than in wild type flies
(median 30.09 mm) (Fig. 2A). While the median average distance
between wild type flies gradually increased over the 5 observa-
tion periods of 1 min duration (from 26.12 to 34.25 mm), dnl2K0!7
mutants maintained large inter individual distances already in
the first observation period (median average distance: 38.11 mm)
with no regular increase in subsequent periods (Fig. 2B). This
resulted in a gradual decrease of differences between wild type and
mutant flies’ median average distances with assay duration (from
p=0.0005 in minute 5-6 to no difference in minute 17-18). In con-
trast, typical male to female distances during courtship where not
different between wild type and dnl2X017 flies. If courted females
moved away, wild type males immediately retracted the wing that
produced the courtship song (median until wing retraction: 9.85s).
dnl2-deficient males adjusted their behaviour to the new situa-
tion after longer latencies (median: 42.19s) and spent much longer
periods with one extended wing than wild type males (Fig. 2C).
A similar defect in timely switching from one behaviour to the
next was concerned with locomotor patterns. While wild type
flies change walking directions by stopping, turning into the new
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Fig. 2. Group behaviour of wild type and dni2-deficient D. melanogaster. (A) dnl2X9!7 mutant flies maintain a larger median distance to nine conspecifics in a featureless
arena than wild type flies (wt). dnl2¥?'7: median 34.94 mm, wt: median 30.09 mm, p=0.00001. N=30 flies per genotype assayed in three trials with 10 flies; total of 5 periods
of 1 min duration. (B) Average inter individual distances during the 5 individual periads analyzed: 5-6, 8-9, 11-12, 14-15 and 17-18 min after introduction into the arena.
Differences of average distance to conspecifics between wild type and mutant flies are large during the first period (5-6: p=0.0005) and gradually decrease until the 5th
observation period (8-9: p=0.0029; 11-12; p=0.0147; 14-15: p=0.0367; 17-18: no difference) due to a steady increase of inter individual distances between wild type
flies. (C) Unilateral wing extension by wild type males was restricted to short periods of courtship in the immediate vicinity of a female. Instead of immediately retracting
the extended wing when the courted female moved away, dnl2¥°!7 mutant males usually did not terminate courtship posture but kept the wing in the extended position for
significantly prolonged periods of time. dnl2€°17; median 42.19s, wt: median 9.85 s, p=0.0242). *Represents p < 0.05, “*represents p< 0.01, **“represents p < 0.001, permutation

tests on median differences.

direction and continue walking, dnl2X%17 mutants do not separate
translational and rotational activity but instead continue walking
into the rotational phase and basically walk in a curve.

3.3. Courtship and agonistic behaviour

In the competitive courtship assay two males switch between
male-male agonistic interactions and courtship towards one
decapitated mature virgin wild type female. Either two socially
naive males of the same genotype (equal assay with two wild
type or two dni2X9!7) or one male of each genotype (mixed assay)
were combined in this assay and the time that each male spent
performing male-directed agonistic behaviour and female-directed
courtship behaviour was determined. In assays with males of
equal genotype, dnl2¥°!7 mutant males spent similar total dura-
tions courting the female, initiated courtship at similar frequencies
but performed courtship bouts with prolonged duration, com-
pared with wild type males (Fig. 3A-C). In mixed assays, where
one dnl2X°17 mutant male directly competed with one wild type
male, the mutants performed less courtship, initiated courtship

more rarely and continued individual courtship bouts for shorter
periods than wild type males (Fig. 3A-C). In assays with two males
of different genotype a large proportion (six out of ten) of dni2-
deficient males performed no courtship at all while courtship
activity of co-assayed wild type males was higher in most individ-
ual pairings but variable between different experiments (Fig. 3A).
Total durations of agonistic interactions were reduced in dnl2¥017
mutant compared to wild type in both equal genotype and mixed
genotype assays (Fig. 3D). The reduced total duration of agonistic
interactions in dni2X0'7 deficient males resulted from a lower ten-
dency (not significant) to initiate respective behaviours in equal
genotype assays (Fig. 3E) and from a shorter duration of indi-
vidual agonistic bouts in mixed genotype competitions (Fig. 3F).
Male fly agonistic encounters are terminated by retraction of the
loser which often stimulates chasing by the winner [34] and the
duration for which a fly continues an encounter has been asso-
ciated with its aggressive motivation [35]. Our results therefore
suggest a reduced motivation of dni2-deficient males to engage
in both male-directed agonistic interactions and female-directed
courtship.
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Fig. 3. Competitive courtship assays with wild type and dnl2-deficient D. melanogaster. (A) In assays with males of equal genotype (EA, first and second column)
dnl2¥"” mutant males spent slightly less time (not significant) courting the female than wild type (wt) males. When males of both genotypes directly competed in
the same assays (MA. third and fourth column) dn{2%¢!7 mutant males hardly courted at all (significantly less than in equal genotype assays) and wild type males
displayed prolonged total courtship duration. (B) dni2-deficient males initiated courtship as frequently as wild types in equal genotype assays often but displayed
reduced courtship initiation in direct competition with wild type males. (C) Individual courtship bouts of dni2-deficient males were longer than those of wild type
males in equal genotype assays but shorter during direct competition in mixed genotype assays. (D) In assays with males of equal genotype (EA, first and second col-
umn) and during direct competition of males from both genotypes MA (third and fourth column) dnl2-deficient flies spent less time performing agonistic behaviours
than wild type flies. (E) The tendency (no significance) to initiate aggressive encounters of dnl2-deficient males compared to wild type males was reduced in equal
genotype assays but enhanced (due to low initiation frequency of wild types) during direct competition in mixed genotype assays. (F) If aggressive encounters were
initiated in mixed genotype assays, their duration was significantly prolonged in wild type males. Each column contains data from N=10 socially naive males, analy-
sis includes five periods of 1 min each from assays of 15min duration. ‘Represents p<0.05, “*represents p<0.01, ***represents p<0.001, permutation tests on median
differences.

To assess whether a reduced general activity or sensory impair- 3.5. Peripheral sensory processing
ments may cause the behavioural alterations of dnl2XC!7 mutant
flies, we performed several tests. Since dnl2-deficient males selectively courted females and

foughtagainst males, processing of chemosensory information con-
cerned with gender and sexual state recognition [37,38| appeared

3.4. General activity to be intact. To exclude potential impairments of peripheral visual
pathways in dnl2X9'7 mutant flies we recorded electroretinograms
As a measure for general activity, we monitored the locomo- (ERGs) from the flies’ compound eye surface. Comparison of ERG-

tor activity of male flies isolated in small glass tubes by counting responses (phasic-tonic responses of photoreceptors and phasic
the number of centre crossings over the course of four days responses of lamina neurons [39]) to different intensities of white
under 12:12 light:dark cycles. Both wild type (compare with [36]) light stimulation revealed no differences between wild type and
and dnl2-deficient flies exhibited rhythmic bimodal activity with dnl2X0!7 mutant flies (Fig. 5A). In order to assess the functionality of
peaks around light to dark and dark to light transitions (Fig. 4). the auditery system flies were acoustically stimulated with pulse
There was no difference in the total number of centre crossings song or pure tones at individual best frequencies of their aristae.
(median wild type =2022 (n=19); median dni2X%17 =2294 (n=20)) Pulse songs were equally well represented in extracellular recor-
but we observed a less pronounced oscillation between high activ-  dings from antennal nerves of wild type and dn/2X0!7 mutant males
ity phases coinciding with light changes and low activity periods in and no significant differences in auditory thresholds were detected
the middle of light and dark periods in dnl2-deficient compared to (Fig. 5B) suggesting that the peripheral components of the auditory
wild type males. system are not compromised by the absence of Dnl2.
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Fig. 4. Locomotor activity of male wild type and dnl2-deficient D. melanogaster. (A )
and C) Average number of centre crossings of wild type (wt) (A, n=19) and dn[2%2'7 Stim
mutant (C, n=20) males during four days under 12:12 h light/dark cycles. Both geno-
types show increased activity coinciding with light/dark and dark/light changes. (B) 50um/s
Total numbers of centre crossings during the four day observation period. Wild type H
and dnl2"®"7 mutant males are equally active. (D) Comparison of average individ-
ual activity between periods of six hours centering around light/dark and dark/light

changes (trans) and six hours in the middle of light or dark phase (const) reveals less
pronounced differences between “active” and “inactive” periods in dnl2X®'” mutant
compared to wild type males.

4. Discussion

Postsynaptic Neuroligins contribute to the formation of bidi-
rectional trans-synaptic signalling complexes that promote pre-
and postsynaptic differentiation and regulate synaptic functions.
It is believed that disturbance of Neuroligin/Neurexin signalling
promotes ASDs phenotypes through impairment of synaptic devel-
opment, synaptic transmission and imbalance of excitatory and
inhibitory synapses in brain circuits implicated in the regulation
of social behaviour [1,2,4,17,18]. Both Neuroligins and Neurexins
are evolutionary conserved [19] and orthologs of various proteins
that associate with them to form functional pre- and postsynaptic
complexes in the mammalian nervous system have been iden-
tified in invertebrate species. Neuroligin/Neurexin trans-synaptic
signalling has been studied in rats and mice, the nematode C.
elegans [9], the mollusc A. californica [40], the honeybee A. mel-
lifera [20] and at the neuromuscular junction of D. melanogaster
[21,22,41]. Results of these studies suggest similar functions of
Neuroligin/Neurexin signalling in the initiation, maturation, trans-
mission and plasticity of vertebrate and invertebrate synapses.

Our study addressed the question whether impairment of
Neuroligin/Neurexin trans-synaptic signalling impacts Drosophila's
social behaviour and whether parallels to ASDs-like phenotypes
reported in humans and mice (summarized in the introduc-
tion) could be detected. Neurexin-deficient males (described in
[25]) displayed severe locomotor defects and were not able to
produce courtship songs, though unilateral wing extension was
occasionally observed (data not shown). A detailed analysis of
neurexin-deficient flies was therefore not performed. In contrast,
mutant lines deficient of the central nervously expressed dnl2 dis-
played no obvious motor impairments and were able to produce
both types of courtship song patterns with the same accuracy as
wild-type Drosophila males, suggesting that the central pattern
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Fig. 5. Visual and auditory perception of male wild type and dnl2-deficient D.
melanogaster (A) Electroretinogram (ERG) recordings: wild type (wt) and dnl2"017
mutant flies respond with typical ERG potentials of similaramplitudes to stimulation
with white light {stim). ERG responses to identical low light intensity (upper traces
in each diagram) and high light intensity (lower traces) stimuli are superimposed
(each trace represents an average of three responses from the same fly). (B) Extra-
cellular recordings of acoustically stimulated compound action potentials (CAPs)
[rom the antennal nerve. Left. Acoustic stimulation with an artificial pulse song (IPI
30 ms; carrier frequency 170 Hz) evokes correlated activity of similar amplitudes in
the antennal nerve of wild type (wt) and dni2%9'7 mutant flies. Right. Stimulation
with pure sine signals of different intensities at the antenna’s best frequency reveals
no difference in response thresholds between wild type (N=5 amimals tested) and
dnl2-deficient (N =3) flies, Each data point represents the average compound action
potential amplitude of one fly to 10 stimuli.

generators for both pulse and sine song seem to function properly.
Comparison of acoustic communication patterns of dnl2-deficient
and wild-type flies revealed two differences, a reduced intensity of
sine songs and shorter duration of inter pulse intervals. The reduced
sine song intensity of dnl2X?17 mutants likely results from a weaker
synaptic transmission at the neuromuscular junction (reported by
[21,22]) causing reduced muscle activation and lower amplitudes
of wing vibrations. The reduced inter pulse interval must result
from altered synaptic properties in thoracic pulse song pattern
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generating circuits and/or differences in the intensity of their acti-
vation by descending brain neurons [42]. The inter pulse interval
is the critical parameter for species recognition and song attrac-
tiveness [33] and deviation from a species-typical range should
reduce Drosophila’s courtship success and reproduction. Altered
ultrasound vocalization was also reported from mouse models for
autism. While mice with impaired Neuroligin/Neurexin signalling
displayed generally reduced calling rates [12,15,43] other mouse
strains with ASDs-like phenotypes displayed abnormal spectral
and temporal song patterns [44]. Similar to the reduced rates of
acoustic communication observed in mice with impaired Neuroli-
gin/Neurexin trans-synaptic signalling, reduced courtship singing
was also observed in our studies on dnl2-deficient Drosophila.

Distances between individuals of D. melanogaster have been
studied in different behavioural settings which distinguished and
emphasized different aspects including dispersal/exploration [45],
intrinsic social space [46-48] or group formation [49]. It has been
demonstrated that inter individual space may depend on the bal-
ance of attractive and repulsive sensory signals, previous social
experience like isolation or mating and also on the type of arena
and the number of flies used for the assay (summarized in [48]).
Our assay, which excluded exploration/dispersal during the first
minutes after introduction into the arena, revealed that wild type
flies initially establish shorter distances to conspecifics that steadily
increase between 5 and 18 min after being placed in the arena, sug-
gesting a gradually decreasing tendency to engage in short range
interactions with other individuals. In contrast, dnl2-deficient flies
displayed this low tendency, reflected in large inter individual dis-
tances, already after 5 min in the arena without showing consistent
changes with progressing time in the arena.

Since dnl2-deficient flies were equally active as wild type flies,
displayed no sensory and motoric impairments, and were able
to produce the typical components of courtship and agonistic
behaviours, their reduced social interactions and impaired tran-
sition between different behaviours (e.g. from courtship singing to
subsequent behaviour; between walking and turning) appear to
result from altered information processing in central nervous cir-
cuits responsible for the initiation and coordination of behaviour.
Especially the mushroom bodies and the central complex, that
express Dnl2 (Chen and Xie, unpublished), have been implicated
in these functions in insects [50,51]. Studies in the honeybee Apis
mellifera revealed expression of various neuroligins and neurexin
in the mushroom bodies [20] and regulation of brain neuroligin and
neurexin expression by social interactions (comparison of isolated
versus hive bees) during early adulthood [52]. This suggests that
Neuroligin/Neurexin signalling may also be involved in behavioural
plasticity resulting from sacial experience, which modulates the
age-related division of labour in honeybee colonies. A similar rele-
vance of activity-dependent neuroligin- and/or neurexin-mediated
synaptic plasticity in the mature brain has also been documented
in mice [53,54] and has recently been implicated in the aetiology
of ASDs [55].

Phenotypes very similar to those described here for dnl2-
deficient Drosophila have also been reported in various mouse
models for ASDs including neuroligin-deficient mice. Behavioural
and cognitive impairments of these mice, as well as ASDs-
symptoms in humans, have been linked to altered balance of
excitation and inhibition in critical brain circuits that normally
results from specific functions of different Neuroligin isoforms at
excitatory and inhibitory synapses [8,17,18] and altered functions
of Neuroligin/Neurexin trans-synaptic signalling complexes [5].
Similarly, differential effects on synaptic properties are also medi-
ated by dnl1 and dnl2 at the Drosophila neuromuscular junction
[21,22]. Since dnlI is expressed in muscle but not in the nervous
system, it will be interesting to see, whether dni3 or dnl4 act as
“balancing counterparts” to dni2 within the nervous system to

establish proper excitation/inhibition ratios. Circuits that regulate
the initiation and intensity of social behaviours including acous-
tic communication may be especially sensitive to disturbances of
neuroligin-mediated synaptic fine tuning and this sensitivity seems
to be shared by humans, mice and Drosophila and probably other
social insects like honeybees. Thus, phylogenetical conservation of
Neuroligins from flies to humans extends beyond their molecu-
lar structure and their direct function at the synapse [19] and also
includes their implication in the regulation of social behaviours.

With a huge battery of genetic tools available, Drosophila can
serve as a useful model to further explore the contribution of Neu-
roligins and functionally associated molecules (e.g. neurexin and
intracellular components of pre- and postsynaptic complexes) for
synaptic functions, regulation of social behaviour and ASDs-related
abnormalities.
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INTRODUCTION
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Severe mental illnesses have been linked to white matter abnormalities, docu-
mented by postmortem studies. However, cause and effect have remained difficult
to distinguish. CNP (2',3'-cyclic nucleotide 3’-phosphodiesterase) is among the
oligodendrocyte/myelin-associated genes most robustly reduced on mRNA and
protein level in brains of schizophrenic, bipolar or major depressive patients. This
suggests that CNP reduction might be critical for a more general disease process
and not restricted to a single diagnostic category. We show here that reduced
expression of CNP is the primary cause of a distinct behavioural phenotype, seen
only upon aging as an additional ‘pro-inflammatory hit’. This phenotype is strik-
ingly similar in Cnp heterozygous mice and patients with mental disease carrying
the AA genotype at CNP SNP rs2070106. The characteristic features in both species
with their partial CNP ‘loss-of-function’ genotype are best described as ‘catatonia-
depression’ syndrome. As a consequence of perturbed CNP expression, mice show
secondary low-grade inflammation/neurodegeneration. Analogously, in man, dif-
fusion tensor imaging points to axonal loss in the frontal corpus callosum. To
conclude, subtle white matter abnormalities inducing neurodegenerative changes
can cause/amplify psychiatric diseases.

myelin areas such as the inner mesaxon, paranodal loops and
Schmidt-Lantermann incisures (Braun et al, 2004; Yu et al,

The CNP gene encodes the enzyme 2',3'-cyclic nucleotide 3'-
phosphodiesterase (CNP) which is present in non-compacted
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1994), and accounts for about 4% of total central nervous
system myelin proteins (Braun et al, 2004). CNP is expressed
early in development of oligodendrocytes (Yu et al, 1994),
increases with onset of myelination and remains detectable in
these cells throughout life (Scherer et al, 1994). In vitro and
in vivo studies demonstrated a regulatory function of CNP for
process outgrowth in oligodendrocytes (Gravel et al, 1996; Lee
et al, 2005; Yin et al, 1997), as well as an interaction with
microtubules, cytoskeleton and RNA (Bifulco et al, 2002; De
Angelis & Braun, 1996; Gravel et al, 2009; Lee et al, 2005).
Studies employing homozygous Cnp-null mutant mice
revealed that Cnp is essential for axonal survival but not for
myelin assembly (Lappe-Siefke et al, 2003). In fact, Cnp—/—
mice show progressive axonal swellings and brain inflammation
with first motor deficits occurring at 4 months that progress to
severe hindlimb paralysis and death at 8-15 months (Lappe-
Siefke et al, 2003). In contrast, Cnp+/— mice with a 50%
reduced Cnp expression do not exhibit any signs of inflamma-
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tion nor of abnormalities in neurological scoring or behaviour at
least until the age of 12 months (Lappe-Siefke et al, 2003; Wieser
et al, in preparation), indicating that lower Cnp levels can be
fully compensated for.

Nevertheless, decreased CNP expression could have patho-
physiological significance. CNP is among the oligodendrocyte/
myelin-associated genes identified to be most robustly reduced
both on mRNA and protein level in postmortem brains of
schizophrenic, bipolar or major depressive patients (Aston et al,
2005; Mitkus et al, 2008; Tkachev et al, 2003). These findings
suggest that CNP reduction might be critical in a more general
disease process and that the potential role of this molecule is not
restricted to a single diagnostic category but of global relevance
for severe mental disorders.

Several genetic association studies have explored a potential
impact of genetic variability in the CNP gene (chr17g21.2, 11Kb)
on the overall risk for schizophrenia, with inconclusive results
so far (Che et al, 2009; Peirce et al, 2006). Interestingly,
however, a synonymous (Gly/Gly) single nucleotide poly-
morphism (SNP), localized in the fourth exon of the gene
(rs2070106), influences CNP expression in the human cortex,
especially in frontal areas, with the rarer A-allele showing lower
expression in comparison to the G-allele (Iwamoto et al, 2008;
Mitkus et al, 2008; Peirce et al, 2006).

Recent work indicates that in major psychiatric disorders like
schizophrenia and depression, low-grade inflammation con-
stitutes a crucial mechanism in the final common disease
pathway (reviewed in Monji et al, 2009). Already the normal
aging process is associated with slightly increased brain
inflammation characterized by, for example, enhanced levels
of pro-inflammatory cytokines, higher microglial numbers and
increased reactivity with augmented expression of microglial
surface markers (reviewed in, e.g. Miller & Streit, 2007;
Sparkman & Johnson, 2008; Streit, 2006).

To address the pathophysiological relevance of reduced CNP
expression, we chose CNP partial ‘loss-of-function’ genotypes
with aging as an additional ‘pro-inflammatory hit’. We
examined old Cnp+/— mice and schizophrenic patients with
the AA versus GG genotype in the CNP SNP rs2070106. We
report here the surprising association of CNP partial loss-of-
function with a catatonia-depression syndrome both in mouse
and man upon aging. Importantly, we provide evidence for late-
onset low-grade inflammation in mice as a plausible pathophy-
siological mechanism. In patients carrying the low-expression
genotype (AA), a comparable process might be reflected by
axonal loss in the frontal corpus callosum as detectable by
neuroimaging.

RESULTS

Brains of aging Cnp-+/— mice are characterized by enhanced
inflammation, astrogliosis and axonal degeneration

Immunohistochemical analysis of mouse brains from age 4 to
26 months revealed an age-related increase in the number of
ionized calcium-binding adapter molecule 1 (IBA-1) and Mac-3
positive microglia, infiltrating T-lymphocytes (cluster of

www.embomolmed.org EMBO Mol Med 4, 528-539
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differentiation 3; CD3) and astrocytes (glial fibrillary acidic
protein, GFAP) in corpus callosum, striatum and anterior
commissure (month 4 vs. month 26: all p<0.01; for wild-type
(Wt) as well as Cnp+/— mice). This increase was significantly
more pronounced in old Cnp+/— as compared to Wt mice
(Fig 1A-H). Axonal swellings (spheroids) as readout of
neurodegeneration were determined in corpus callosum, striatum
and anterior commissure using amyloid precursor protein (APP)
immunoreactivity (Fig 11/J). At the age of 4 months, no positive
APP staining was detected. Thereafter, an age-dependent increase
in axonal swellings became evident, again more prominent in
Cnp+/— mice (Fig 11/J). Determination of Cnp mRNA expression
in brains of young versus old mice revealed a remarkable decrease
upon aging in Wt mice, which, however, still maintained levels
above those in Cnp+/— mice (Fig 1K). In both Wt and Cnp+/—
mice, we found a corresponding age-dependent reduction of
Cnp protein in purified myelin membranes, with the lowest
overall level in aged Cnp+/— (Fig 1L). Proteolipid protein (Plp), a
control protein for compact myelin, also decreased with age but
independent of the Cnp genotype (Fig 1L). Taken together, old
Cnp+/— mice show a more pronounced low-grade inflammatory
phenotype with axonal degeneration compared to Wt mice.

Aged Cnp+/— mice have a slightly elevated anxiety profile
but normal motor activity, coordination and strength

To test whether the pronounced histological changes upon
aging are associated with any behavioural consequences, we
investigated aged (24 months old) Cnp+/— and Wt mice
employing a comprehensive test battery. In the open field test, a
measure for general locomotor activity and anxiety, Cnp+/—
mice tended to spend less time in the centre than Wt (p = 0.096;
Fig 2A). Velocity and total distance travelled in the open field
were comparable in both genotypes (Fig 2B and C), indicating
normal activity. In the elevated plus maze, a classical anxiety
test, open arm visits were reduced in Cnp+/— mice (p = 0.036;
Fig 2D), whereas, the light/dark-box did not yield differences in
the time spent in light (Fig 2E). Freezing behaviour is seen as
another indicator of anxiety/fear in rodents. Cnp+/— mice
showed higher percentage of freezing in the fear conditioning
chamber already at baseline, that is before measurement of
conditioned or cued memory (p = 0.007; Fig 2F), precluding the
use of fear conditioning for memory assessment in these mice.
Like basic motor activity, which proved to be normal, motor
performance, coordination and motor learning, as evaluated in a
2-day rota-rod testing, were not different between genotypes
(Fig 2G). Also, gait analysis detected no motor abnormalities or
ataxia (see, e.g. Fig 2H depicts forelimb stride of left and right
paw) and muscle strength, measured by the grip strength test,
did not differ between genotypes (Fig 2I). To summarize,
24 months old Cnp+/— mice show normal overall motor
performance and a mildly elevated anxiety profile in different
anxiety-relevant tests compared to Wt mice.

Aged Cnp+/— mice show impaired social and
exploratory behaviour

Social behaviour of aged Wt and Cnp+/— mice was tested in a
three-partite chamber. This test measures the preference of a
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Figure 1. Low-grade brain inflammation and axonal degeneration in aged Cnp+/— mice.

A. Representative microscopic images of the corpus callosum from 4 months (upper panels) and 26 months (lower panels) old Wt and Cnp+/— mice,
immunostained for IBA-1; scale bar 20 pm.

B. Bar graph gives the age-dependent quantification of the total number of IBA-1 positive microglia in the corpus callosum of Wt and Cnp+/— mice. For all
quantifications (B, D, F, H, )), n numbers indicated; mean - s.e.m. presented; two-sided Student’s t-test used.

C. Representative microscopic images of the corpus callosum from 4 months (upper panels) and 26 months (lower panels) old Wt and Cnp+/— mice,
immunostained for Mac-3; scale bar 20 um.

D. Bar graph gives the age-dependent quantification of the total number of Mac-3 positive microglia in the corpus callosum of Wt and Cnp+/— mice.

E. Representative microscopic images of the corpus callosum from 4 months (upper panels) and 26 months (lower panels) old Wt and Cnp-+/— mice,
immunostained for CD3; black arrows exemplify respective positive cells; scale bar 20 pm.

F. Bar graph gives the age-dependent quantification of the total number of CD3 positive T-lymphocytes in the corpus callosum, striatum and anterior
commissure of Wt and Cnp+/— mice.

G. Representative microscopic images of the corpus callosum from 4 months (upper panels) and 26 months (lower panels) old Wt and Cnp+/— mice,
immunostained for GFAP; scale bar 20 um.

H. Densitometrical quantification of the GFAP positive area in the corpus callosum.

I. Representative microscopic images of the striatum from 4 months (upper panels) and 26 months (lower panels) old Wt and Cnp+/— mice, immunostained for
APP; black arrows exemplify respective positive cells; scale bar 20 um.

). Bar graph gives the age-dependent quantification of the APP positive axonal swellings in the corpus callosum, striatum and anterior commissure of Wt and
Cnp+/— mice.

K. Cnp mRNA expression level of Wt and Cnp-+/— mice at months 2 and 24, normalized to mean value of ATP synthase subunit beta (Atp5b) and acidic ribosomal
phosphoprotein PO (Rplp0) as housekeeper genes and to 2 months old Wt (1.0); mean =+ s.e.m. presented; two-sided Student’s t-test used.

L. Cnp protein expression of Wt and Cnp+/— mice at months 2 and 24, compared to Plp as control protein of compact myelin; * low-size band detected in aged
brain myelin with the Plp antibody directed against the C-terminus of PLP/DM20.

530 © 2012 EMBO Molecular Medicine EMBO Mol Med 4, 528-539 www.embomolmed.org
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Figure 2. Aged Cnp+/— mice show a phenotype composed of catatonia, depression, loss of interest, impaired social interaction and anxiety.

A-C Open arm parameters.
Elevated plus maze.
Light/dark box paradigm.

Rota-rod.

Gait analysis.

Grip strength.

Sociability testing in the three-partite chamber.

Hole board.

Floating rate in a 90s swim trial.
Tail suspension test.

Bar test for catatonia.

oMoz rxT--rommo

Baseline freezing in the context and cue memory task of fear conditioning.

Buried-food finding test — latency to find hidden versus visible food pellets.

Typical posture of a catatonic Cnp+/— mouse during the bar test; see also videos of Supporting Information.
Behavioural composite score displayed as intercorrelation network of Z-transformed items. Line thickness indicates the degree of correlation between 2

respective items. The composite score differs between genotypes (p = 0.0001). For all behavioural experiments, 24 months old mice were used: Wt n = 9-11
and Cnp+/— n=10-16; mean -t s.e.m. presented; two-sided or paired t-tests used where applicable.

mouse for a chamber containing a small wire cage with a
stranger mouse in comparison to a chamber with an empty wire
cage. Aged Wt mice displayed the expected behaviour, that is
spent significantly more time close to the cage with the stranger
mouse compared to the empty wire cage (p=0.019), whereas,
Cnp+/— mice did not show preference. To control for altered
olfaction as a potential confounder of social behaviour in mice,
the buried-food-finding test was performed, confirming normal
olfactory function in both groups (Fig 2K). In the hole board test,
measuring exploratory behaviour of mice, old Cnp+/— mice
had significantly less head dips (p=0.011; Fig 2L), indicating
loss of interest (in the absence of any signs of altered basic motor

www.embomolmed.org EMBO Mol Med 4, 528-539

activity). To conclude, old Cnp+/— mice demonstrate several
facets of a loss of interest in the outside world.

Aged Cnp+/— mice exhibit features of depression and
catatonia

In the Morris water maze task, Cnp+/— mice displayed
prominent floating behaviour, precluding analysis of this test
for learning and memory. Analysis of the time mice spent
floating within a swim trial of 90s yielded threefold higher
floating rates of Cnp+/— mice in comparison to Wt, which we
interpret as a potential sign of depression (p=0.016; Fig 2M).
To further consolidate this hypothesis, we performed an
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established test to measure depression in rodents, the tail
suspension test, which determines over 6 min the time mice
spend immobile. Fractionated analysis revealed that Cnp-+/—
mice had a higher duration of immobility in the second and last
third of the test period compared to Wt (p=0.025; Fig 2N),
consistent with the typical ‘give up’ behaviour of depressed
individuals. A phenotype, thus far observed in mice only upon
induction (e.g. body pinch or drug exposure; Amir, 1986;
Chaperon & Thiebot, 1999) is catatonia/catalepsy, a state of
immobility where mice persist in an externally imposed
abnormal posture for a prolonged time period. Mice are put
into a position where they have to grab a bar while standing with
their hind paws on the floor (as illustrated in Fig 2P; for a
striking example see videos of Supporting Information). Wt
mice swiftly left this position, whereas, Cnp+/— mice persisted
in this posture (p = 0.005; Fig 20). Taken together, old Cnp+/—
mice exhibit a catatonia-depression syndrome.

Creating a mouse behavioural composite, the ‘catatonia-
depression score’

For translational purposes and confirmation of the internal
consistency of our behavioural readouts in aged mice, we
calculated intercorrelations between the observed behavioural
sub-phenotypes catatonia, depression, loss of interest, impaired
social interaction and anxiety as target variables. These
variables, put together in a composite score, were internally
consistent (Cronbach’s & = .686; Fig 2Q). Operationalization of
the score items is detailed in the Materials and Methods Section.
Expectedly, the score was significantly higher in Cnp+/—
(0.32 +0.44) than in Wt mice (—0.43 £0.41; p=0.0001). Based
on these findings, we wondered whether reduced expression of
the CNP gene in aging human patients may have a similar
influence on the phenotype.

Exploiting the GRAS data base for a phenotype-based genetic
association study on the role of CNP genotypes in a
‘catatonia-depression syndrome’

To search for potential behavioural consequences of a
previously described CNP loss-of-function genotype in humans
(Iwamoto et al, 2008; Mitkus et al, 2008; Peirce et al, 2006), we
conducted a phenotype-based genetic association study (PGAS)
targeting the CNP SNP rs2070106 (A/G; Fig 3A) in >1000
schizophrenic patients of the Gottingen Research Association
for Schizophrenia (GRAS) data collection (Begemann et al,
2010; Ribbe et al, 2010). As a first step, we performed a case-
control analysis (schizophrenic patients vs. healthy controls)
and found that this genetic marker does not contribute to an
increased risk of schizophrenia in our population, as proven by
the genotypic and the allelic chi-square comparison (p > 0.05;
Table I of Supporting Information).

Next, a composite score including all variables represented in
the mouse behaviour composite was created that also yielded
good internal consistency with a Cronbach’s « =.695 (Fig 3B).
The operationalization of the score items is explained in the
Materials and Methods Section. As illustrated in Fig 3C, the
composite score shows a clear age and genotype (rs2070106)
association: AA subjects develop a significantly higher score
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with increasing age as compared to GG carriers, with the
dissociation of the regression lines starting at around the age of
40 years. We therefore set a cut-off of 40 years and focused on
the older schizophrenic patients with our further PGAS analysis.
The characteristics of the GRAS patients with an age >40
years, separated by AA versus GG genotype of rs2070106, are
presented in Table 1. These data demonstrate that both
genotype groups are comparable with respect to basic socio-
demographic and clinical/disease control variables but differ
highly significantly in the composite score measuring the
catatonia-depression syndrome. Interestingly, heterozygote
individuals (GA) are very similar to GG subjects. They do not
show an intermediate phenotype in the composite score (Table
II of Supporting Information). Importantly, when screening all
items of the composite separately, a significant age-associated
genotype (GG vs. AA) effect, comparable to the mouse findings,
becomes evident for all (Fig 1 of Supporting Information).

CNP rs2070106 genotypes influence myelin/axon integrity in
the frontal corpus callosum fibres, a candidate region of
catatonia-depression

Based on clinical observation of the affected individuals - both
mouse and man - and the scarce information in the literature on
brain areas potentially involved in the catatonic phenomenon
(Arora & Praharaj, 2007; Northoff et al, 2004), we hypothesized
that aging AA individuals displaying the catatonia-depression
syndrome, in contrast to GG subjects, should show differences
in axonal integrity of frontal crossing fibres. To prove this
hypothesis, a subset of older patients of both genotypes (GG
n=11; AA n=10) from the GRAS sample was selected and
matched according to age, gender and duration of disease
(Table 1). These patients, living all over Germany, were re-
invited to Gottingen for diffusion tensor imaging (DTI). Indeed,
DTI identified higher axial diffusivity (AD) and a higher
apparent diffusion coefficient (ADC) in the frontal part of the
corpus callosum (genu) of AA subjects as compared to GG
patients (p <0.005 for both values; Fig 3E), consistent with a
more progressed axonal loss/degeneration. This effect was
specific for the frontal commissural fibres and was not observed
in the posterior corpus callosum taken as a control region
(Fig 3F). ADC values in the genu were generally correlated with
age but, despite the small number of imaged subjects, resulted in
a significant difference between genotypes upon linear dis-
criminant analysis (LDA; p < 0.05; Fig 3G). Importantly, there
were no global brain volume differences detectable between GG
and AA subjects that could have accounted for DTI results
(p>0.05 for all comparisons; Fig 3H).

DISCUSSION

We report here the unexpected finding that CNP loss-of-function
genotypes are causative of a mental syndrome, consisting of
catatonia, depression, mild anxiety/social withdrawal, impaired
social interaction and reduced interest in the outside world,
which is remarkably similar in mouse and man. In both species,
age becomes an important cofactor, supporting the view that the
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Figure 3. Age- and genotype-dependent association of the CNP rs2070106 SNP with a catatonia-depression syndrome in the GRAS sample of

schizophrenic patients.

A. Schematic view of the human CNP gene structure and location of the synonymous SNP rs2070106 (A/G).

B. Intercorrelation network of all Z-transformed items of the catatonia-depression composite in the GRAS population. Line thickness indicates the degree of
correlation between two respective items.

C. Correlation of genotypes with the catatonia-depression composite score across age groups. Grey bars in the background display the age distribution of the
total GRAS sample of schizophrenic patients (n = 1048). Red or white circles denote mean values of the composite score for the respective age group and
genotype (red, AA; black, GG). Linear regression lines of the genotypes dissociate after the age of 40 years. Pearson product-moment correlation applied.

D. Diffusion tensor imaging (DTI) study selecting the frontal (genu) and caudal (splenium) areas of the corpus callosum as regions of interest.

E,F ADC and AD values plotted according to rs2070106 homozygosity status in genu (E, target region) and splenium (F, control region) of the corpus callosum in a
subgroup of schizophrenic individuals >40 years of age (GG n= 11 and AA n = 10); results corrected for chlorpromazine equivalents (CPZ). Mean + s.e.m.
presented and ANCOVA applied.

G. Correlation of ADC and age in AA and CG genotypes; linear discriminant analysis (LDA) with genotype as grouping variable and ADC and age as independent
variables. Pearson product-moment correlation applied.

H. Magnetic resonance imaging (MRI) volumetric comparison of brain matter, ventricular system and corpus callosum between genotypes. Mean - s.e.m.
presented; two-sided Student's t-test applied.

underlying mechanism of this mental syndrome is a slowly
progressive neurodegeneration, beginning in subcortical white
matter, as described for the more rapid axonal loss in Cnp null
mutant mice (Edgar et al, 2009; Lappe-Siefke et al, 2003).
Importantly, the CNP loss-of-function genotype is causative of
the here described behavioural syndrome but not of schizo-
phrenia where it may only shape the aging phenotype.

In fact, the human part of this study has been obtained from a
phenotypically extremely well characterized schizophrenic
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population (the ‘GRAS data collection’), which was accessible
and where all assessed items of the catatonia-depression
syndrome are potentially relevant for disease subphenotypes.
If a similar database on patients with, for example major
depression had been available, the study would have been
extended to this population. We expect that in individuals
suffering from other mental disorders and even to some
(perhaps mild) degree in healthy subjects, the phenotypical
consequence of the CNP rs2070106 AA genotype will be
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Table 1. Sociodemographic variables, composite score (target variable) and clinical/disease control variables of the GRAS sample of schizophrenic patients

>40 years with homozygosity in CNP SNP rs2070106 (A/G) and - for comparison - in the subset of patients selected for DTI

GRAS sample >40 years

P° (FIx®)  DTI subsample

Sociodemographic variables

AA (n - 45)

GG (n-235)

AA (n = 10)

GG (n-11)

Age, years, mean = SD (range) 51.04 +7.65 (40.44-69.93) 50.16 + B.42 (44.03-79.49) 0515 52.07 +4.74 (44.08-60.30)  49.50 + 5.34 (40.66-58.71)
Gender, No. (%), male 26 (57.8%) 142 (60.4%) 0.740 7 (70%) 8 (72.7%)
Ethnicity, No. (%), Caucasian 43 (95.6%) 225 (95.7%) 0.892 10 (100%) 11 (100%)
Years of education’, 12.27 +3.82 (0-21) 12.32+3.36 (0-27) 0.933 12.45 +3.39 (9-19.5) 14.14 +3.16 (8-19)
mean + SD (range)
Target variable
Catatonia-depression composite 0.38 +0.86 (~1.13-1.91) 0.03 +0.74 (-1.20-2.44) 0.009 0.72 +0.94 (-0.99-1.85) 0.02+0.76 (—0.97-0.97)
score, mean -+ SD (range) 0.006°

Clinical/disease control variables
Age at first episode, years,
mean + SD (range)
Duration of disease (1st episode),
years, mean = SD (range)
CPZ, mean + SD (range)

29.77 £10.18 (15.26-55.61)

21.02 +10.27 (0.16-47.35)

30.71+9.58 (14.73-57.35) 0.533

19.39 +10.86 (0.04-58.23) 0.359

650.68 +515.35 (37.5-2295.0)  B05.76 +915.14 (0-7375.0) 0.271

30.80 +11.03 (19.35-49.61)  30.80 +11.03 (22.10-41.89)

21.27 +11.26 (0.16-39.13) 19.26 +9.19 (3.30-34.18)

525.93 +276.29 (175-940) 352.61+338.62 (0-1200)

PANSS pos, mean  SD (range) 14.00 + 6.81 (7-36) 14.55 + 6.63 (7-35) 0.619 12.9 46,01 (7-25) 11.27 + 3.66 (7-17)
PANSS neg, mean = SD (range) 19.79 + 8.48 (7-38) 18.86 + 8.21 (7-46) 0.503 21.1+8.94 (7-35) 17.55 + 5.87 (7-27)
PANSS gen, mean = SD (range) 35.66 +14.17 (16-68) 34.65+12.54 (16-82) 0.644 35.1+11.20 (20-55) 29.82 +9.97 (17-51)
PANSS total, mean = SD (range)  69.22 +27.27 (30-128) 68.10 + 24.70 (30-160) 0.795 69.1+23.64 (37-115) 58.64 + 16.35 (31-90)
GAF, mean + SD (range) 42.68 +20.22 (11-90) 43.82+17.56 (10-90) 0.703 43.80 +14.21 (25-63) 56.55 + 17.41 (35-85)

CGl, mean + SD (range) 5.75+ 1.35 (3-8)

5.62+113 (2-8)

0.488 6.00 = 0.94 (5-7) 5.09+114 (3-7)

CPZ, chlorpromazine equivalents as measure of antipsychotic drug dose; PANSS, positive and negative syndrome scale (consisting of three parts: pos; positive
symptoms; neg, negative symptoms; gen, general psychopathology); GAF, global assessment of functioning; CGl, clinical global impression (see Ribbe et al, 2010

for further details).

Due to missing data upon phenotyping, sample size varies between n= 242 and 280 in the sample of individuals with age equal to or above 40 years.
“Rating according to graduation/certificate; patients currently in school or in educational training are excluded.

bStatistical methods used: ANOVA or y*-test.
“Result after correction for CPZ.

comparable. Along these lines, we show that many schizo-
phrenic patients (and virtually all patients younger than
40 years) lack this syndrome. We would therefore like to stress
again that this syndrome is independent of the diagnosis
schizophrenia, which is also supported by the behavioural
homology of the Cnp mouse model.

Several studies have suggested that schizophrenia and
affective disorders are on a continuum of liability. Genetic
linkage and association studies have proposed common disease
loci for both disorders (Berrettini, 2000; O’'Donovan et al, 2008).
Family studies document that first-degree relatives of bipolar
patients have a threefold higher risk for schizophrenia
compared with first-degree relatives of healthy controls (Sham
et al, 1994; Valles et al, 2000). Psychopathological syndromes,
as the catatonia-depression syndrome shown here, shared by
subgroups of both patient populations, would also be
compatible with this overlap. Indeed, catatonia has been found
to be highly prevalent in elderly patients with major depression
(Starkstein et al, 1996). It will be interesting to determine
whether depressed individuals that exhibit catatonic signs are
also preferentially carriers of the CNP rs2070106 AA genotype.

To our knowledge, no spontaneous catalepsy in mice has as
yet been reported, in contrast to pinch- or drug-induced
catalepsy/catatonia (for review see, e.g. Amir, 1986; Chaperon
& Thiebot, 1999). The here observed Cnp+/— associated
catalepsy/catatonia represents, therefore, the first clearly
defined genetic catatonia model. Catatonia as a prominent
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phenotype has been extensively described by Karl Kahlbaum in
1874 (Kahlbaum, 1874) and entered the Diagnostic and Statistic
Manual of Mental Disorders (APA, 2000) from its first edition in
1952 on, where it appears until now in connection with mood
disorders, schizophrenia, and general medical conditions
(Heckers et al, 2010). Nevertheless, reports on potential brain
areas involved in this phenomenon in man are still scarce and
point to frontal regions, based on, for example pronounced
catatonia in a case with butterfly glioma of the frontal corpus
callosum (Arora and Praharaj, 2007) or on a functional magnetic
resonance imaging (MRI) study in akinetic catatonic patients
during negative emotional stimulation (Northoff et al, 2004).
We hypothesized that genotype-dependent axonal degeneration
should be detectable in the frontal commissural fibres of the
corpus callosum. These considerations were supported by the
fact that the catatonia presented here in the context of a
syndrome is characterized by several features of a primarily
executive control (frontal lobe) deficiency in the absence of any
‘classical’ motor dysfunction. Indeed, we could localize axonal
degeneration, determined by an increased axonal diffusivity in
DTI, selectively to the genu corporis callosi.

The CNP rs2070106 AA genotype leads to reduced expression
of CNP (Mitkus et al, 2008; Peirce et al, 2006), constituting
‘partial loss-of-function’. Since there is an appreciable degree of
linkage disequilibrium across the CNP gene (www.hapmap.
org), the effects seen with the synonymous SNP rs2070106
might well be due to the influence of another genetic variant in
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close vicinity (e.g. in the 3'-untranslated region (3'-UTR) of
the CNP gene). Alternatively, according to previous studies,
synonymous SNPs may modify translational timing due to
differential codon usage (Kimchi-Sarfaty et al, 2007) or inactivate
an exonic splicing silencer that compensates for other genetic
variations in exonic splicing enhancers (Nielsen et al, 2007).

We demonstrated increased numbers of inflammatory cells,
gliosis and axonal degeneration in old Cnp+/— mice suggesting
an important role of low-grade inflammation in the described
syndrome. Even though brain sections of human patients with
the respective CNP genotypes were not available in the present
study, the axonal degeneration detected by DTI is an intriguing
observation that might point to the hypothesis of a comparable
disease mechanism in mouse and man. Mechanistic details on
the subcellular functions of CNP in myelinating oligodendro-
cytes have been reported (Gravel et al, 2009) and are under
further investigation. The secondary neuroinflammation is a
well-known cause of nitric oxide-mediated axonal stress and
neurodegeneration (for review see Amor et al, 2010; Smith &
Lassmann, 2002). We note that a diverse group of inherited
myelinopathies in the nervous system of mice can trigger the
recruitment of microglia/macrophages and T-cells (Ip et al,
2006; Kassmann et al, 2007; Martini & Toyka, 2004),
demonstrating that low-grade inflammation is a rather unspe-
cific response of myelinating glial cells to cellular stress,
possibly related to perturbed lipid metabolism (Dumser et al,
2007). Interestingly, low-grade inflammation has been found to
be associated with behavioural consequences in mouse studies
(Bercik et al, 2010) and hypothesized to play a role in mental
diseases (Gardner & Boles, 2011; Monji et al, 2009; Muller &
Schwarz, 2008; Schnieder & Dwork, 2011). Respective first
clinical trials employing antiinflammatory strategies in bipolar
disease and schizophrenia yielded positive signals (Laan et al,
2010; Muller et al, 2010). Having information available on a
predisposing genotype, individualized preventive and thera-
peutic approaches may be possible in the future.

To conclude, the major finding of the present study is the
proof-of-principle that subtle changes of subcortical white
matter can be the cause, rather than merely the consequence, of
a complex neuropsychiatric syndrome. This distinction is
extremely difficult in human patients with a psychiatric disease
of unknown etiology, specifically when pharmacologically
treated and only diagnosed (by MRI) with minor abnormalities
of white matter tracts (Davis et al, 2003). Our analysis was
possible by building on genetic variants of the cell type-specific
CNP gene that lead to a partial loss-of-function genotype in both
mouse and man. Importantly, Cnp heterozygosity (in mice) and
moderately reduced CNP expression levels (in humans) are well
tolerated until an advanced age. At that point, however, haplo-
insufficiency causes a striking phenotype in mice and shapes the
phenotype of a complex psychiatric disease in humans.
Although we have no ultimate proof that moderately reduced
CNP levels in any individual (diseased or healthy) suffice to
trigger a catatonia-depression syndrome upon aging, they
clearly add to other genetic factors (here in patients diagnosed
with schizophrenia) such that the catatonia-depression syn-
drome can be well defined and emerges as remarkably similar to
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the isolated behavioural phenotype of aged Cnp heterozygous
mice. This amazing similarity of the behavioural phenotype
in two different species emphasizes the relevance of glial
dysfunction in psychiatric disorders, and supports the explora-
tion of therapeutic strategies to target the associated low-grade
neuroinflammation.

MATERIALS AND METHODS
Human studies

Healthy subjects

Blood donors (n=1045; Begemann et al, 2010) were recruited for the
case-control study. Ethnicity (Caucasian 97.8%; other ethnicities 2%;
unknown 0.2%) was comparable to the patient population (Caucasian
95.5%; other ethnicities 1.8%; unknown 2.7%).

Schizophrenic patients

The GRAS data collection was approved by Ethics Committees of the
Georg-August-University of Gottingen and participating centres, and
comprises at present 1048 patients with Diagnostic and Statistical
Manual of Mental Disorders-IV (DSM-IV; APA, 2000) diagnosis of
schizophrenia (81.7%) or schizoaffective disorder (18.3%), examined
between 2005-2010 in 23 centres all over Germany (for details see
Ribbe et al, 2010). Interviews, testing and ratings were conducted by
an invariable team of trained examiners using the ‘GRAS Manual'
(Begemann et al, 2010; Ribbe et al, 2010).

Catatonia-depression composite

The score consists of five phenotype domains: Depression was
operationalized by items 3 (guilt feelings) and 6 (depression) of
general psychopathology subscale of Positive and Negative Syndrome
Scale (PANSS) (Kay et al, 1987). Catatonia was based on catatonic
signs subscale of the Cambridge Neurological Inventory (gait
mannerism, gegenhalten, mitgehen, imposed posture, abrupt or
exaggerated spontaneous movements, iterative movements, automatic
obedience and echopraxia; Chen et al, 1995). Deficits in social
interaction were built on items 1 (blunted affect) and 3 (poor rapport)
of PANSS negative subscale, combined with item 44 (never feeling
close to another person) of Brief Symptom Inventory (Derogatis &
Melisaratos, 1983). Social withdrawal/anxiety was assessed by item 4
(social withdrawal) of PANSS negative subscale and item 12 (suddenly
scared for no reason) of Brief Symptom Inventory. Loss of interest in the
outside world was estimated by item 7 (self-centred attitude) of PANSS
negative and item 15 (preoccupation) of general subscale. Phenotype
domains were Z-standardized to be normally distributed with
expectation zero and variance one. Higher values indicate worse
outcome. Composite calculation was based on subjects without
missing data (n = 929). Correlations of the five target phenotypes were
assessed using Pearson product-moment correlation and internal
consistency was determined using Cronbach’s «.

Genotyping
Genotyping of SNP rs2070106 was performed using SimpleProbes

(TIB Molbiol, Berlin, Germany) on LightCycler480 (Roche Diagnostics,
Basel, Switzerland).
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MRI/DTI

For MRI/DTI analyses, a subset of patients 240 years of both genotypes
(GG n=11; AA n=10) from the GRAS sample was selected and
matched according to age, gender and duration of disease. Studies
were conducted at 3T (Tim Trio, Siemens Healthcare, Erlangen,
Germany) using a 32-channel head coil. DTI was performed at
2mm isotropic resolution using diffusion-weighted single-shot
stimulated echo acquisition mode (STEAM) sequences (Hofer et al,
2010; Karaus and Frahm, 2009) combining 6/8 partial Fourier
encoding and parallel imaging. Protocol comprised 24-independent
diffusion gradient directions and b-values of 0 and 900 smm ™2 A total
of 55 transverse sections (2mm thickness) covered brain parts dorsal
and ventral to the corpus callosum. To increase signal-to-noise ratio,
acquisition was repeated three times (17 min). Anatomic images were
based on T,-weighted 3D fast low angle shot (FLASH) MRI sequence
(repetition time TR=11ms, echo time TE=4.9 ms, flip angle 15°).

DTl regions of interest (ROI)

Before calculation of diffusion tensor, diffusion-weighted MRI data
sets were interpolated to 1 mm isotropic resolution and smoothed
with a 3D Gaussian filter (half width 1 mm). Individual ROIs were
manually defined on colour-coded maps of the main diffusion
direction without thresholding. ROIs for the corpus callosum were
placed in the midsagittal plane as well as in two directly neighbouring
parasagittal sections covering central portions of genu and most
posterior part of splenium (Hofer & Frahm, 2006). Mean values of
fractional anisotropy (FA), ADC, AD and radial diffusivity (RD) were
calculated.

MRI volumetry

Analyses were performed with an automatic brain segmentation tool
for surface-based cortical thickness (http://surfernmr.mgh.harvard.e-
du). T1-weighted images underwent corrections for intensity inhomo-
geneity, skull strip and registration into Talairach space followed by
segmentation into grey matter, white matter and various brain areas.
Regional differences of cortical thickness between patient groups were
investigated using Qdec (FreeSurfer for multiple comparisons and
voxel-based morphometry). Statistics relied on p<0.05 (false discovery
rate corrected for multiple comparisons). Visualization employed an
inflated pial surface model.

Mouse studies

Mouse mutants

Experiments were carried out according to animal policies of the
German Federal State of Niedersachsen. Cnp+/— mice were geno-
typed with primers Cnp-E3s, 5'-GCCTTCAAACTGTCCATCTC-3'; Cnp-
E3as, 5'-CCCAGCCCTTTTATTACCAC-3" and puro3, 5'-CATAGCCTGAA-
GAACCAGA-3".

Immunostaining

Mice were anesthetized with Avertin (Sigma-Aldrich, Taufkirchen,
Germany) and perfused through the left ventricle with 15 ml of Hank's
balanced salt solution (Lonza, Basel, Switzerland), followed by 50 ml of
4% paraformaldehyde in phosphate buffered saline (PBS). Brains were
harvested and postfixed in 4% paraformaldehyde overnight at 4°C and
then embedded in Paraplast (Surgipath Paraplast; Leica, Wetzlar,
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Germany). Microtome sections of 5um (Microm HM400, Walldorf,
Germany) were prepared. For diaminobenzidine (DAB)-based immu-
nostaining of paraffin sections, Dako-LSAB, system or Vectastain Elite
ABC kit (Vector laboratories, Burlingame, CA, USA) were used according
to manufacturer's instructions. Primary antibodies were directed
against APP (1:750, Chemicon (Millipore) Billerica, MA, USA), CD3
(1:150, Serotec, Oxford, UK), GFAP (1:200, Novocastra (Leica) New-
castle Upon Tyne, UK), IBA-1 (1:1000, Wako, Neuss, Germany) and
Mac-3 (1:400, BD Pharmingen, Franklin Lakes, NJ, USA).

Quantitative real time polymerase chain reaction (qQRT-PCR)
qRT-PCR was performed using SYBR green master mix (Applied
Biosystems, Foster City, CA, USA) and 7500 Fast Real-Time PCR System
(Applied Biosystems). Specific qRT-PCR primers were designed by
Roche Universal ProbeLibrary Assay Design Center (Cnp, forward 5'-
TAACCCTCCCTTAGCCCCTG-3', reverse 5'-GTCCCTAGCATGTGGCAGCT-3';
for normalization: AtpSb forward S’-GGATCTGCTGGCCCCATAC-3’,
reverse 5'-CTTTCCAACGCCAGCACCT-3’, Rplp0 forward 5'-GATGCC-
CAGGGAAGACAG-3', reverse 5'-ACAATGAAGCATTTTGGATAATCA-3’).
Data were analysed with Microsoft Excel 2010.

Western blot

Myelin purified from protein lysates was performed according to
(Norton & Poduslo, 1973). For Western blotting, proteins were size-
separated in 12% sodium dodecyl sulphate (SDS)-polyacrylamide gels
(0.2 pg/pl), blotted onto polyvinylidene difluoride membranes (Hy-
bond P; GE Healthcare, Minchen, Germany), blocked with 5% milk
powder in Tris-buffered saline (TBS) and Tris-buffered saline + Triton X-
100 (TBST; 150 mM NaCl, 10 mM Tris/HCl, pH 7.4; 0.1% Tween20),
and incubated with primary antibodies (CNPase, 1:5000, Sigma, Saint
Louis, MO, USA; Plp (A431), 1:5000; Jung et al, 1996), overnight at 4°C.
Blots were washed with TBS/0.05% Tween20, incubated with
appropriate secondary horseradish peroxidase-conjugated antibodies
(Dianova, Hamburg, Germany), washed with TBS/0.05% Tween20 and
developed by enhanced chemiluminescence (Pierce, Rockford, IL, USA).

Morphometry

Digitized overlapping light microscopic images (20X if not otherwise
stated), fused to a continuous image of a complete corpus callosum
(bregma 0.74 mm) by using Photoshop CS5 and Image] software were
analysed for absolute numbers of IBA-1 and Mac-3 positive cells. To
quantify GFAP positive areas, a plug-in for the Image] software for
semi-automated analysis was implemented (http//www1.em.mpg.de/
wieser). APP positive axonal spheroids (analysed at 40X magnifica-
tion) and CD3 positive T-cells are expressed as total numbers
quantified in corpus callosum, anterior commissure and striatum.
For all stainings, two sections per mouse were quantified.

Behavioural testing

Tests were performed as described in detail previously, using the
following order: Elevated plus maze (Radyushkin et al, 2010), open field
(Radyushkin et al, 2010), light/dark box (Finn et al, 2003), rota-rod
(Radyushkin et al, 2010), gait analysis (Brooks & Dunnett, 2009), grip
strength (Radyushkin et al, 2010), hole board (Radyushkin et al, 2009),
sociability (Moy et al, 2004), buried-food-finding test for olfaction
(Radyushkin et al, 2009), floating behaviour (analysis of swimming/
floating during a 90s trial in the Morris water maze pool; Morris, 1984;
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Stone & Lin, 2011), tail suspension test (Cryan et al, 2005), bar test
(Kuschinsky & Hornykiewicz, 1972; see Fig 2P and videos of Supporting
Information) and fear conditioning (Radyushkin et al, 2009).

Mouse score

For the catatonia-depression score, five phenotype domains were
created: (I) Depression was operationalized by floating time and tail
suspension (delta time of immobility in the last 2min minus first
2 min), (Il) catatonia by time on bar, (I11) deficit in social interaction by
delta time spent with stranger versus empty compartment, (IV) anxiety
by open field-duration in centre, elevated plus maze — open arm visits,
and fear conditioning — freezing at baseline in cue task and (V) loss of
interest by hole board — number of head dips. Composite score
calculation was done in analogy to the human score and based on
mice with not more than two variables missing (n =27).

Statistical analysis

Statistical analyses were performed using SPSS for Windows version
17.0 (https//www.spss.com/de) and Prism5 (GraphPad Software, San
Diego, CS, USA). Exact procedures are indicated in the respective sections.
Note: All experiments/analyses in both men and mice were performed
by persons unaware of genotypes (‘blinded’).
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Neuropsychiatric disease relevance of circulating anti-NMDA
receptor autoantibodies depends on blood—brain barrier integrity

C Hammer', B Stepniak', A Schneider***, S Papiol'?, M Tantra'?, M Begemann', A-L Siren®, LA Pardo® S Sperling', S Mohd Jofrry',
A Gurvich', N Jensen', K Ostmeier’, F Lihder’, C Probst?, H Martens®, M Gillis'®, G Saher'', F Assogna'?, G Spalletta'?, W Stocker®,

TF Schulz"’, K-A Nave®'' and H Ehrenreich'?

In 2007, a multifaceted syndrome, associated with anti-NMDA receptor autoantibodies (NMDAR-AB) of immunoglobulin-G isotype,
has been described, which variably consists of psychosis, epilepsy, cognitive decline and extrapyramidal symptoms. Prevalence and
significance of NMDAR-AB in complex neuropsychiatric disease versus health, however, have remained unclear. We tested sera of
2817 subjects (1325 healthy, 1081 schizophrenic, 263 Parkinson and 148 affective-disorder subjects) for presence of NMDAR-AB,
conducted a genome-wide genetic association study, comparing AB carriers versus non-carriers, and assessed their influenza AB
status. For mechanistic insight and documentation of AB functionality, in vivo experiments involving mice with deficient blood—
brain barrier (ApoE /) and in vitro endocytosis assays in primary cortical neurons were performed. In 10.5% of subjects, NMDAR-
AB (NR1 subunit) of any immunoglobulin isotype were detected, with no difference in seroprevalence, titer or in vitro functionality
between patients and healthy controls. Administration of extracted human serum to mice influenced basal and MK-801-induced
activity in the open field only in ApoE "~ mice injected with NMDAR-AB-positive serum but not in respective controls. Seropositive
schizophrenic patients with a history of neurotrauma or birth complications, indicating an at least temporarily compromised blood-
brain barrier, had more neurological abnormalities than seronegative patients with comparable history. A common genetic variant
(rs524991, P= 6.15E — 08) as well as past influenza A (P = 0.024) or B (P = 0.006) infection were identified as predisposing factors for
NMDAR-AB seropositivity. The > 10% overall seroprevalence of NMDAR-AB of both healthy individuals and patients is unexpectedly
high. Clinical significance, however, apparently depends on association with past or present perturbations of blood-brain barrier

function.

Molecular Psychiatry advance online publication, 3 September 2013; doi:10.1038/mp.2013.110

Keywords: APOE; ApoE null mutant mice; autoimmunity; GWAS; influenza; NFIA

INTRODUCTION

N-methyl-p-aspartate receptors (NMDAR) are glutamate-gated
ion channels, abundantly expressed in mammalian brain.' They
form heteromers of NR1, NR2 and NR3 subunits, and are pivotal
in regulating synapse function? In schizophrenia, NMDAR
hypofunction has been hypothesized due to induction of
psychotic symptoms by antagonists.®> In 2007, Dalmau et al*®
described a paraneoplastic syndrome, based on 12 women with
ovarian teratoma, carrying IgG autoantibodies (AB) against the
NMDAR NR1/2 subunits. The syndrome, termed ‘anti-NMDAR
encephalitis’, variably consisted of psychosis, memory deficits,
seizures, dyskinesia, decreased consciousness and autonomic
instability. Since its initial description, a flood of publications
appeared. The search for anti-NR1 IgG AB in small samples
(N =46-80) of schizophrenic patients yielded discordant results.®®
Recently, >400 previously collected cases of anti-NMDAR
encephalitis have been reviewed, most without associated tumor.”
Similarly, immunomodulatory treatment outcomes of these and

around 100 more cases have been summarized.'® As a syndrome-
pertinent pathophysiological mechanism, an AB-induced decrease of
NMDAR-mediated currents, due to enhanced receptor internalization
and thus reduced surface expression, has been suggested.''

Few studies explored a role of other classes of immunoglobulins
(Ig) in an NMDAR-AB syndrome. In individuals with slow cognitive
impairment, anti-NR1 IgA AB were found, which affected synaptic
protein expression and decreased NMDAR-mediated currents.'?
Anti-NR1 IgM AB were described in a patient with bipolar
disorder'® and in patients with herpes simplex encephalitis."* In
the largest study so far, investigating IgG, IgA and IgM, Steiner
et al.'® reported a higher prevalence of AB of all isotypes in 121
schizophrenic patients, compared with healthy controls or
patients suffering from affective disorders. Apart from tumors,
no sound information is available yet on putative susceptibility
factors for the development of anti-NR1 AB.

The present study was designed to (1) systematically screen in
an unbiased fashion a large number (N=2817) of healthy
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individuals and subjects suffering from schizophrenia or other
brain diseases for presence of NMDAR-AB of IgG, IgA or IgM
isotype; (2) specifically address the question of why healthy AB
carriers might remain healthy, by extending this work to
experiments in vivo and in vitro; (3) search for genetic and
environmental factors predisposing to NMDAR-AB formation.

MATERIALS AND METHODS

Participants

Subject data were collected in accordance with ethical guidelines and the
Declaration of Helsinki. Sample selection was unbiased, that is sera
collection was concluded before analysis of NMDAR-AB was planned.
Schizophrenic patients (N=1081) were recruited from 2005-2011 at 23
German sites in the GRAS (Gottingen Research Association for Schizo-
phrenia) study. Patients fulfilling DSM-IV criteria for schizophrenia (81.5%)
or schizoaffective disorder (18.5%) were included regardless of disease
stage.'®'” Healthy GRAS controls were anonymized blood donors
(N=1272; Transfusion Medicine, Gottingen). Health was ensured by pre-
donation screening (questionnaires, interviews, hemoglobin, blood
pressure, pulse, temperature). Patients with affective disorders (N = 148)
were also included (ongoing GRAS extension). Parkinson patients (N = 263)
and respective controls (N =53) were recruited from 2010-2011 in Italy
(Rome area). Of the GRAS patients, three volunteers carrying high titers of
anti-NR1 1gG, IgA, or IgM, and three seronegative controls agreed to blood
donation for mouse experiments (Supplementary Table S1, Supplementary
Appendix).

Phenotypical analyses

On all schizophrenic (GRAS) patients, extensive phenotypical characteriza-
tion was performed as referenced previously.'®'’ Frequency and duration
of prodrome, age at first psychotic episode, positive and negative
syndrome scale (PANSS) scores, chlorpromazine equivalents, neurological
symptoms (CNI; Cambridge Neurological Inventory) including fine motor
skills  (MacQuarrie dotting/tapping), current cognitive functioning
(composite score comprising reasoning, executive function, verbal
learning and memory), premorbid intelligence and global assessment of
functioning (GAF) were employed as disease characteristics. As factors
affecting blood-brain barrier (BBB) integrity, past neurotrauma (all severity
levels) and birth complications (all pre- and perinatal complications) were
carefully and comprehensively assessed. The final judgment regarding
experience of birth complications or neurotrauma in the schizophrenic
(GRAS) patient cohort was derived from a number of different sources.
First, the information from semi-structured interviews about birth and
neurotrauma history of each patient was used. To verify the data or
increase the amount of detailed information, all discharge letters of each
single patient were screened. In the case of neurotrauma, other semi-
structured interviews on critical life events, suicidality and aggressive
behavior toward others were used to explore whether patients had
experienced serious accidents (including brain trauma) or committed
suicide attempts that included, for example, falls or jumps from great
heights or had been involved in serious fights leading to head injuries.
Finally, information from the physical exam of each patient was included to
check whether any scars on the head or neck were found indicative of an
injury to the head. After collecting all the data, each patient was
dichotomously (yes/no) classified as having or not having experienced a
neurotrauma or birth complication. In case of contradictory information,
the treating physician and even the obstetric hospital were contacted, and
in case of still missing information or a high level of uncertainty, patients
were excluded from the analysis.

Serological analyses

Commercially available recombinant immunofluorescence tests (Euroim-
mun, Lubeck, Germany), standard procedures for clinical diagnosis (100%
sensitivity and 100% specificity), were used to detect NMDAR-AB, based on
HEK293 cells transfected with NR1 or NR1/NR2b NMDAR-subunits.”'®
Seropositivity was assessed by two researchers independently. Titers were
double-determined in two laboratories (MPI, Euroimmun) by identifying
the maximum dilution at which specific fluorescence was still visible. Few
samples with discrepant results were re-analyzed, leading to full
concordance. The presence of IgG AB against influenza A and B virus
was determined by ELISA (Novagnost-InfluenzaA-lgG, Novagnost-
InfluenzaB-lgG, Siemens Healthcare Diagnostics GmbH, Eschborn,
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Germany), automatically processed on BEPIll (Siemens Healthcare
Diagnostics GmbH), and interpreted (manufacturer’s instructions) as
positive, negative or borderline (the latter negative for statistics).

Immunoglobulin purification

Ammonium sulfate precipitation of a serum fraction containing immu-
noglobulins (Ig) and dialysis was carried out as described.'? IgG, IgA, or IgM
were quantified by immunodiffusion using NOR partigen immunoplates
(Siemens Medical Solutions, Marburg, Germany).

Mouse experiments

Experiments were approved by the local Animal Protection Committee.
Male C57BI/6N ApoE ~'~?° and wild-type (WT) mice, aged 12-16 weeks,
were used (housed at 4-5 per cage, 12 h light/dark cycle, food/water ad
libitum). Groups (4-6 each) received either extracted Ig fractions from
NMDAR-AB seropositive (IgG, IgA, or IgM) or seronegative individuals
(information on titer/concentration in Supplementary Table S1 and
Supplementary Appendix). Daily intravenous (tail) injections (150 ul each)
were performed on 3 consecutive days. Examiners were not aware of
group assignment (‘blinded’). Spontaneous activity in open field (8 min)
was tested in all mice 3-4 days before the first injection (initial group
matching). One day after the last injection, spontaneous activity (8 min)
was again measured, followed by intraperitoneal injection (0.3 ug per 10 ul
per gram of body weight) of the non-competitive NMDAR antagonist MK-
801 (Dizocilpine; [SR,10S]-( -+ )-5-methyl-10,11-dihydro-5H-dibenzol[a,d]cy-
clohepten-5,10-imine; Sigma-Aldrich  GmbH, Munich, Germany) and
extended (120min) open-field observation?’ MK-801 acts as use-
dependent ion-channel blocker.

Endocytosis assays and quantification

Primary cortical neurons prepared from mouse embryos (E16) were
cultured on poly-L-lysine-coated glass-coverslips in MEM + B27 (Invitrogen,
Karlsruhe, Germany) for 14 days. Glass coverslips were washed with cold
Hank’s balanced salt solution (HBSS), and incubated (20 min, 4 "C) with Ig
extracts containing either NMDAR-AB of 1gG, IgA or IgM isoforms or
seronegative Ig extracts (1:100) in HBSS. The examiner was unaware of the
nature of the extract (‘blinded’). Unbound AB was removed (3 HBSS
washes) before placing cells in pre-warmed (37 °C) growth medium for
15min to allow internalization. After medium wash-off (cold HBSS),
remaining surface NMDAR were labeled with anti-mouse NR1-AB (Abcam,
Cambridge, UK) for 15min on ice. After cold HBSS wash, surface-bound
NR1-AB was labeled (4 °C, 15min) with Alexa-488-coupled 2nd AB (anti-
mouse IgG; Invitrogen, Karlsruhe, Germany). After wash-off (HBSS; 4 “C) of
unbound AB, cells were fixed in 4% paraformaldehyde. For quantification,
confocal images of cell surface staining were taken with identical
acquisition parameter on SP2 LSM (Leica, Wetzlar, Germany). Signal
intensity was quantified with ImageJ, and ratio of intensity per cell surface
area calculated.

Genetic analyses

A semi-custom Axiom myDesign genotyping array (Affymetrix, Santa Clara,
CA, USA) was used. For description of array-specifications, quality controls
and genome-wide genetic association study (GWAS), see Supplementary
Appendix.

Statistical analysis

P-values <0.05 were considered significant. Data in figures are expressed
as mean = s.e.m,, in tables as mean = s.d.

Mouse experiments. Data were compared by analysis of variance, followed
by post-hoc tests where appropriate using Prism5 (GraphPad-Software Inc.,
La Jolla, CA, USA) or SPSS (SPSS-Statistics 17.0, IBM-Deutschland GmbH,
Munich, Germany). Greenhouse-Geisser correction was applied on
violation of sphericity.

Human data. Group differences in categorical and continuous variables
were assessed using Chi-square or Mann-Whitney U tests. A generalized
linear model was employed upon covariate inclusion. In case of normal
distribution of continuous variables, T-tests were performed. To assess
main effects and interactions between neurotrauma/birth complications
and Ig-positivity regarding CNI scores, two-way independent ANOVA was
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Table 1. Prevalence of anti-NR1 AB in patients and controls
Anti-NR1 seropositivity—N (%)

Study group Any IgG IgA Igm IgG+IgA  IgG+IgM  IgA+IgM  I1gG + IgA + IgM
GRAS*® patients (N =1081) 93 (8.6) 7 (0.7) 56 (5.2) 46 (4.3) 0 (0) 0 (0) 16 (1.5) 0 (0)
Affective-disorder patients (N = 148) 24 (16.2) 5(34) 15 (10.1) 7 (4.7) 1(0.7) 0(0) 2(1.4) 0(0)
GRAS? controls (N =1272) 137 (10.8) 5(0.4) 75 (5.9) 80 (6.3) 2(0.2) 3(0.2) 19 (1.5) 1(0.1)
Parkinson patients (N =263) 35 (13.3) 1(0.4) 17 (6.5) 25 (9.5) 1(0.4) 1(0.4) 7 (27) 1(0.4)
Parkinson controls (N =53) 6(11.3) 0 (0) 3(5.7) 3(5.7) 0 (0) 0(0) 0 (0) 0(0)

Total (N=2817) 295 (10.5) 18 (0.6) 166 (5.9) 161 (5.7) 4 (0.1) 4 (0.1) 44 (1.6) 2 (0.1)
“GRAS patients are schizophrenic individuals of the GRAS data collection (Géttingen Research Association for Schizophrenia). GRAS controls are the respective
healthy control collective (see also Materials and methods).

conducted. Corrected values reflect linear regression-based residuals when
age, chlorpromazine and PANSS negative scores were independent
variables. PLINK (v1.07) was used to test association between single-
nucleotide polymorphisms (SNPs) and anti-NR1 serological status
(allelic test) and deviations from Hardy-Weinberg equilibrium.?
Principal components were generated using EIGENSTRAT (http://
genetics.med.harvard.edu/reich/Reich_Lab/Software.html). Human leuko-
cyte antigen (HLA) types were imputed for seven HLA genes using
HiBag0.9.1 at four-digit resolution, based on a pre-fit European ancestry
model (http//cran.r-project.org/web/packages/HIBAG/index.html). P-values
were multiple-testing corrected (Bonferroni) where indicated, but are
displayed uncorrected.

RESULTS

NMDAR-AB seroprevalence in 2817 individuals

AB of all here analyzed isotypes (IgG, IgA and IgM), directed
against the NMDAR-NR1 subunit, were identified in 10.5% of
subjects (Table 1). Importantly, seroprevalence did not differ
between schizophrenic (GRAS) patients (8.6%) and GRAS controls
(10.8%, P=0.078). An apparently higher incidence in affective-
disorder patients (16.2%) is explained by a higher mean age. In
fact, seroprevalence increases with age (Supplementary Figure S1,
Supplementary Table S2, Supplementary Appendix) and is higher
in male than female subjects (Supplementary Table S3,
Supplementary Appendix, 11.53% versus 8.68%, P=0.017).
Seropositivity between Parkinson patients (13.3%) and respective
controls did not differ (11.3%, P=0.694).

Seroprevalence and titer distribution of NMDAR-AB Ig isotypes
Considering each Ig class separately, again no differences in
seroprevalence among groups arose (Table 1). Occurrence of IgG
anti-NR1 was infrequent (0.6% in total) compared with IgA (5.9%)
or IgM (5.7%). A combination of IgA/IgM AB was present in 1.6%,
combinations including IgG in only 0.1% each. AB exclusively
against the NR1/NR2b heterodimer, that is without reactivity
against NR1 alone, were not identified. Titer distributions in
patient and control groups as possible explanation of NMDAR-AB
pathology did not differ (Supplementary Table S4, Supplementary
Figure S2, Supplementary Appendix).

NMDAR-AB functionality in a neuronal endocytosis assay

We next wondered whether AB from controls and patients differ
in functionality. Extracts from seropositive subjects, independently
of isotype or disease state, resulted in increased endocytosis,
compared with seronegative extracts (Figure 1a, Supplementary
Table S1, Supplementary Appendix).

Relevance of BBB integrity for NMDAR-AB effects in mice

Having comparable serological (% seropositivity, lg-isotype, titer
distribution) and functional results in controls and patients, we
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asked why healthy AB carriers remain healthy. We hypothesized
that a compromised BBB might decide on the pathophysiological
significance of NMDAR-AB. To approach this hypothesis experi-
mentally, we employed ApoE mice?® (with known BBB
leakage)> 2* versus WT. Intravenous injection of purified Ig
fractions from NMDAR-AB seropositive (IgM, IgG, IgA) subjects
led to alterations in spontaneous open-field activity and the
response to MK-801 exclusively in ApoE /~ mice. Trends were
comparable in groups receiving IgM, IgG or IgA extracts, resulting
in significant differences on pooling (Figures 1b and c,
Supplementary Figure S3, Supplementary Appendix).

Translating experimental BBB findings to schizophrenic (GRAS)
patients

Overall, schizophrenic anti-NR1 carriers and non-carriers do not
differ with respect to disease phenotypes, covering the symptom
clusters of anti-NMDAR encephalitis (Table 2). Also, occurrence
and duration of prodromal phase and age of disease onset are
similar between the two groups, arguing against a sudden/
atypical syndrome start in AB carriers (Table 2). Following our BBB
hypothesis, we compared individuals with birth complications or
past brain trauma—conditions known to provoke temporary or
persistent (albeit often minor) BBB abnormalities.?*?” Indeed, also
in humans, a clear impact, that is a more severe neurological
phenotype, arises from the combination of compromised BBB
function and circulating NMDAR-AB (Figure 1d).

Identification of first genetic susceptibility factors

GWAS have been successful in identifying associations between
genomic variants and autoimmune disorders, such as rheumatoid
arthritis or systemic lupus erythematosus.’® We performed
GWAS to spot SNPs potentially predisposing to formation of
NMDAR-AB (Supplementary Appendix). We identified a genome-
wide significant SNP, rs524991 (A/G, P=6.15E-08; Bonferroni
threshold P =8.62E-08), with an odds ratio (OR) of 2.22
(95% confidence interval (Cl)=1.654-2.991; Supplementary
Figure S6, Supplementary Appendix). This variant with a minor
allele frequency of 12.45% in seropositive versus 6.01% in
seronegative individuals is located in an intergenic region on
chromosomel  (Supplementary Figure S7, Supplementary
Appendix). lts closest neighboring gene is nuclear factor I/A
(NFIA, 218.59kb downstream), a transcription factor reported
to mediate neuroprotective effects of NMDAR activation.?’
Separate analysis of SNP rs524991 association with NMDAR-
AB seropositivity (Table 3) showed a similar tendency for all study
groups (except Parkinson) and no gender difference
(Supplementary Table S8, Supplementary Appendix). Search
for a predisposing role of HLA alleles for NMDAR-AB formation
did not deliver hits, apart from a nominally significant association
of HLA-A03 with seropositivity (P=0.01; Supplementary Table S9,
Supplementary Appendix).
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Figure 1. NMDAR-AB functionality and relevance of the blood-brain barrier. (a) Reduced AB binding to primary cortical neurons indicates
increased endocytosis of NMDAR after incubation with Ig extracts containing either NMDAR-AB of IgG, IgA or IgM isoforms (all P<0.05), or
seronegative lg extracts (one-tailed T-tests). Mean values upon AB extracts (each tested in 1-3 independent experiments, dependent on
serum availability) were normalized to the mean of the respective seronegative control extracts. (b) ApoE /~ (KO) and WT mice do not differ
in spontaneous activity in the open field before AB injection. However, 1 day after the last of three daily injections with seropositive (+ AB) or
seronegative (— AB) Ig extracts, a decrease in spontaneous activity was evident exclusively in seropositive ApoE /(KO + AB) mice: two-way
ANOVA revealed a significant interaction effect of genotype and serotype (F = 8.96, P<0.01), as well as a significant main effect of genotype
(F=27.81, P<0.0001), but not of serotype. (c) Only ApoE /" (KO) mice with their known compromised BBB respond to intravenous NMDAR-
AB extracts with a hypersensitive (psychosis-related) response in the open field to the NMDAR antagonist MK-801. Using a generalized linear
model for repeated measures to evaluate results after MK-801 treatment, we obtained significant main effects of time (F =36.25, P<0.001),
genotype (F=9.54, P<0.01) and serotype (F=4.85, P<0.05) as well as a significant genotype x serotype interaction effect (F = 5.75, P< 0.05).
(d) In the GRAS sample of schizophrenic patients, birth complications and history of neurotrauma as readouts for temporarily/persistently
compromised BBB were examined in NMDAR-AB-positive versus negative subjects with respect to their impact on neurological symptom
severity (CNI total score, z-standardized). Birth complications showed an interaction with serotype (F=5.80, P< 0.05) regarding CNI and a
main effect (F=11.24, P=0.001). Likewise, past neurotrauma showed an interaction with serotype (F=4.02, P<0.05). Group sizes are given as
numbers in brackets. *P<0.05; WT, wild type; KO, ApoE /~ knockout; — AB, NMDAR-AB seronegative; + AB, NMDAR-AB seropositive; BC,
birth complications; NT, neurotrauma.

Identification of environmental susceptibility factors neuropsychiatrically diseased subjects. In > 2800 unbiasedly selec-
As first risk factor for NMDAR-AB formation, the presence of a ted individuals, > 10% seroprevalence of anti-NR1 AB, independent
tumor, preferentially an ovarian teratoma was identified.* Other ~ of group affiliation, was found. (2) From this unexpected observa-
predisposing factors have remained speculative. Infections have  tion, the fundamental question arose of why healthy AB carriers
been suggested as triggers of AB formation in autoimmune have remained healthy, despite comparable distribution of AB
diseases,*® for example, Epstein-Barr virus in multiple sclerosis.’ isotypes, titers and in vitro functionality. An experimental mouse
We hypothesized that a similar role might be attributed to model supports our central hypothesis, that is, the essential role of
influenza for NMDAR-AB. Anti-NMDAR encephalitis was reported BBB integrity. Only in ApoE mutant mice, but not in respective
in a patient with influenza HIN1 infection and two subjects after controls, we find that human NMDAR-AB cause psychosis-related
respective vaccination.” NMDAR-AB were described in pediatric behavioral perturbation.z‘ The BBB role is further underlined

cases of encephalitis lethargica, a condition—not unequivocally— by a hypothesis-driven outcome analysis of schizophrenic (GRAS)
associated with influenza.”" Strikingly, we found an increased patients with history of birth complications or neurotrauma
anti-NR1 AB prevalence in individuals carrying anti-influenza A indicating past/present BBB insufficiency. (3) Ultimately, with a

(P=0.024, OR=1.366, Cl 95%=1.042-1.790) and B (P=10.006, genome-wide significant marker, SNP 5524991, and an association
OR=1.453, Cl 95% =1.109-1.904) IgG (Table 3). This association  of seropositivity with influenza AB status, we provide genetic and
was present in males only (Supplementary Table 510,  environmental risk factors of NMDAR-AB formation.
Supplementary Appendix). The most remarkable finding of the present work is the high
seroprevalence of NMDAR-AB in healthy individuals. Only one
other study included a considerable number of healthy subjects in
DISCUSSION a screen of psychiatric patients but reported seropositivity for only
The present study provides (1) the first large-scale systematic 1 in 240 controls (0.4%) and 2 in 108 (< 2%) affective-disorder
screen for presence of NMDAR-AB in serum of healthy and  patients.” Seroprevalence in schizophrenic patients (9.9% of 121)
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Table 2.

Baseline characteristics, according to study group (means £ s.d. (range) are displayed, unless indicated otherwise)

Patients and control groups Total sample

Ig-positive individuals

Ig-negative individuals P-value ( zz, Z, T value)®

Duration of prodrome, years
Age at first episode, years
PANSS positive score

PANSS negative score 18.25+7.90 (7-46)

PANSS general score 33.74+11.76 (16-82)
CcPZ 686.53 +697.43 (0-7375)
CNIe 0.00+1.00 (—2.71-3.07)
MacQuarrie dotting® 0.00+1.00 (- 3.61-3.22)
MacQuarrie tapping® 0.00%1.00 (—4.83-3.14)
Cognitive composite score —0.02+0.84 (— 2.57-2.98)

2.81+3.57 (0-28.2)
25.88+8.90 (5-68)
13.7416.25 (7-38)

Schizophrenic (GRAS) patients N=774-1081° N=63-93° N=711-988"
Age, years 39.37+12.59 (17-79) 41.15+11.98 (18-75) 39.20+12.63 (17-79) 0.115 (Z= —1.58)
Gender, N male (%) 723 (66.9) 68 (73.1) 655 (66.3) 0.181 (° =1.79)
Prodrome, N cases (%) 754 (80.6) 64 (79.0) 690 (80.8) 0.698 (7°=0.15)

2.64+3.01 (0-13.0)
25.85+8.98 (12-51)
13.28 £5.71 (7-31)
17.00+7.42 (7-37)
32.48+10.80 (16-75)
628.04 + 537.82 (0-2620)
—0.03+0.92 (—-2.07-2.11)
0.14+1.14 (- 2.67-3.07)
0.11+£0.99 (- 2.00-3.10)
—0.01+0.89 (—2.12-2.03)

2.83+3.62 (0-28.2)
25.89+8.90 (5-68)
13.78+6.31 (7-38)
18.37£7.93 (7-46)
33.86+11.85 (16-82)

691.97 +£710.43 (0-7375)
0.00+1.01 (—-2.71-3.07)
—0.01+0.98 (- 3.61-3.22)
—0.01£1.00 (—4.83-3.14)
—0.02+0.84 (—2.57-2.98)

0.853 (Z= —0.19)
0.890 (Z= —0.11)
0.597 (Z=0.60)
0.122 (Z= —1.55)
0.373 (Z= —0.89)
0.580 (Z= — 0.55)
0.742 (T=0.33)
0172 (T= —1.37)
0.261 (T= —1.13)
0.946 (T= —0.07)

Premorbid 1Q (MWT-B)
GAF

25.67 £ 6.36 (4-42)
45.70+£17.18 (5-90)

26.64 +6.28 (6-36)
46.26 £ 16.54 (10-80)

25.57£6.36 (4-42)
45.65+17.25 (5-90)

0.093 (Z= — 1.68)
0.642 (Z= —047)

Neurotrauma, N cases (%) 648 (62.4) 55 (62.6) 593 (59.8) 0.592 (72 =0.29)

Birth complications, N cases (%) 307 (39.7) 27 (42.9) 280 (39.4) 0.589 (7= 0.29)
Healthy (GRAS) controls N=1272 N=137 N=1135

Age, years 37.43+13.24 (18-69) 40.90+12.17 (19-68) 37.01£13.31 (18-69) <0.001 (Z= — 3.56)

Gender, N male (%) 780 (61.3) 95 (69.3) 685 (60.4) 0.041 (12:4.17)
Affective-disorder patients N=148 N=24 N=124

Age, years 49.70 + 15.49 (20-92) 47.38 + 11.87 (25-76) 50.15+16.09 (20-92) 0314 (Z= —-1.01)

Gender, N male (%) 70 (47.3) 11 (45.8) 59 (47.6) 0.875 (77 =0.03)
Parkinson patients N=253-263" N =33-35° N=220-228°

Age, years 66.04 + 10.08 (36-86) 69.06 + 8.33 (45-81) 65.59+ 10.26 (36-86) 0.055 (Z= —1.92)

Gender, N male (%) 175 (66.5) 28 (80.0) 147 (64.5) 0.070 (4°=3.29)
Parkinson controls N=51-53° N=6" N=45-47°

Age, years 63.31+11.68 (22-80) 67.50 + 12.58 (44-78) 62.76 + 11.59 (22-80) 0.188 (Z= —1.33)

Gender, N male (%) 21 (39.6) 2 (33.3) 19 (40.4) 0.738 (12: 0.11)

Abbreviations: CPZ, chlorpromazine equivalents; GAF, global assessment of functioning; GRAS, Géttingen Research Association for Schizophrenia; PANSS,
positive and negative syndrome scale. Bolded values, P <0.05. *For statistical methods, Mann-Whitney U or 7° tests and for normally distributed variables,
T-tests were used. "Due to missing data, sample sizes vary. “Cambridge Neurological Inventory mean value if more than 95 items were available. “Corrected for

age and CPZ. “Corrected for age, PANSS negative and CPZ. ‘Mehrfach-Wortschatz-Intelligenz test (multiple choice vocabulary test).

was comparable to our study. Reasons for this discrepancy are
unclear but perhaps related to the smaller number of controls and
their younger age."” Importantly, analytical materials/methods of
both studies were identical, schizophrenia patients show
comparable seroprevalence, and the here randomly selected
positive specimens for in vitro analyses all confirmed AB
functionality.

For exerting pathological effects, NMDAR-AB have to reach
NMDAR in the brain. This brain presence may occur via (1) AB
transfer over a compromised BBB, which normally restricts large
molecules from directly entering the brain in appreciable amounts
(expected transfer over an intact BBB, for example, of IgG is only
1/500, of IgA 1/600, and of IgM 1/3000 of the serum concentra-
tion); (2) slow accumulation of these large molecules due to
reduced cerebrospinal fluid (CSF) flow,>* in which case, however, a
retrograde CSF circulation would have to deliver the AB back to
brain tissue, or (3) intrathecal synthesis by B lymphocytes.>*** Qur
seroprevalence data do not allow any conclusion on AB
production in brain. Therefore, healthy AB carriers may differ
at least in part from seropositive disease groups by lack of
intrathecal AB synthesis. Nevertheless, with in vivo experiments in
mice and a hypothesis-driven human database screening, we
underscore the likely critical role of an intact BBB as protective
mechanism against circulating AB-mediated pathology in mouse
and man.

Wild-type mice were not behaviorally affected after injection of
human serum extract containing IgG, IgA or IgM NMDAR-AB.

© 2013 Macmillan Publishers Limited

In contrast, ApoE '~ mice showed differences in behavior on

AB injection, that is reduced spontaneous activity in the open
field and hyperlocomotion following MK-801. These behavioral
phenomena may be explained by the reported receptor
internalization and hypofunction after hippocampal infusion of
NMDAR-AB,'" as exactly opposite effects were described after
NMDA application in rats.*® Stimulation of locomotion by the
NMDAR antagonist MK-801 may be caused by hyperexcitability of
limbic circuits through NMDAR blockade on inhibitory GABAergic
neurons.3’3% This consequence of NMDA receptor inhibition
would be amplified by NMDAR-AB. Similarly, increased motor
cortex excitability in mice was provoked by NMDAR-AB injection
into the prefrontal area.*®

In the GRAS sample of schizophrenic individuals, well-docu-
mented history of birth complications and brain trauma were
evaluated as proxy variables of past or present BBB impair-
ment2®?” Indeed, affected individuals show more severe
neurological abnormalities when carrying NMDAR-AB. These
findings strengthen the hypothesis of BBB involvement in
NMDAR-AB pathology, and—replication provided—may even
justify recommendations of anti-NR1 serum screening in case of
neurotrauma or other conditions with anticipated BBB
dysfunction.

Importantly, we did not find any clinically relevant differences
when comparing all schizophrenic NMDAR-AB carriers with all
non-carriers. Perhaps with information on CSF (which we do not
have in our large cohort), an expected 30% of individuals with
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Genetic Markers of a Munc13 Protein Family Member,
BAIAP3, Are Gender Specifically Associated with Anxiety and
Benzodiazepine Abuse in Mice and Humans
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Anxiety disorders and substance abuse, including benzodiazepine use disorder, frequently occur together. Unfortunately, treat-
ment of anxiety disorders still includes benzodiazepines, and patients with an existing comorbid benzodiazepine use disorder or a
genetic susceptibility for benzodiazepine use disorder may be at risk of adverse treatment outcomes. The identification of genetic
predictors for anxiety disorders, and especially for benzodiazepine use disorder, could aid the selection of the best treatment op-
tion and improve clinical outcomes. The brain-specific angiogenesis inhibitor |-associated protein 3 (Baiap3) is a member of the
mammalian uncoordinated 13 (Munc13) protein family of synaptic regulators of neurotransmitter exocytosis, with a striking expres-
sion pattern in amygdalae, hypothalamus and periaqueductal gray. Deletion of Baiap3in mice leads to enhanced seizure propen-
sity and increased anxiety, with the latter being more pronounced in female than in male animals. We hypothesized that genetic
variation in human BAIAP3 may also be associated with anxiety. By using a phenotype-based genetic association study, we iden-
tified two human BAIAP3 single-nucleotide polymorphism risk genotypes (AA for rs2235632, TT for rs1132358) that show a significant
association with anxiety in women and, surprisingly, with benzodiazepine abuse in men. Returning to mice, we found that male, but
not female, Baiap3 knockout (KO) mice develop tolerance to diazepam more quickly than control animals. Analysis of cultured
Baiap3 KO hypothalamus slices revealed an increase in basal network activity and an altered response to diazepam withdrawal.
Thus, Baiap3/BAIAP3 is gender specifically associated with anxiety and benzodiazepine use disorder, and the analysis of
Baiap3/BAIAP3-related functions may help elucidate mechanisms underlying the development of both disorders.

Online address: hitp://www.molmed.org
doi: 10.2119/molmed.2013.00033

INTRODUCTION

Anxiety disorders have high lifetime
prevalence rates (1) and exhibit a re-
markable comorbidity with substance
use disorders (2—4). This association
worsens treatment outcomes for both

conditions (5) and represents a signifi-
cant burden on individuals and society.
Both anxiety disorders and substance
use disorders are complex disorders that
arise from a combination of genetic in-
fluence and environmental factors. To
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improve upon established treatment op-
tions, which include pharmacological as
well as cognitive-behavioral therapies
(6,7), a more detailed picture of the etiol-
ogy of these disorders is instrumental.
Estimates of heritability from twin and
family studies are in the range of
20-40% across the different anxiety dis-
orders (8,9) and in the range of 40-70%
for the major substance use disorders
(10). Recent studies point to the involve-
ment of a large number of genes with
relatively small effect sizes for both anxi-
ety disorder (11,12) and substance use
disorder (13-15). Although the interac-
tion between anxiety disorders and sub-
stance use disorders is likely bidirec-
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tional and varies by the type of anxiety
(16), genetically determined anxiousness
personality traits may make the devel-
opment of an addiction more likely
(2,17-19). The recommended first-line
pharmacological treatments of anxiety
disorders are selective serotonin or sero-
tonin/norepinephrine reuptake in-
hibitors and the calcium channel modu-
lator pregabaline (6). However, primary
care physicians often still prescribe ben-
zodiazepines, which rank among the
most frequently abused prescription
medications (National Institute on Drug
Abuse [http://www.nida.nih.gov]), to
patients suffering from anxiety disorders
(20). Identifying genetic risk markers
would advance our understanding of
the biology of anxiety and benzodi-
azepine abuse and would be a valuable
step in improving treatment options for
these complex diseases.

In addition to human family, twin and
genome-wide association studies, animal
models are used to study the genetic
basis and neural circuitries of anxiety
and addiction. For both animals and hu-
mans, anxiety is an adaptive defensive
response to threatening stimuli necessary
for the survival of the species, whereas
anxiety disorders are an extreme and
maladaptive manifestation of normal
anxiety (21). Somatic anxiety symptoms
are mediated by the release of specific
neurotransmitters and neuropeptides.
The selection of candidate genes that are
being investigated in animal studies is
still largely driven by hypotheses of the
neural circuitries and neurotransmitter
systems thought to be involved in medi-
ating fear and anxiety (22). By using a
candidate gene approach, we investigate
the involvement of the brain-specific an-
giogenesis inhibitor I-associated protein
3 (Baiap3), which is highly expressed in
brain regions involved in processing fear,
such as the amygdalae, hypothalamus
and periaqueductal gray, in behavioral
phenotypes relevant for human psychiat-
ric disorders.

Baiap3 is a member of the mammalian
uncoordinated 13 (Munc13) family of
synaptic regulators of neurotransmitter

exocytosis (23-25). Baiap3 has a unique
and striking expression pattern (Allen
Brain Atlas [http://mouse.brain-
map.org]) in brain regions such as the
central, medial and basomedial amyg-
daloid nuclei; the hypothalamus; and the
periaqueductal gray. These areas are in-
volved in regulating autonomic functions
and are also critical in processing fearful
stimuli and mediating anxiety-related be-
haviors (26,27). The cellular function of
Baiap3 is currently unknown; however,
all other Munc13 members are regulators
of vesicle exocytosis in various cell types
(28). In the brain, Munc13-1 and
Munc13-2 are essential for membrane fu-
sion of synaptic vesicles containing clas-
sical neurotransmitters, such as gluta-
mate or y-aminobutyric acid (GABA)
(25). Munc13-4, a non-neuronal Munc13
isoform most closely related to Baiap3 at
the sequence level, is involved in exocy-
tosis in cells of the hematopoietic system
(29,30).

To explore the function of Baiap3, we
combined the behavioral analysis of
Baiap3 knockout (KO) mice with a phe-
notype-based genetic association study
(PGAS) of the human BAIAP3 gene by
using the Gottingen Research Associa-
tion for Schizophrenia (GRAS) database
(31,32). Using this two-pronged ap-
proach, we identify Baiap3/BAIAP3 as the
first genetic risk marker for anxiety and
benzodiazepine abuse in both mice and
humans.

MATERIALS AND METHODS

Animals

Animal maintenance. All experiments
were approved by the local Animal Care
and Use Committee of Lower Saxony,
Oldenburg, Germany. The first three cod-
ing exons of the murine Baiap3 gene were
preplaced with a neomycin resistance
cassette through homologous recombina-
tion in embryonic stem cells (129/0la)
(Supplementary Figure S1A). Baiap3 mu-
tant mice of mixed 129/0la;C57BL/6N
background were backcrossed for seven
more generations to C57BL/6N; all ex-
periments were done with WT and KO
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littermates of the resulting generation 8.
After weaning, mice were group-housed
in standard plastic cages (n = 5 per cage)
and maintained in a temperature-
controlled environment (21 + 2°C) on a
12-h light-dark cycle with food and
water ad libitum, unless stated otherwise.

Drugs used in animal experiments.
Two classical benzodiazepines, positive
allosteric modulators of GABA type A re-
ceptors (GABA (R) were used: (i) the
long-acting benzodiazepine diazepam
(ratiopharm GmbH, Ulm, Germany) was
suspended in saline containing polysor-
bate 80 for intraperitoneal (IP) injection,
and (ii) the short-acting benzodiazepine
midazolam (ratiopharm) was added to
2% sucrose solution for oral administra-
tion. Antagonists used were as follows:
(i) flumazenil (Sigma-Aldrich Chemie,
Munich, Germany), routinely applied in
the clinic to counteract benzodiazepine
overdoses, was dissolved in saline con-
taining polysorbate 80 and HCI; and (ii)
pentylenetetrazole (PTZ) (Sigma-Aldrich
Chemie), a noncompetitive GABA antag-
onist with epileptogenic properties, was
dissolved in saline for IP injection.

Phenotypical characterization of
Baiap3 KO mice. Behavioral characteri-
zation of naive Baiap3 KO mice and their
WT littermates of both sexes began at the
age of 8 wks and was performed in the
following order: elevated plus-maze,
open field, light-dark box, hole board,
rotarod and exposure to a fear-condition-
ing chamber to assess novelty-induced
freezing behavior. Mouse numbers of all
individual experiments are given in the
figure legends.

Elevated plus-maze. The mouse was
placed in the central platform, facing an
open arm of the plus-maze. Behavior
was recorded over 5 min by an overhead
video camera. A personal computer
equipped with Viewer software
(Biobserve, Bonn, Germany) was used to
calculate the time each animal spent in
open versus closed arms. The proportion
of time spent in open arms (natural aver-
sion) was used as a fear equivalent.

Open field. Spontaneous activity in
open field was tested in a gray Perspex
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arena (120 cm in diameter, 25 cm high),
virtually divided into three zones: cen-
tral, intermediate and peripheral. The
mouse was placed in the center, and the
test was started when the mouse reached
the wall. Over 7 min, the mouse was al-
lowed to freely explore the open field.
Behavior was recorded by a personal
computer-linked overhead video camera
and calculated using Viewer software.
Readouts were as follows: velocity, dis-
tance traveled, time spent in each zone
and initial latency to reach the wall.

Hole board. The hole board apparatus
(TSE Systems GmbH, Bad Homburg,
Germany) for measuring exploratory
activity consisted of a 50 cm x 50 cm x
35 cm transparent Perspex chamber with
a nontransparent floor raised above the
bottom of the chamber. The floor had 16
equally spaced holes, 2.4 cm in diameter,
fitted with a light barrier sensor (8 mm
below floor). Mice were allowed to ex-
plore the chamber for 5 min, and the
number of explored holes (head dips)
was recorded.

Rotarod. This test for motor function,
balance and coordination consists of a ro-
tating drum (Ugo Basile, Comerio,
Varese, Italy), accelerated from 4 to 40
revolutions per minute over 5 min. Each
mouse was placed individually on a
drum and the latency of falling from the
drum was recorded using a stopwatch.
To assess motor learning, the test was re-
peated 24 h later.

Novelty-induced fear response. To as-
sess novelty-induced fear response (indi-
cated by freezing behavior), a chamber
designed for training and testing of con-
text fear conditioning was used. Mice
were placed inside the chamber and al-
lowed to explore the chamber freely for
2 min, during which time no additional
stimulus was presented (equivalent to
the assessment of baseline freezing of the
fear-conditioning paradigm). Duration of
freezing behavior, defined as the ab-
solute lack of movement (excluding res-
piratory movements), was recorded by a
video camera and a personal computer
equipped with Video Freeze software
(MED Associates, St. Albans, VT, USA).

Pentylenetetrazole-induced seizures.
Seizure activity was induced in wakeful
mice by using a single IP injection of PTZ
(50 mg/kg body weight) (33). After injec-
tion of the compound, the mouse was
placed in a small, clear home cage and
closely observed for 30 min. Latencies to
focal (partial clonic), generalized (gener-
alized clonic) and maximal (tonic-clonic)
behavioral seizures were recorded. Fur-
thermore, four phases in the continuum
of behavioral response to IP PTZ injec-
tion were defined as follows: (i) hypoac-
tivity (progressive decrease in motor ac-
tivity until the animal came to rest in a
crouched or prone position with the ab-
domen in full contact with the cage bot-
tom); (ii) partial clonus (clonus seizure
activity affecting face, head and/or fore-
limb or forelimbs); (iii) generalized
clonus (sudden loss of upright posture,
whole body clonus involving all four
limbs and tail, rearing and autonomic
signs); and (iv) tonic-clonic (maximal)
seizure (generalized seizure character-
ized by tonic hindlimb extension—also
associated with death). Finally, latencies
to partial clonus (PC), generalized clonus
(GC) and tonic-clonic (TC) seizures were
summed to assign a seizure score to each
mouse, used as a quantitative trait mea-
sure for mapping according to the fol-
lowing equation: seizure score = [(0.2) x
(1/PC latency) + (0.3) x (1/GC latency) +
(0.5) x (1/TC latency)] x 1,000. The
weighting factors (0.2, 0.3 and 0.5) in the
equation were included as a means of in-
corporating a measure of the progressive
nature of the PTZ-induced seizure phe-
notype into the severity rating because
generalized clonus is regarded as a more
significant event than partial clonus and
tonic hind limb extension as the most se-
vere component of the phenotype. There-
fore, the seizure score reflects the degree
of progression of the seizure phenotype
in each mouse (33).

Diazepam dependence, tolerance and
withdrawal. The mice received injections
of diazepam (5 mg/kg body weight IP)
for 10 consecutive days. Rotarod test was
performed 30 min after each diazepam
injection for 7 d, with baseline rotarod
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training performed for 2 d before starting
injections. On d 11, diazepam with-
drawal was induced by flumazenil

(15 mg/kg body weight IP), followed by
injection of PTZ (50 mg/kg body weight
IP) to induce withdrawal-related
seizures. Seizure induction by PTZ

(50 mg/kg body weight IP) was also per-
formed on drug-naive mice.

Midazolam oral self-administration
and behavior testing in the addicted
state. To induce benzodiazepine depen-
dence as a prerequisite for oral self-
administration (document of addiction),
group-housed mice received midazolam
(ratiopharm) in 2% sucrose (to reduce the
bitter taste), instead of drinking water.
Midazolam concentration was increased
weekly, starting from 0.005 mg/mL
until the maximum concentration of
0.05 mg/mL was reached after 10 wks. A
respective control group received 2%
sucrose only. One set of midazolam
mice was then exposed to a midazolam
preference test. For this purpose, mice
were first switched to single housing
with a continued supply of midazolam
(0.05 mg/mL) for 2 wks. For the prefer-
ence test, every mouse had a choice of
two bottles containing either midazolam
(0.05 mg/mL) in 2% sucrose or 2% su-
crose alone for another 2 wks. The rela-
tive consumption of midazolam solution
was calculated. The other set of mice
(midazolam and control mice) stayed
group-housed and underwent automated
home cage observation using the
LABORAS™ system (Metris, Hoofddorp,
Netherlands). LABORAS is a fully auto-
mated system for continuous behavior
recognition and tracking in small rodents.
For habituation before testing, mice were
temporarily put in single cages similar to
the LABORAS cage in the testing room
for 2 consecutive nights (1700 to 0900).
On the day of testing, Makrolon type 3
cages (840 cm?), filled with a 2-cm layer
of bedding used during the habituation
phase, were placed on each triangular
sensor platform (95 cm x 75 cm x 75 cm).
Food and sucrose solution with midazo-
lam (addicted group) or 2% sucrose (con-
trol group) were provided ad libitum.
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Before each session, LABORAS was cali-
brated by using the calibration procedure
and reference weights supplied by
Metris. Movements during nighttime
(1800 to 0900) were recorded and distin-
guished as separate behavioral patterns
by the LABORAS software. Locomotion
duration and scratching frequency dur-
ing the dark phase (2000 to 0800) was
analyzed.

Statistical analysis. Behavioral data
were analyzed separately for males and
females by the Mann-Whitney U test and
two-way analysis of variance (ANOVA),
including post hoc Bonferroni testing,
where applicable, using Prism4 (Graph-
Pad Software, San Diego, CA, USA). Sig-
nificance level was set to p < 0.05. All
data are presented as mean + standard
error of the mean (SEM).

Human Sample

Schizophrenic patient sample. The
schizophrenic patient sample (n = 1,086)
was recruited across 23 sites throughout
Germany in the cross-sectional GRAS
study and most comprehensively pheno-
typed (31,32). The study was approved
by the Ethics Committee of the Georg-
August-University (Gottingen, Germany)
and the review boards of participating
centers and complies with the Declara-
tion of Helsinki. Patients fulfilling Diag-
nostic and Statistical Manual of Mental Dis-
orders: DSM-IV-TR, 4th edition, text
revision (34) criteria for schizophrenia or
schizoaffective disorder were included in
the analyses regardless of their disease
stage (acute, chronic, residual or remit-
ted). Almost all patients were of Euro-
pean Caucasian descent (Caucasian
94.7%; other ethnicities 1.9%; unknown
3.4%).

Healthy control sample. Voluntary
blood donors (n = 1,142) recruited fol-
lowing the national guidelines for blood
donation were included for case control
analysis (31,32). Also the majority of con-
trol subjects are of European Caucasian
ethnicity (Caucasian 97.8%; other ethnici-
ties 2%; unknown 0.2%).

Sociodemographic and clinical vari-
ables. Sociodemographic data (age, years

of education, level of unemployment),
information on substance use disorder
(summarizing abuse and dependence
based on the DSM-IV-TR criteria for alco-
hol and cannabis) and clinical variables
describing disease severity were used to
characterize the sample. Clinical vari-
ables included Positive and Negative
Syndrome Scale (PANSS) positive scale
as a measure of positive symptom sever-
ity (35) as well as chlorpromazine equiv-
alents to estimate the relative dose of an-
tipsychotic medication. The Global
Assessment of Functioning (GAF) scale
(DSM-IV-TR) was used as a measure of
impairment of psychological, social and
occupational functioning.

Target variables. The dichotomous
DSM-IV-TR benzodiazepine use disorder
diagnosis (summarizing abuse and de-
pendence) and the quantitative anxiety
composite score were our target vari-
ables. The anxiety composite score is
based on the aggregation of four anxiety-
related variables: (i) Brief Symptom In-
ventory (BSI) subscale anxiousness; (ii)
State-Trait Anxiety Inventory (STAI) sub-
scale trait anxiety; (iii) STAI subscale
state anxiety; and (iv) anxiety item of the
PANSS general psychopathology sub-
scale (Supplementary Figure S2).

DNA extraction and normalization.
Genomic DNA was purified from whole
blood by using JETQUICK Blood and
Cell Culture DNA Spin Kit (Genomed,
Loehne, Germany) according to the man-
ufacturer’s protocol. DNA aliquots were
stored at —80°C. For further analyses,
DNA was normalized to 50 ng/uL with
an automated robotic platform (Microlab
Star, Hamilton, Bonaduz, Switzerland).
Each sample was analyzed with a 0.8%
agarose gel for quality control.

Genotyping. The three selected SNPs
(rs11648169, rs2235632, rs1132358) of
BAIAP3 were analyzed by using Simple
Probes (TIB Molbiol, Berlin, Germany)
and genotyped using the LightCycler”
480 Genotyping Software implemented
in the LightCycler 480 system (Roche,
Mannheim, Germany). The reaction mix-
ture (10 uL) was prepared with 20 ng
DNA in 384-well plates following the
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standard protocol (Roche). In each run,
eight positive controls (hgDNA, Bioline,
Luckenwalde, Germany) and negative
water blanks were included for quality
and internal control purposes. Of the
GRAS patients, a total of n = 1,082
(99.63%) were successfully genotyped for
BAIAP3 SNP1 (C/G) rs11648169, n =
1,086 (100%) for BAIAP3 SNP2 (G/A)
rs2235632 and n = 1,069 (98.43%) for
BAIAP3 SNP3 (C/T) rs1132358 and in-
cluded in the analyses. Of the healthy
control subjects, all n = 1,142 were suc-
cessfully genotyped for SNP1, SNP2 and
SNP3 of the BAIAP3 gene.

Statistical analyses. For all analyses,
statistical significance was set to 0.05.
Statistical analyses of human data were
performed by using SPSS for Windows,
version 17.0. Group differences in cate-
gorical and continuous variables were
assessed using %* or Mann-Whitney U
tests; in cases of normal distribution of
the continuous variable, t tests were per-
formed. Anxiety score composition was
done using z-standardized mean sub-
scale scores (BSI anxiousness, STAI trait
anxiety, STAI state anxiety) or, in the case
of PANSS anxiety, a z-standardized
single item, organized such that higher
values represent higher symptom sever-
ity. Intercorrelations and internal consis-
tency of the anxiety composite score was
calculated by using Pearson correlation
coefficient and Cronbach « (36). In the
GRAS sample, the following items or
scales were incomplete: BSI anxiousness
7.5% missing, STAI trait anxiety 20.2%,
STAI state anxiety 21.6% and PANSS
anxiety 3.2%. If all four anxiety variables
were available, the mean was calculated
for each respective subject as an individ-
ual anxiety composite score. In the case
of missing data, a linear regression-based
multiple imputation model (10 iterations)
of missing data was applied, if at least
three out of the four variables per subject
were available. For the 190 individuals
with imputed values, the final anxiety
composite score represents the mean of
10 imputed values for the missing item,
increasing the availability of the anxiety
score from n = 771 to n = 961 schizo-
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phrenic subjects (37). Analysis of covari-
ance (adjusted for age, PANSS positive
subscale score and chlorpromazine
equivalents) was used to analyze the ef-
fect of SNP genotypes on the standard-
ized anxiety composite score. For the
phenotype-genotype association analyses
(including peripheral blood mononuclear
cells [PBMCs]; see below) of the BAIAP3
SNP rs2235632, G carriers (GG and AG)
were aggregated and contrasted with in-
dividuals homozygous for the A allele,
and in the case of SNP rs1132358, C carri-
ers (CC and TC) were aggregated and
contrasted with TT individuals. SNP
rs11648169 was excluded from further
analyses, since it yielded no statistically
significant effects.

In Vitro Analyses

Immunofluorescence analysis. Brains
were perfusion-fixed, and organotypic
hypothalamus slices were immersion
fixed in 4% paraformaldehyde in phos-
phate buffer (pH 7.4). Brains were post-
fixed for 1 h, cryoprotected with 30%
sucrose and frozen. For immunofluores-
cence analysis, free-floating brain sec-
tions of 40 um thickness or organotypic
sections of 300 um thickness were incu-
bated in primary antibodies for 72 h fol-
lowed by incubation with IgG-coupled
Alexa Fluor 488, Alexa Fluor 555 and
Alexa Flour 633 dyes (Invitrogen [Life
Technologies, Darmstadt, Germany]) for
24 h. Rabbit and guinea pig antibodies to
Baiap3 were raised to a purified frag-
ment (amino acids 617-973) containing
the munc homology domain (MHD)-1
and MHD-2 of mouse Baiap3. Commer-
cial primary antibodies used were rabbit
and guinea pig anti-vesicular glutamate
transporter 1 (VGLUT1), rabbit and
guinea pig anti-VGLUT2, rabbit and
guinea pig anti-vesicular inhibitory
amino acid transporter (Viaat), mouse
anti-Gephyrin (mAB7a) (all from Synap-
tic Systems, Gottingen, Germany), and
mouse anti-postsynaptic density protein
95 (PSD-95) (clone K28/48, NeuroMab).
False color images of brain sections and
organotypic slices were obtained with a
fluorescence stereomicroscope (Leica

FluoCombi III™) and an ApoTome™ flu-
orescence microscope (Axio Imager Z1;
Zeiss), respectively.

Hypothalamus slice culture. Organ-
otypic hypothalamus slices of 300-um
thickness from postnatal d 5 (P5) and P6
mice were prepared in Hanks balanced
salt solution (24020-091; Invitrogen [Life
Technologies]) with 20% glucose and
1 mmol/L kynurenic acid (Sigma-
Aldrich, Germany) (pH 7.4), by using a
Mcllwain Tissue Chopper. Slices were
cultured in six-well plates on confetti cut
from 0.45-um filters (FHLC04700; EMD
Millipore [Millipore Ireland B.V., Tulla-
green, Carrigtwohill County Cork, Ire-
land]) that were placed in 0.4-um Milli-
cell cell culture inserts (PICMO03050;
Millipore) for 5 d using a mixture of 41%
Earle basal medium Eagle (BME) (F 0225;
Biochrom, Berlin, Germany), with 25%
Earle balanced salt solution (1.8 mmol/L
CaCl,, 1 mmol/L NaH,PO,, 0.8 mmol/L
MgSQO,, 116 mmol/L NaCl, 26.2 mmol/L
NaHCO,, 5.4 mmol/LKCl, 5 mmol/L glu-
cose), 20% heat-inactivated horse serum,
10% H,O, 25 mmol/L 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES)
(Biochrom), 28 mmol/L glucose, 1 mmol/L
GlutaMAX™ (35050; Invitrogen [Life Tech-
nologies]), 1 ug/mL insulin, 88 ug/mL
ascorbic acid, 0.25% MEM Vitamine Solu-
tion (K0373; Biochrom) and 0.5% MEM
Amino Acids (K0363; Biochrom). On d 5
in vitro, the cultures were switched to a
medium with identical components but
containing 5% horse serum, 55% BME
and 2 mmol/L GlutaMAX. At the same
time, diazepam was added to the me-
dium from a 60 mmol/L stock solution in
dimethylsulfoxide (DMSO) for a final
concentration of 10 umol/L. For control
cultures, DMSO was added as a vehicle
control at the same dilution of 1:6,000.
The CO, concentration was 5%, and me-
dium changes were done on the day after
culture and every 48 h after that.

Electrophysiological analyses. Organ-
otypic slices containing the ventromedial
hypothalamus were transferred to the
recording chamber between DIV10 and
DIV17. Recordings were started after a
30-min recovery time, the extracellular
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recording solution contained 120 mmol/L
NaCl, 26 mmol/L NaHCO,, 1 mmol/L
KH,PO,, 2 mmol /L KCl, 20 mmol/L glu-
cose, 2 mmol /L MgCl,, 2 mmol/L CaCl,
and 250 nmol/L flumazenil. Cells were
whole-cell voltage clamped at -70 or

—20 mV or recorded in current clamp mode
with an EPC 10 USB Double (HEKA,
Lambrecht/Pfalz, Germany) under control
of the Patchmaster 2.52 program (HEKA).
All analyses were performed by using the
Mini Analysis Program (Synaptosoft, De-
catur, GA, USA). Recordings of miniature
inhibitory postsynaptic currents (mIPSCs)
were performed in the presence of

1 umol/L tetrodotoxin (Tocris [R&D Sys-
tems, Wiesbaden-Nordenstadt, Germany])
and 10 umol/L 2,3-dioxo-6-nitro-1,2,3 4-
tetrahydrobenzol f ]quinoxaline-7-
sulfonamide (NBQX) (Tocris [R&D Sys-
tems]), with an intracellular solution
containing 100 mmol/L KCl, 50 mmol/L
K-gluconate, 10 mmol/L HEPES,

0.1 mmol/L EGTA, 0.3 mmol/L GTP,

4 mmol/L ATP and 0.2% biocytin. Action
potentials and spontaneous inhibitory post-
synaptic currents (IPSCs) were recorded
with an intracellular solution containing
20 mmol/L KCl, 130 mmol/L K-gluconate,
10 mmol /L HEPES, 0.1 mmol/L EGTA,
0.3 mmol/L GTP, 4 mmol/L ATP and
0.2% biocytin. Action potentials analyzed
were from the first minute of a 2-min
recording; membrane potentials were
measured after setting the current injec-
tion to 0 pA at the end of the recording.
IPSCs were recorded for 5 min after
switching the cell to a holding potential of
—20 mV and waiting for 1 min. Statistical
analyses were performed using GraphPad
Prism5.

Analysis of BAIAP3 mRNA levels in
PBMCs. PBMCs from 121 patients were
isolated by using the standard Ficoll-
Paque Plus isolation procedure (GE
Healthcare, Munich, Germany). For RNA
isolation, the miRNeasy Mini Kit (Qiagen,
Hilden, Germany) was used. A total of
1 ug RNA, a mixture of oligo dT, hexamer
primers, dNTPS (10 mmol /L each) and
SuperScriptlll (200 U; Invitrogen [Life
Technologies]) were used for transcription
into cDNA (20-uL reaction). The mixture
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was incubated for 10 min at 25°C and 45
min at 50°C, followed by 45 min at 55°C.
For the quantitative reverse transcriptase
polymerase chain reaction (qQRT-PCR), a
1:10 dilution of the cDNA was used and
three replicate experiments per sample
were performed: 5 uL. Power SYBR mix
(Applied Biosystems) and 1 pmol of

each primer were added. BAIAP3 qRT-
PCR primers used were as follows: 5'-
AGCTGGGCCCACCGCATCTCT-3' with
5-CTCGGCAGGCACGGAAAAGTAG-3'
and 5'-CTGACTTCAACAGCGACACC-3'
with 5-TGCTGTAGCCAAATTCGTTGT-3".
The following cycling profile was run on
the LightCycler480 system (Roche): pre-
heating at 95°C for 10 min; 45 cycles of
95°C for 15 s, 60°C for 1 min. Cycle thresh-
old values of BAIAP3 were standardized
to cycle threshold values of GAPDH.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Generation of Baiap3 KO Mice

Baiap3 shares the basic domain struc-
ture of other Munc13 isoforms, with two
munc-homology domains flanked by
two C2 domains but lacks the N-termini
contained in Munc13-1, -2 and -3 (23).
The murine Baiap3 gene contains 33 cod-
ing exons that span 8.7 kb. We generated
Baiap3 KO mice by homologous recombi-
nation in embryonic stem cells, replacing
the first three coding exons with a
neomycin selection cassette (Supplemen-
tary Figure S1A). Baiap3 KO mice are vi-
able, fertile and indistinguishable from
their wild-type (WT) littermates in the
home cage. In WT brain, the expression
pattern of Baiap3 protein analyzed by
immunofluorescence staining largely
matches the distribution of Baiap3
mRNA published in the Allen Brain
Atlas. Baiap3 protein is prominently ex-
pressed throughout the hypothalamus
and in the central, medial and basome-
dial amygdaloid nuclei, as well as in the
paraventricular nucleus of the thalamus
(Figure 1). Strong expression is further
detected in the septum, bed nucleus of

the stria terminalis, midbrain including
the periaqueductal gray and inferior col-
liculus, and brain stem including the
parabrachial nucleus and nucleus tractus
solitarius (Figure 1). Baiap3 immunoreac-
tivity appears punctate, but does not
seem to localize to either glutamatergic
or GABAergic pre- or postsynapses to a
significant degree (Supplementary Fig-
ures S1C-G). Adult Baiap3 KO mice lack
any detectable expression of Baiap3 pro-
tein by immunofluorescence and Western
blot analysis (Figure 1B, Supplementary
Figure S1B). Western blot analysis of
brains taken from newborn Baiap3 KO
animals revealed the presence of a weak
band that most likely corresponds to
Baiap3 protein expressed from a start
codon present in coding exon 4; how-
ever, this putative truncated Baiap3
product is barely detectable by the age of
3 wks and not present in adult animals
(Supplementary Figure S1B).

Novelty-Induced Anxiety in Baiap3
KO Mice

The striking expression pattern of
Baiap3 in the amygdala and other brain
regions involved in processing fear
piqued our interest, and we chose to as-
sess whether the genetic deletion of
Baiap3 led to any detectable behavioral
alterations. We subjected Baiap3 KO mice
and WT littermates of both sexes to a
battery of standard behavioral tests (Fig-
ures 2A-L; Supplementary Figures
S3A-]). In the open field, both male and
female Baiap3 KO mice showed an in-
creased latency to reach the wall upon
release in the center zone (Figures 2A, B).
Female but not male KO mice also made
fewer visits to the center (Figures 2C, D)
and spent significantly more time in the
periphery (Figures 2E, F). When placed
in a novel chamber (fear-conditioning
box), both male and female KO mice
showed an increased novelty-induced
freezing response (Figures 2K, L). Taken
together, these findings are indicative of
a heightened novelty-induced anxiety
level in Baiap3 KO animals, with a more
pronounced effect noted in females. In
contrast, classical tests, measuring anxi-
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ety in the context of an inherent conflict
between a protected and a more anxio-
genic area, that is, elevated plus-maze
and light-dark box, did not reveal any
genotype differences (Figures 2G-J). Fur-
thermore, the distance traveled (motor
activity) in open field and elevated plus-
maze (Supplementary Figures S3A-D),
exploratory behavior (hole board; Sup-
plementary Figures S3E, F), motor learn-
ing and coordination (rotarod; Supple-
mentary Figures S3G, H) and body
weight (Supplementary Figures S3I, ])
were not affected by genotype.

BAIAP3 Is a Risk Marker for Anxiety in
Women

To explore the possibility of an associa-
tion of genetic variability in the human
BAIAP3 gene with specific biological
readouts, we made use of the GRAS data-
base of schizophrenic patients (31,32). Our
hypotheses regarding Baiap3/BAIAP3
function were based on the anxiety phe-
notype observed in Baiap3 KO mice and
on the prominent expression of Baiap3 in
brain regions involved in processing fear-
ful stimuli as well as in substance use dis-
orders. We selected three single-nucleotide
polymorphisms (SNPs) in the BAIAP3
gene: 1511648169 (C/G, intronic),
rs2235632 (G/A, intronic) and rs1132358
(C/T, coding sequence, synonymous
Asp1040Asp) (Supplementary Figure S4A)
from public databases [http://www.ncbi.
nlm.nih.gov/projects /SNP/; http:/ /
browser.1000genomes.org; http://
hapmap.ncbi.nlm.nih.gov/]. The selection
of SNPs was based on (i) a high minor al-
lele frequency (MAF = 0.36) distribution
within the European Caucasian popula-
tion (http:/ /www.ncbi.nlm.nih.gov/
SNP/), to increase the power to detect ge-
netic effects, and (ii) the potential for
functional consequences. The last criterion
could only partially be fulfilled; the ex-
onic SNP rs1132358 (C/T, Asp1040Asp,
synonymous) might potentially affect
mRNA structure or stability. All SNPs ful-
filled Hardy-Weinberg equilibrium crite-
ria, both in cases and in controls (p >
0.05). A construction of haplotype blocks
of the three SNPs revealed a similarly
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Figure 1. Immunofluorescence analysis of Baiap3 expression in mouse brain. (A) Sagittal
brain section of adult Baiap3 WT mouse stained with rabbit anti-Baiap3 antibody. (B)
Sagittal brain section of adult Baiap3 KO littermate showing the absence of Baiap3 im-
munoreactivity. Please note that the signal observed in the hippocampus of both WT and
KO brain is a nonspecific background staining. (C) Coronal brain section of adult WT
mouse stained for Baiap3 with a corresponding coronal diagram, adapted from the
mouse Paxinos brain atlas (Bregma -1.46). PB, parabrachial nucleus; NTS, nucleus tractus
solitarius; Hi, hippocampus; SC, superior colliculus; IC, inferior colliculus; PAG, periaqueduc-
tal gray; LS, lateral septum; Th, thalamus; Hy, hypothalamus; BST, bed nucleus of the stria
terminalis; PV, paraventricular thalamic nucleus; DM, dorsomedial hypothalamic nucleus;
VMH, ventromedial hypothalamic nucleus; Arc, arcuate nucleus; Ce, central amygdaloid
nucleus; BLA, basolateral amygdaloid nucleus, anterior part; BMA, basomedial amyg-
daloid nucleus, anterior part; ME, medial amygdaloid nucleus; ACo, anterior cortical
amygdaloid nucleus. Scale bars equal T mm.

high degree of linkage disequilibrium be-
tween them in the GRAS sample (Supple-
mentary Figure S4B) and in healthy con-
trols (Supplementary Figure S4C). Case
control analysis of genotype frequencies
of the three SNPs did not reveal any sig-
nificant differences, indicating that the
selected genetic variation in BAIAP3 is

vant for anxiety disorders and substance
use disorders. For this step, an anxiety
composite score was constructed using
four anxiety-relevant variables (Supple-
mentary Figure S2), which showed a sig-
nificant association with only two of the
three selected SNPs (as expected because
of the high linkage disequilibrium be-
tween both markers and their similar
MAFs) for women but not for men
(Table 1). SNP rs11648169 was excluded
from further analyses, since it yielded no

not associated with schizophrenia risk
(Supplementary Figure S4D). We subse-
quently used the PGAS approach (32) to
analyze the three SNPs for association

with specific phenotypic readouts rele- statistically significant effects.
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BAIAP3Is a Risk Gene for
Benzodiazepine Abuse in Men

Because anxiety disorders and sub-
stance use disorders often occur together,
and BAIAP3 is expressed in brain regions
relevant for emotionality and drug de-
pendence, we also screened for a possible
association between genetic variation in
BAIAP3 and substance use disorder. The
same risk genotypes (AA for rs2235632,
TT for rs1132358) that were associated
with anxiety in women showed a statisti-
cally significant association with benzodi-
azepine use disorder in men (Table 1).
Even though there was a similar ten-
dency for women (benzodiazepine use
disorder associated with 7.0% /7.7% in
AA/TT genotypes versus 4.7%/4.6% in
G/C carrier status), it did not reach sta-
tistical significance, perhaps because of
the lower numbers of women than men
in the GRAS sample. The genotype fre-
quencies of rs2235632 and rs1132358 did
not differ between men and women in
the GRAS sample (rs2235632,
GG/AG/AA: men 25.1%/49.1%/25.8%;
women 28.3%/46.3% /25.5%; rs1132358,
CC/TC/TT: men 26.1% /49.4%/24.5%;
women 29.8%/46.9%/23.3%), and neither
of these two SNPs was associated with
disease-related or sociodemographic con-
trol variables (Table 1).

For the purpose of an association anal-
ysis of the relevant BAIAP3 genotypes
(GG/AG/AA in rs2235632 and
CC/TC/TT in rs1132358) with benzodi-
azepine use disorder, the GRAS sample
delivers an ideal, nearly experimental set-
ting. The distribution of these genotypes
among benzodiazepine users versus
nonusers is highly comparable, allowing
the identification of risk genotypes lead-
ing to benzodiazepine use disorder (Sup-
plementary Table S1). Most importantly,
the benzodiazepine dose was equal
across all genotypes (Supplementary
Table S1). Hence, the BAIAP3 risk geno-
types (AA for rs2235632, TT for
rs1132358) appear to confer a specific ge-
netic risk of developing benzodiazepine
use disorder given equal dose and likeli-
hood of exposure. Interestingly, neither
alcohol nor cannabis abuse were found to
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Figure 2. Anxiety phenotype in Baiap3 KO mice. (A-F) Open field parameters. (A, B) The latency to reach the wall of the open field was
significantly increased in Baiap3 KO mice of both sexes, whereas visits to the center (C, D) and stay in the periphery (E. F) revealed anxi-
ety-like behavior only in females. Elevated plus-maze (G, H) and light-dark box (I, J) revealed no genotype-dependent differences in ei-
ther sex. (K, L) As readout of unspecific novelty-related anxiety, a higher freezing response was found in male as well as female Baiap3 KO
mice. Numbers tested: males, WT = 16-25, KO = 16-25; females, WT = 18-23, KO = 10-28. Mann-Whitney U test (A-D, I-L) and two-way
ANOVA (E-H). including Bonferroni testing, were applied. Means + SEM are presented.

be associated with the two SNPs, point-
ing to a specific benzodiazepine link with
the selected BAIAP3 genotypes (Table 1).

To determine whether the identified
risk genotypes are associated with al-
tered expression of BAIAP3, we analyzed
the mRNA levels of BAIAP3 in PBMCs
obtained from 121 subjects by qRT-PCR.
We found a statistically significant asso-
ciation of the BAIAP3 risk genotypes
(AA for rs2235632, TT for rs1132358)
with lower BAIAP3 mRNA levels in
PBMCs of male individuals, which is at
least partially comparable to a gene dose
reduction or KO situation. This result is
not found in women, possibly because of
the lower numbers available for analysis
(Supplementary Figure S5). However,
these findings could also support the in-
terpretation that the effects of BAIAP3
risk alleles are gender specific.
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Male Baiap3 KO Mice Show Faster
Development of Tolerance to
Benzodiazepines

On the basis of the identification of
human BAIAP3 risk genotypes for ben-
zodiazepine abuse in male patients, we
tested Baiap3 KO and WT littermates of
both sexes in experimental paradigms of
chronic benzodiazepine administration
to assess the development of tolerance,

dependence and withdrawal (Figure 3A).

The baseline performance of each mouse
in the rotarod test was established on

two consecutive days of rotarod training.

No significant genotype-dependent dif-
ferences were detected in baseline per-
formance (Supplementary Figures S3G,
H). Benzodiazepine dependence in
Baiap3 KO and WT mice of both sexes
was then induced with daily diazepam
injections (5 mg/kg IP) for 10 consecu-
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tive days. To monitor the development of
tolerance to diazepam, motor perform-
ance on rotarod at 30 min after each in-
jection was evaluated over the first 7 d of
diazepam treatment. Rapid development
of tolerance to daily diazepam injections
was apparent in both sexes and genotypes
by an increase of the latency of falling
from rotarod over the course of 7 d (Fig-
ures 3B, C). Here, male Baiap3 KO mice
performed significantly better than their
WT littermates (Figure 3B), whereas no
such difference was detected for females
(Figure 3C). Thus, male Baiap3 KO mice
show faster development of tolerance to
diazepam.

Baiap3 KO Mice Have an Increased
Seizure Propensity

To evaluate whether Baiap3 genotype
would affect the propensity for di-
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BAIAP3 IS ASSOCIATED WITH ANXIETY AND BENZODIAZEPINE ABUSE
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Figure 3. Diazepam tolerance and withdrawal in Baiap3 KO and WT mice. (A) Experimen-
tal design scheme. (B) Male diazepam-treated Baiap3 KO mice showed significantly
faster improvement of performance on the rotarod, consistent with a more rapid devel-
opment of tolerance to diazepam. (C) Rotarod performance of female mice was com-
parable between WT and KO. (D, E) Diazepam-naive Baiap3 KO mice display a higher
PTZ-induced seizure propensity compared with WT (significant in females, strong tendency
in males). (F G) Flumazenil-induced diazepam withdrawal does not further increase PTZ-
induced seizure propensity in Baiap3 KO mice. Seizure propensity of female mice became
comparable between genotypes, pointing to a ceiling effect. Numbers tested: males,

WT = 25, KO = 25; females, WT = 21, KO = 23, except for (D) and (E). where males, WT = 7,
KO = 7; females, WT = 8; KO = 10. Mann-Whitney U test (D-G) and two-way repeated-
measures ANOVA (B, C), including Bonferroni, testing applied. Means + SEM are presented.

azepam withdrawal-related seizures, the
susceptibility to PTZ-induced seizures
was first evaluated in diazepam-naive
mice. The seizure response of Baiap3 KO
mice of both sexes to PTZ (50 mg/kg IP)
was higher than that in WT animals,
with the difference just failing to reach
significance in males (Figures 3D, E). To
assess the effect of genotype on benzodi-
azepine withdrawal, the diazepam an-
tagonist flumazenil (15 mg/kg IP) was
injected on d 11, after 10 d of daily di-
azepam treatment, immediately followed
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by PTZ injection (50 mg/kg IP) to trigger
withdrawal seizures (Figure 3A). Upon
flumazenil-induced diazepam with-
drawal, the response to PTZ in male
Baiap3 KO and WT mice did not differ
appreciably from the one found in di-
azepam-naive mice of both genotypes
(Figure 3F). In contrast, the genotype-
dependent differences in diazepam-naive
females regarding seizure scores disap-
peared under conditions of diazepam
withdrawal (Figure 3G), which could be
explained by a ceiling effect. Thus, fe-
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male and male Baiap3 KO mice are more
seizure-prone than their WT littermates,
and this propensity is not further in-

creased by benzodiazepine withdrawal.

Drug Self-administration and Basic
Behaviors Do Not Differ between
Baiap3 Genotypes upon Chronic
Addiction

To assess whether Baiap3 KO mice,
once addicted, would also be more
likely to orally self-administer benzodi-
azepines, we performed an experiment
on chronic midazolam addiction, where
self-application was assessed after
forced long-term exposure to escalating
doses of midazolam (Supplementary
Figure S6). We detected no genotype or
gender differences in the clear prefer-
ence for midazolam. Moreover, no geno-
type effects on body weight or basic be-
havior in the chronically addicted state
were noted (Supplementary Figure S6).
These data indicate that the Baiap3
genotype gender specifically affects the
development of tolerance, that is, drug
abuse at an early stage. In chronic ad-
diction, genotype effects are no longer
detectable.

Lack of Homeostatic Adaptation to
Diazepam in Baiap3 KO
Hypothalamus Slices

One hypothesis regarding predisposi-
tion to the development of addiction at
the cellular level is an altered response
to the addiction-inducing substance and
its withdrawal. Because Baiap3 KO mice
showed an increased seizure propensity
and an altered development of tolerance
to diazepam, we investigated whether
lack of Baiap3 leads to a measurably al-
tered response to diazepam treatment
and withdrawal in neurons in vitro. Be-
cause Baiap3 expression is highest in the
hypothalamus, we cultured organotypic
hypothalamus slices prepared from
male P5/P6 Baiap3 KO and WT animals
in the presence of either 10 umol/L di-
azepam or vehicle (DMSO) and re-
corded from neurons in the ventrome-
dial hypothalamus in the presence of
the diazepam antagonist flumazenil to
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mimic diazepam withdrawal conditions
in vitro. We hypothesized that diazepam
treatment would lead to a homeostatic
adaptation in the GABA ,R-mediated
mIPSCs (Figure 4A) that would become
apparent under diazepam withdrawal
conditions. Although we observed no
diazepam treatment-dependent differ-
ences that reached statistical signifi-
cance, there was a significant genotype-
dependent effect under diazepam
withdrawal conditions. Here, WT
mIPSC amplitudes were 27% smaller
(Figure 4B) and rise times 13% longer
than in KO neurons (Figure 4C), which
is suggestive of a homeostatic adapta-
tion to diazepam treatment in WT but
not in KO slices. No significant differ-
ences in mIPSC decay times and fre-
quencies were observed (Supplementary
Table S2). Because the sudden with-
drawal of diazepam should lead to an
increase in overall network activity, we
recorded action potential (AP) frequen-
cies in ventromedial hypothalamus
slices in the presence of flumazenil. Sur-
prisingly, KO slices already showed sig-
nificantly higher AP frequencies than
WT slices under control conditions, with
no further increase under diazepam
withdrawal conditions. By contrast, in
WT slices, we observed a significant in-
crease in AP frequency under diazepam
withdrawal conditions compared with
vehicle-treated WT slices (Figure 4D).
There was no significant difference in
the resting membrane potentials (Fig-
ure 4E), AP rise times, decay times and
half-widths (Supplementary Table S2).
IPSCs were recorded in the same cells
at a holding potential of -20 mV to be
able to isolate spontaneous GABA \R-
mediated currents without drug appli-
cation. In WT slices, we observed a sig-
nificant effect of diazepam withdrawal,
with an increase in IPSC amplitude and
frequency compared with vehicle-
treated WT slices (Figures 4F, G), which
is in keeping with the overall higher fir-
ing rate and which was not apparent in
KO slices. In summary, these data show
that neurons in Baiap3 KO hypothala-
mus slices have higher AP firing rates,
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Figure 4. Increased basal network activity and lack of homeostatic adaptation to di-
azepam treatment in Baiap3 KO hypothalamus slices. (A) Sample traces of mIPSC record-
ings from WT and KO hypothalamus slices that were cultured in the presence of di-
azepam or under vehicle control conditions with DMSO. Under diazepam withdrawal
conditions, Baiap3 WT mIPSC amplitudes were significantly smaller than in KO slices (B).
and WT mIPSC rise times were longer than in KO slices (C). (D) Baiap3 WT slices showed an
increase in AP frequency in response to diazepam withdrawal when compared with
DMSO-treated WT slices, whereas no such increase was apparent for Baiap3 KO slices,
which already showed an increased AP frequency under DMSO control condifions when
compared with WT slices. (E) The resting membrane potential was not affected by experi-
mental condition or Baiap3 genotype. IPSC amplitudes (F) and IPSC frequencies (G) were
increased in Baiap3 WT slices under diazepam withdrawal compared with DMSO-treated
WT slices. Mann-Whitney U test was used for AP and IPSC frequencies; Student f fest was
used for all other parameters. Means + SEM are presented.

DISCUSSION

In this study, we identify two human
BAIAP3 risk genotypes that are associ-
ated with anxiety in women and benzo-
diazepine use disorder in men. We fur-

likely consistent with the higher seizure
propensity found in vivo, and that
Baiap3 KO slices show no obvious
homeostatic adaptation to diazepam
treatment and withdrawal.
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ther show that Baiap3 deficiency in mice
leads to (i) elevated seizure propensity;
(ii) increased anxiety in both genders,
with a more pronounced effect in fe-
males; and (iii) a faster development of
tolerance to benzodiazepines in male
mice. In vitro analysis of hypothalamic
slices revealed an increase in neuronal
baseline activity in the absence of Baiap3.
Withdrawal from chronic benzodi-
azepine application in vitro results in a
genotype-specific response pattern.

To the best of our knowledge, no other
genetic risk marker that is associated
with anxiety and benzodiazepine abuse
has been reported to date. We are aware
that, pending replication in nonschizo-
phrenic individuals, we cannot be sure
that our findings can be applied to the
general population. In spite of this limi-
tation, our findings suggest a role for
BAIAP3 and potential interaction part-
ners in the development of anxiety and
drug dependence.

Unfortunately, similar data from sam-
ples of equally well-phenotyped healthy
individuals or even other disease
groups are not available. This is particu-
larly true with regard to benzodiazepine
abuse, since short-term exposure is a
primary goal of controlled and med-
ically surveyed indications. Even look-
ing at other rare situations of long-term
exposure (for example, intractable
epilepsies), a homogeneous sample
comparable to the GRAS collection
would be difficult to imagine. In the
GRAS sample, there are no differences
between BAIAP3 genotypes regarding
benzodiazepine exposure or daily dose
(in case of exposure). This constellation
allowed us to analyze the specific ge-
netic risk of developing benzodiazepine
use disorder in a setting close to an ex-
perimental condition.

Importantly, the present study was
purely hypothesis-driven. Our hypothe-
ses for performing a human phenotype-
based genetic association study of
BAIAP3 were based on the anxiety phe-
notype we observed during basic behav-
ioral characterization of Baiap3 KO mice
as well as on the distinctive Baiap3 ex-

pression pattern in brain, which includes
regions relevant for addictive behaviors.
We find that in humans, female carriers
of the homozygous BAIAP3 risk geno-
types (AA for SNP rs2235632; TT for SNP
rs1132358) are more likely to meet crite-
ria for an anxiety disorder, whereas male
carriers of the same risk genotypes are
more likely to fulfill criteria for benzodi-
azepine use disorder. Neither SNP was
associated with schizophrenia in our
case control analysis. Furthermore, no as-
sociations with substance use disorder
other than benzodiazepine use disorder
were observed. In general, both genetic
linkage and candidate gene studies suf-
fer from lack of replicability (12). How-
ever, in our study, the parallel identifica-
tion of a gender-specific association of
BAIAP3/Baiap3 with anxiety and an al-
tered response to benzodiazepines in
both mice and men, lends strong support
to a causal link between BAIAP3 and the
observed phenotypes.

As for other genetic variations associ-
ated with anxiety disorders (11,12) or
substance use disorders (13-15), the im-
pact of BAIAP3 genotypes on anxiety
disorders or benzodiazepine use disorder
is likely to be small. However, the ob-
served effects and their gender speci-
ficity (across two species) are intriguing.
While we currently have no mechanistic
insight into this gender specificity, part
of the explanation may lie in the fact that
Baiap3 is expressed in sexually dimor-
phic brain regions such as the hypothala-
mus, amygdala and the bed nucleus of
the stria terminalis (38,39).

Given the higher prevalence of both
anxiety disorders and benzodiazepine use
disorder in women (9,40) the present find-
ings were surprising at first glance, but
the similarity of gender differences in
mice and humans underlines their signifi-
cance, encouraging follow-up work on
this gender effect. Admittedly, the gender
effects in humans may ultimately turn out
to be less prominent, since the total num-
ber of individuals with benzodiazepine
abuse in the GRAS sample is low, result-
ing in moderate significance levels only
for men. It cannot be excluded that, in a
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larger sample, an association of benzodi-
azepine use disorder with the genotypes
investigated here might reach significance
for women as well. Furthermore, research
focusing on gender differences and social
desirability in self-reported anxiety sug-
gests an underreporting of fear and dis-
tress in men (41-43). Therefore, our use of
three self-reported measures in the calcu-
lation of the anxiety composite score
might partly explain the lack of associa-
tion of the BAIAP3 risk genotypes with
anxiety in men. Nevertheless, gender dif-
ferences in BAIAP3/Baiap3 genotype-phe-
notype associations most likely exist and
are worth pursuing.

Benzodiazepines are positive allosteric
modulators of GABA R and thus en-
hancers of inhibitory GABAergic neuro-
transmission. Their sedative, anti-convul-
sive and amnesic effects are largely
mediated by the GABA ;Ral subunit, the
anxiolytic effect by the a2 subunit and
muscle relaxation by a2, a3 and a5 sub-
units (44). To date, no specific risk associ-
ation of these obvious candidate genes
has been identified. At present we have
no evidence that would suggest that
Baiap3 interacts with GABA \R subunits.
However, the increased seizure propen-
sity observed in Baiap3 KO mice of both
sexes, which is already apparent without
prior diazepam treatment and with-
drawal, is indicative of an altered bal-
ance of excitatory and inhibitory sys-
tems. Our comparison of neuronal firing
rates in hypothalamus slices under base-
line and diazepam withdrawal condi-
tions uncovered an increase in basal net-
work activity in the absence of Baiap3.
This finding was unexpected, and al-
though presently limited to the hypothal-
amus, is consistent with the increased
seizure propensity observed in vivo. Even
though we do not know whether the
seizures observed in our PTZ-induction
model originate in the subcortical re-
gions that express Baiap3, subcortical
epileptogenesis with origins in the hypo-
thalamus is a feature seen in hypothala-
mic hamartomas (45), and the amygdala,
which also expresses Baiap3, is known to
play a key role in epileptogenesis (46).
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Interestingly, the human BAIAP3 gene is
located on chromosome 16p13.3, which
has been linked to electroencephalo-
graphic traits of idiopathic epilepsy syn-
dromes (47,48). We would thus argue
that further investigation of BAIAP3 as a
candidate gene for epilepsy-related phe-
notypes is warranted. Because we found
that Baiap3 did not colocalize with mark-
ers of GABAergic or glutamatergic pre-
and postsynapses to a significant degree
(Supplementary Figures S1C-G), the in-
creased seizure propensity in Baiap3 KO
mice of both sexes and the altered re-
sponse to benzodiazepines in males is
unlikely to be due to a direct effect of
Baiap3 at GABAergic or glutamatergic
synapses.

The neuronal circuitry underlying the
addictive properties of benzodiazepines
is less well understood than their molec-
ular mechanism of action. Unlike many
other addictive substances, benzodi-
azepines do not appear to increase
dopamine levels in the nucleus accum-
bens (49-51), although electrophysiologi-
cal studies suggest that benzodiazepines
increase firing of dopaminergic neurons
in the VTA through disinhibition of these
neurons via inhibition of nearby in-
hibitory interneurons (52,53). Additional
mechanisms, such as neuroendocrine re-
sponses to benzodiazepine treatment,
may play a critical role in the develop-
ment of benzodiazepine use disorder
(54). Furthermore, because expression of
Baiap3 in both the VTA and in the nu-
cleus accumbens is low (Allen Brain
Atlas), a direct effect of Baiap3 on the
mesolimbic dopamine pathway does not
appear be the most likely explanation for
the observed interaction between Baiap3
genotypes and the response to benzodi-
azepines. Instead, our findings support
the interpretation that the altered re-
sponse to benzodiazepines could be a
consequence of a local or global change
in neuronal excitability. Because all other
members of the Munc13 protein family
have been shown to be regulators of
SNARE-mediated exocytosis (25,29),
Baiap3 may regulate the release of one or
more modulatory neurotransmitters or

neuropeptides that influence the balance
between GABAergic and glutamatergic
neurotransmission. Baiap3 immuoreac-
tivity appears punctate (Supplementary
Figures S1C-G) and may localize to pep-
tidergic release sites, some of which may
also contain VGLUT?2 or Viaat. Although
we presently cannot exclude the possibil-
ity that Baiap3 might have a postsynaptic
function, given what is know about the
function of all other members of the
Munc13 protein family, we think that a
pre-synaptic function is more likely. We
can furthermore not exclude the possibil-
ity that alterations in the hypothalamic-
pituitary-adrenal axis may play a role in
the anxiety phenotype or the altered re-
sponse to benzodiazepines seen in Baiap3
KO mice. We are currently investigating
whether Baiap3 is involved in regulating
exocytosis of dense core vesicles and/or
intracellular trafficking events that could
influence neuropeptide release or ex-
trasynaptic GABA \Rs.

CONCLUSION

To conclude, BAIAP3 had not previ-
ously been considered a candidate gene
for either psychiatric disorders or
epilepsy. Our study links BAIAP3/Baiap3
genotypes to anxiety and an altered re-
sponse to benzodiazepines in both mice
and men and thus strongly argues for
an involvement of BAIAP3 in these neu-
ropsychiatrically relevant phenotypes.
The identification of human genetic var-
iations that influence the risk for the de-
velopment of pathological phenotypes
as well as the response to pharmacologi-
cal treatments may pave the way for
more efficient treatments with fewer
side effects. Rodent models are usually
only imperfect representations of
human psychiatric conditions; however,
the simultaneous identification of Baiap3
as a biomarker for anxiety and the re-
sponse to benzodiazepines in mouse
and humans suggests that Baiap3 KO
mice will be a valuable tool in further
elucidating the genetic, physiological
and neuroanatomical underpinnings of
anxiety disorders and benzodiazepine
use disorder.
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