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Abstract

Proteomic analyses facilitate the interpretation of molecular biomarker probes which are very
helpful in diagnosing schizophrenia. In the current study, we attempt to test whether potential
differences in plasma protein expressions in schizophrenia (SZ) and bipolar disorder (BD) are
associated with cognitive deficits and their underlying brain structures.

42 plasma proteins of 29 SZ patients, 25 BD patients and 93 non-clinical controls were
quantified and analysed using multiple reaction monitoring (MRM) based triple quadrupole
mass spectrometry approach. We also computed group comparisons of protein expressions
between patients and controls, and between SZ and BD patients, as well. Potential associations
of protein levels with cognitive functioning (psychomotor speed, executive functioning,
crystallized intelligence) aswell as underlying brain volume in the hippocampus were explored,
using bivariate correlation analyses.

The main finding of this study was that apolipoprotein (ApoC) expression differed
between patients and controls; and that these alterations in both disease groups were putatively
related to cognitive impairments as well as to hippocampus volumes. However, none of the
protein level differences were related to clinical symptom severity.

In summary, atered apolipoprotein expression in BD and SZ was linked to cognitive
decline and underlying morphological changes in both disorders. Our results suggest that the
detection of molecular patterns in association with cognitive performance and its underlying
brain morphology is of great importance for understanding of the pathological mechanisms of

SZ and BD, aswell asfor supporting the diagnosis and treatment of both disorders.



1. Introduction

Diagnosis of schizophrenia (SZ) or bipolar disorder (BD) is normally based on clinical
interviews of patients by psychiatrists. However, conventional symptom-based descriptive
models of bipolar disorder (BD) and schizophrenia (SZ) have recently been complemented by
a neurobiological approach. According to this biological approach not only do both disorders
share some clinical features or cognitive impairments, but they also share biological
mechanisms underlying the clinical and cognitive features. Biological mechanisms of interest
are assessed by functional (fMRI) and structural neuroimaging (SMRI) data, or protein
expressions (proteomics). In general, previous proteomic studies in mental disorders yielded
changesin metabolic and immunological pathophysiological pathways, partly independently of
treatment or illness status (Schwarz et a., 2010; Schwarz et al., 2012). Moreover, mass
spectrometry-based proteomics have identified proteins which may serve as biomarker
candidates to prognosis, diagnosis, and medication monitoring in peripheral tissue (Nascimento

& Martins-de-Souza, 2015).

However, whether changes in the levels of serum proteins may be directly correlated
with cognitive or clinical features of psychiatric disorders has rarely been investigated. A major
purpose of the study is to assess whether protein expressions reflect psychiatric illnesses such
asBD or SZ. A further aimisto link potential pathophysiological abnormalities of BD and SZ
with cognitive impairments and their underlying brain structure. Apart from clinical features,
schizophrenia (SZ) and bipolar disorder (BD) share common alterations in cognitive domains,
e.g., episodic or working memory (Mann-Wrobel, Carreno, & Dickinson, 2013; Schaefer,
Giangrande, Weinberger, & Dickinson, 2013). These observations challenge previous
dichotomous approaches of psychosis (Kraegpelin, 1919) and indicate the need for searching
biological (e.g., neuroimaging, molecular) markers underlying shared symptoms of both

disorders.



Specificaly, Apolipoprotein (Apo) levels has been identified as risk factor for several
neuropsychiatric diseases (Elliott, Weickert, & Garner, 2010), e.g. for Alzheimer’s disease.
Additionally, previous evidence supports the hypothesis that changes in Apo concentrations
may be involved in the psychopathology of SZ (Lee, Kim, & Song, 2013; La et a., 2007; Wu
et a., 2013; (Dassati, Waldner, & Schweigreiter, 2014; Dean, Digney, Sundram, Thomas, &
Scarr, 2008; Takahashi et al., 2008) (Dean et al., 2008; Digney, Keriakous, Scarr, Thomas, &
Dean, 2005; Martins-De-Souza et a., 2010; Sasaki, Funakoshi, & Arakawa, 1985) and BD
(Dassati et al., 2014). In arecent review of Martins-de-Souza and colleagues, they compared
proteomics in serum of 55 first-onset drug-naive SZ patients and 33 controls and observed,
amongst others, the apolipoproteins A1, A2, A4, C1 and D had been differentially expressed.
According to the authors, this finding supports the idea that there is, in fact, a phospholipid

dysfunction in SZ (Martins-de-Souza, Guest, Rahmoune, & Bahn, 2012).

Furthermore, it has been proposed that atered Apo levels might play a putative
contributory role in decreased cognitive performance (Dassati et al., 2014; Elliott et al., 2010;
Huang & Mahley, 2014; Laet al., 2007). This assumption could be validated for dementia
(Kim et al., 2014). However, this link between cognitive impairments and Apo levels has not
been donefor SZ or BD, sofar. A study by V erbrugghe and coll eagues conducted and replicated
a genetic association analysis between disease outcome and cognitive performance in SZ
(Verbrugghe et al., 2012). They reported that ApoE, ApoER2, very-low-density-lipoprotein
receptor (VLDLR) and disabled-1 (DAB1) single nucleotide polymorphisms (SNPs) were
significantly associated with disease outcome, pre-morbid intelligence and verbal memory.
Thus, the authors concluded that neurodevel opmental/synaptic plasticity genes areinvolved in
cognitive deficits in SZ. Nonetheless, to our knowledge, a potential overlap between protein

concentrations and clinical or cognitive symptoms in BD and SZ has not been systematically



investigated, yet. Moreover, aterations in cortical and subcortical regions (i.e., basal ganglia,
thalamus, cingulate, insula, hippocampus) have been observed (see for review (Ellison-Wright
& Bullmore, 2010; Gupta et a., 2015; Shenton, Dickey, Frumin, & McCarley, 2001))
supporting the idea of shared the neurobiological underpinnings of cognitive impairments in
both disorders (Ehrlich et al., 2011; Gutierrez-Galve et d., 2011; Hartberg et a ., 2010; Hartberg

et a., 2011; Knochel et al., 2016; Knochel et a., 2014; Oertel-Knochel et al., 2012).

The main purpose of this explorative study is to identify protein levels reflecting the
pathomechanisms of BD or SZ in a trans-diagnostic approach in contrast to healthy controls.
Another aim is to explore whether changes in levels of proteins are disorder specific or rather
reflecting some other phenotype within the patients. It is hypothesised that SZ and BD are the
result of partly similar underlying biological factors which could explain the aforementioned
clinical similarities. Findly, it is examine whether protein levels are associated with

neurocognitive changes and brain structures related to neurocognitive deficitsin BD and SZ.

2. Methods
2.1 Participants

We assessed 29 SZ patients [mean age (Mage) = 37.16 years and standard deviation (SD)
=10.96 years] and 25 euthymic BD type | patients (Mage = 37.79 and SD = 10.40 years) without
any comorbid axis | or Il disorders (including drug abuse) according to the DSM-IV criteria
(APA, 1994). All patients were outpatients of the Department of Psychiatry, Psychosomatic
Medicine and Psychotherapy, Goethe-University, Frankfurt, Germany. 93 non-clinica
participants (CON; Mage = 33.59 and SD = 11.18 years) were al so included, using sample search
matched criteria. The selection of the controls was done by searching for matching pairs with

the SZ and BD patient groups regarding age, gender and education status. Exclusion criteriafor



all participants were current drug abuse or any acute infection. Potential group differences in
age, gender and years of education were tested for, which revealed no differences across
controls, BD or SZ patients in these variables (all p-values > 0.05) (see Table 1 for further
details). The body massindex (BMI; kg/m?) based on weight and height was calculated for all
participants. Furthermore, in order to confirm diagnosis and rule out (comorbid) psychological
and personality disordersin SZ or BD patients, and ruling out any past or present mental illness
in the control group, the Structured Clinical Interview for DSM-1V (SCID-1 and SCID-II;
German version (Wittchen, Zaudig, & Fydrich, 1997)) was conducted with all participants.
Only those controls not reporting any mental illnessin the past or present and without any first-
degree relatives with any mental disease were included into the study. Participants were
provided with adescription of the study and gave written informed consent before participating.
Experimental procedures were approved by the ethical board of the medical department of the
Goethe-University, Frankfurt/Main, Germany.

-------------------------------------------- Insert Table 1 about here

2.2 Data acquisition & preprocessing
Blood sample collection and plasma digestion

Venous blood (10 ml) of all participants was collected in the morning (8am) to avoid
circadian interference in biomarker measurements and aliquoted into two 9.0 ml serum tubes
(Sarstedt, Numbrecht, Germany). All participants did not eat, drink, or smoke after 10 pm the
night before blood sampling until the collection was done. This was ensured using an in-house
guestionnaire. Furthermore, all participants received detailed information prior to the blood
draw.

The blood samples were prepared according to standard protocols (see e.g. (de Witte et
al., 2014)). Samples were centrifuged at 4800 rpm for 10 minutes to remove clotted cells and
other debris. The plasmawas then transferred into Geiner Bio-One Reaction Tubes (1.5 ml, PR,

graduate, attached cap) and stored at — 80°C.



Plasma proteins were reduced with 10 mM dithiothreitol (DTT) for 30 min at 60 °C and
then alkylated with 10mM iodoacetamide (IAA) for 30 min at room temperature in the dark.
Tryptic digestion was performed using porcine trypsin (Sequencing Grade M odified, Promega,
Winconsin) for 17 hours at 37 °C (Levin, Schwarz, Wang, Leweke, & Bahn, 2007). Samples
were then spiked with a mixture of heavy isotope-labeled peptide standards and analyzed by
nano Liquid chromatography- Multiple Reaction Monitoring Mass Spectrometry (nano LC—

MRM-MS).

Mass spectrometry based protein quantification

Tryptic digested proteins were quantified using Waters Xevo Triple quadrupole coupled to a
nanoAcquity UPLC system (Waters Corporation, UK) and operated in the multiple reaction
monitoring (MRM) mode as described previousy (Wessdling, Gottschalk, & Bahn, 2014). The
L C buffer system was as follows: mobile phase A, 0.1% formic acid and mobile phase B, 0.1%
formic acid in acetonitrile. The peptides were separated and eluted at aflow rate of 300 nL/min
using a 48-minute gradient of 97/3% (A/B) to 60/40% in 30 minutes; 60/40% to 15/85% in 2
minutes; 5 minutes at 15/85%; and returning to the initial condition in 1 minute. The trapping
and analytical columns were C18 (180 pmx20mm, 5-um particle size) and C18 BEH nano-
column (75 umx200mm, 1.7-mm particle size), respectively.

Forty-two plasma proteins were quantified using Psynova Human Blood Panel-42
(Psynova Neurotech Ltd. Cambridge, UK)(Alsaif et a., 2012; Enaw & Smith, 2013; Schwarz
et a., 2012; Schwarz et al., 2010a)(see Table 2). This selection was based on current findings
in Schizophreniaand Bipolar disorder regarding the relevance of plasma proteinsfor etiological
models of the diseases (see e.q., (Alsalf et d., 2012; Enaw et a., 2013; Schwarz et a., 2012;
Schwarz et d., 2010Db)).

----------------------------------------------- Insert Table 2 about here




Briefly, unique peptides and fragment ions for each targeted proteins were selected as
described previously (Wesseling et al., 2014). The peptides were then quantified along with
spiked stable-isotope-labeled internal standards of the same sequence. Each sample was

analysed in triplicate.

Assessment of cognitive and clinical data

Before conducting the MRI measurements, all participants were screened regarding their
clinical symptomatology by an independent clinical expert. Furthermore, all participants
underwent a psychometric assessment by an investigator of the study.

Prior to clinical ratings, all participants completed the German version of the * Spot-the-
Word-Test” (MWT-B) to measure crystallised intelligence (Mehrfachwahl-Wortschatz-Test)
(Lehrl, 2005) and the Trail Making Test A (TMT A) for psychomotor speed aswell asthe TMT
B for executive functioning (Reitan, Hom, & Wolfson, 1988) (see Table 1 for further details).

To guarantee homogeneity between patient groups, it was ensured that the duration of
illness (at a minimum of five years), the onset of disease and years of drug treatment were
comparable between SZ and BD patients (see Table 1 for further details). All the patients
treatment regimens were stable during the month preceding testing. There were no medication-
free patients; also none of them had received benzodiazepine drugs in the precedent month. All
SZ patients were treated with second generation antipsychotic medications (in some cases a'so
with first generation antipsychotics) at time of assessment. BD patients medication was
grouped into three categories: lithium (lithium, lithium + antidepressant), other mood stabilisers
(other mood stabilisers, other mood stabilisers + antidepressant) and antipsychotics
(neuroleptics, neuroleptics + antidepressant) (see Table 1). In order to compare different
substances and doses, chlorpromazine equivalents concerning antipsychotics (see the formula

by (Woods, 2003)), amitryptiline equivalents concerning antidepressant drugs (Ali, 1998), and
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mg of lithium, valproic acid and lamotrigine were computed. Furthermore, a ‘ medication load’
based on a method first introduced by Almeida (Almeidaet a., 2009) was cal cul ated.

Depressive symptom severity was assessed using the Beck Depression Inventory (BDI
1) (Hautzinger, Keller, & Kiuhner, 2006), a widely accepted scale in Germany for the
assessment of acute depressive symptoms. BD patients had a mean of 10.21 (9.39) in the BDI
Il sum scores indicateing subclinical depressive symptoms in BD patients, whereas controls
had a mean of 2.09 (7.76) pointsin BDI |l. Mania symptoms in BD patients and controls were
measured using the widely used Bech-Rafaelsen Mania Scale (BRMAYS) (Bech, 1981). Both,
BD patients and controls had non-clinical scores of the BRMAS (BD patients: M=2.10 (2.75),
controls: M=1.45 (1.12). However, none of the patients or controls had a score >19 in the BDI
[ and a score >7 in the BRMAS, which would indicate a clinically relevant symptomatology
during testing (see Table 1).

In addition to that, SZ patients were also tested for potential acute symptoms using the
Positive and Negative Syndrome Scale (PANSS) (Kay, Fiszbein, & Opler, 1987). Thefollowing
mean PANSS scores were present in SZ patients: global scale: M=66.85 (8.34), positive
symptoms. M=17.01 (5.34), negative symptoms: M=17.88 (5.87) and general symptomatology:

M=33.01 (8.49).

Anatomical measurement

Within one week of the data assessment, each participant underwent a high-resolution T1-
weighted anatomical measurement (MDEFT sequence; (Deichmann, Schwarzbauer, & Turner,
2004), 176 dlices, 1x1x1 mm) using a Siemens Magnetom Allegra 3 Tesla MRI system
(Siemens Medica Systems, Erlangen, Germany) at the Goethe University Brain Imaging
Centre, Frankfurt, Germany. Participants were scanned under dimmed lights and instructed to
lie still and look at a white fixation cross presented in the centre of the visual field. Participants

did not engage in any overt speech during the scanning sequences. The anatomical MRI scans
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of all participants were reviewed by a neuroradiologist who did not find any clinically relevant
pathol ogy.

A voxel-based morphometry approach (VBM) was applied to preprocess and analyse
the anatomical data, using the SPM8 running on MATLAB® version 7.7.0 (Statistica
Parametric Mapping [Wellcome Department of Imaging Neuroscience, London, UK]). All
images were checked for artefacts, structural abnormalities and pathol ogies by two independent
raters. Next, customized T1 templates and prior images of grey matter (GM), white matter
(WM) and cerebro-spinal fluid (CSF) were created from all participants for use in the group
analysis. We used modulated data and prior probability maps (voxel intensity) to guide
segmentation. The segmentation included six different tissue types, light bias regularisation
(0.001), 60 mm bias FWHM cut-off, warping regularisation of 4 mm, affine regularisation to
the ICBM European brain template (linear registration) and a sampling distance of 3 mm. The
quality of the segmentation was checked before further analysis. Finally, the images were
smoothed with a Gaussian kernel of 8 x 8 x 8 mm (FWHM). Using this procedure, the intensity
of each voxel was replaced by the weighted average of the surrounding voxels, blurring the
segmented image.

The pre-processed data were analysed using a region-of-interest (ROI) approach.
Therefore, we took anatomical defined masks of the left and right hippocampus (see Figure 1
for an illustration and detailed information of the masks) from the WFU PickAtlas toolbox in
SPM8 (Madjian, Laurienti, Burdette, & Kraft, 2003). Theleft hippocampus mask included 929
volumes, the right hippocampus mask 949 volumes. The relative volume of each participant (t-
statistic for each voxel), using intracranial volume (ICV) as anuisance variable, in the left and
right hippocampus were extracted using the Marsbar-Tool® implemented in the SPM software.
The resulting relative volume were extracted and imported into an SPSS 22.0 data sheet for

further statistical testing.



----------------------------------------- Insert Figure 1 about here -

2.3 Statistical analysis

The statistical methods of this study were reviewed by the Department of Biostatistics,
Faculty of Medicine, Goethe-University Frankfurt/Main, Germany. The strategy regarding
statistical analyses included three steps.

First, for MRM analysis of the protein data, raw data of protein concentrations were
processed using Skyline software and anal ysed using the M Sstats® package (Choi et al., 2014)
in R software (Core Team, 2014). This resulted in normalised log transformed relative
intensities of protein concentrations, which were exported into SPSS® (SPSS, 2014) to test
group comparisons. Group comparisons showed a statistical trend (p=0.09) regarding BMI
scores due to lower scores in the control group in comparison with SZ and BD patients. BMI
was a confounder [that is, BMI was associated with both protein levels and group (p < 0.05)]
in some models. Consequently, to control for BMI, it wasincluded in al statistical comparisons.
Using the SPSS 22.0 software, linear mixed models (linear; random intercept) were performed
on the protein levels, computing the following factors:

1 Comparisons of protein levels between patients (SZ and BD patients) and controls
2. Comparisons of protein levels between BD and SZ patients

Significance was based upon a threshold p-value defined using Bonferroni and an a-
level of 0.05.

Second, bivariate correlation analyses using Pearson product-moment or Spearman
Rank correlation coefficients (Bonferroni corrected) were performed to examine the
relationships between the protein concentrations and other variables of interest (cognitive
scores, hippocampus volume). However, only protein concentrations revealing significant
contrasts during group comparisons of patients versus controls (first level) were included in
these analyses. We also controlled for the potential influence of medication by performing

bivariate correlation analyses (Spearman product-moment correlation, two-tailed) between the
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protein scores and the medication doses, as well as the duration of medication in patients.
Finally, we controlled for potential influence of clinica variables (BDI |I, BRMAS, PANSS)
on the protein concentrations, computing additional bivariate correlation anaysis (Spearman

rank correlation).

3. Results

3.1 Group comparisons of plasma protein concentration (MRM)

Contrasts between patients (SZ and BD patients) and controls. Protein expressions in
patients versus controls

The following proteins showed different expressions in patients compared with controls:
ANTS3, ApoAl, ApoA2, ApoA4, ApoCl, ApoC2, ApoC3, ApoC4, ApoLl, C1QC, CFAB,

CO3, F13B, FCN3, HEP2, HRG, KLKB1, PEDF, RET4 (all pgont < 0.05).

Contrasts between disease groups: Protein expression in BD versus SZ patients

The following proteins showed significant dissimilarities between BD and SZ patients: A2AP,
ANTS3, ApoB, ApoD and ApoF (al peonf <0.05). In comparison to SZ patients, BD patients
displayed the tendency of having higher concentrations in the aforementioned proteins (see

Table 3).

3.2 Correlation analyses

In SZ patients, the negative association between ApoC2 scores and psychomotor speed
(TMT A) and right HC volumes reached a significant level. In line with that, ApoC3 scores
were inversely correlated with left and right hippocampus volumes, psychomotor speed and

executive functioning. We also detected significant negative correlations between ApoC4
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scores and volumes of the right HC and psychomotor speed. ApoL 1 scores were positively
correlated with right hippocampus (all p < 0.05; Bonferroni corrected; see Figure 3, Table 4 for
details).

In BD, higher crystallised intelligence scores were significantly associated with lower
ApoC3and ApoC4 levels, whereas bilateral HC volumeswere inversely associated with ApoC3
values and executive functioning was as well negatively correlated with ApoC3 levels (Al p <
0.05). No significant rel ationship between the protein levelsand any of the clinical scoresacross
groups could be observed (all p > 0.05).

Computing bivariate correlation analyses independently of diagnosis groups (al
participants included), lead to results comparable to those found when doing the analyses for
each group individually: significant correlations between APOC2, APOC3 and APOL1 and HC
right volume; significant correlations between APOC2 and APOC4 with TMT A; and
significant correlations between APOC3 and TMT B as well as HC left volume could be

observed (please see Table 4 for further details).

-------------------------------------------- Insert Figure 3 about here

The differences between the subject groups regarding gender, age and education did not
reach statistical significance. Therefore, this variable was not included into the main analysis.
However, additional correlation analyses were computed between the main results (ApoC
values and age, gender as well as education) for each subject group individually. These analyses
demonstrate no significant influence of age, gender and education to the protein values (p >
0.05).

We controlled for potential association between affective symptom severity in BD
patients and controls (BDI 11, BRMAS) and cognitive performance (MWT-B, TMT A, TMT B)
and could not found any significant relationship (p > 0.05). Accordingly, additional correlation

analyses between cognitive performance (MWT-B, TMT A, TMT B) and psychotic symptoms
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in SZ patients were conducted, in order to control for potential influence of symptom severity
on the cognitive performance. However, no significant association between symptoms of
psychosis as measured with the PANSS and cognitive performance in the cognitive domains

measured with the TMT A, TMT B or MWT-B could be found (p > 0.05).

3.6 Medication effects

In SZ patients, high chlorpromazine equivalent scores were correlated with high ApoA4
levels (p = 0.414, rho = 0.044). ApoA4 levels aso correlated significantly with Almeida scores
in BD patients (p = 0.453, rho = 0.045). None of the other protein concentrations revealed any
significant association with medication scores. Duration of medication (in years) was not
correlated with any of the protein levels (all p <0.05).

------------------------------------- Insert Table 4 about here--

4. Discussion

Having outlined the results of the study at hand, the magor findings will discussed in the
following. First of al, anumber of protein levels that differing between patients (SZ and BD)
and controls could be observed. Secondly, A2AP, ApoB, ApoD, ApoF and ANT3 displayed
differences across patient groups (SZ vs. BD). Moreover, apolipoprotein (ApoC) expressions
were not only different between patients and controls, but were putatively related to cognitive
impairments, as well as to hippocampus volumes. However, none of the protein level
differences were related to clinical symptom severity.

Recent disease models of psychosis suggest that there are shared dysfunctional
biological pathways contributing to the clinical signs of both disorders (Consortium et a., 2009;
O'Donndll, Vohs, Hetrick, Carroll, & Shekhar, 2004; Sanchez-Morlaet al., 2008; Smith, Barch,
& Csernansky, 2009) but that there are aso distinct symptoms and pathomechanisms. Changes

in Apo concentrations have been demonstrated by severa authors and have been linked to the
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physiopathology of SZ (Lee, Kim, & Song, 2013Laet a., 2007; Wu et a., 2013)(Sasaki et al.,
1985; Takahashi et al., 2008). The involvement of apolipoprotein dysfunction in the
pathophysiology of SZ was also suggested by Martins-de-Souza and colleagues (M artins-de-
Souza et al., 2012). Accordingly, the results of the study at hand are consistent with those of
Haenisch and colleagues (Haenisch et al., 2014) who conducted a multiplex analysis of plasma
protein concentrations and described 26 dysregulated proteinsin BD, including growth factors,
hormones, lipid transport (e.g. APOA1) and inflammatory proteins. Our results are independent
of acute symptomatology, although our study was neither powered nor specifically designed to
assess such correlations since our patient samples showed relatively low severity scores for
acute symptoms.

However, as amain outcome of the current study, direct associations between cognitive
impairments, underlying structural abnormalities and altered protein expression in
apolipoproteins could be observed in both disease groups. Primarily, we detected significant
inverse correl ations between concentrations of ApoC2, ApoC3, ApoC4 and psychomotor speed
in SZ. As well, poorer executive functioning was inversely correlated with ApoC3
concentration alterations in SZ and BD patients, both. This was accompanied by significant
inverse correlations between ApoC3 and ApoC4 levels and crystallised intelligence in BD; i.e.
the poorer the cognitive performance, the higher the changes in Apo concentrations. Apo are
involved in the metabolism and transport of lipids within the CNS as well as functioning in
brain physiology. Theinvolvement of altered Apo levelsin decreased cognitive performance or
cognitive decline has been proposed previously (Dassati et al., 2014; Elliott et al., 2010; Huang
& Mabhley, 2014; La et al., 2007), but has not yet been thoroughly investigated in SZ or BD. A
study by Verbrugghe et al. (Verbrugghe et a., 2012) conducted an association analysis between
disease outcome and cognitive performance in SZ. They described that ApoE, ApoER2,

VLDLR, and DAB1 SNPs were significantly related to disease outcome, pre-morbid
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intelligence and verbal memory. Thus, it was concluded that neurodevel opmental/synaptic
plasticity genes are involved in cognitive deficitsin SZ.

Secondly, bilateral hippocampal (HC) volume was also inversely related to levels of
ApoC3inBD and SZ, i.e. the lower the volume, the higher the changes in Apo concentrations.
Furthermore, ApoC2, Apo4 and ApoL1 levels were associated with right HC volumes in SZ
patients. As the hippocampus plays a central role in cognitive functioning (Avery, Williams,
Woolard, & Heckers, 2013) this finding may be of great importance. Taking into account that
SZ patients display more cognitive deficits than BD patients, a stronger connection between
imaging markers related to the HC and Apo concentrations may indicate a reflection of those
deficitsin SZ patients. Our results are in line with the report by Hwang and colleagues (Hwang
et a., 2013), who detected that abnormal immune/inflammation response in the hippocampus
was associated with abnormalities in the parvalbumin-containing neurons. The authors
proposed that this altered hippocampus response might lead to the cognitive deficits underlying
the pathophysiology of SZ. Consistenly, Vila-Rodriguez and co-workers (Vila-Rodriguez,
Honer, Innis, Wellington, & Beasley, 2011) observed a significant negative associ ation between
ApoE concentration and GM volumes. Moreover, (Serra-Grabulosa et al., 2003) did not only
state that ApoE and ApoC1 polymorphisms are genetic risk factors for dementia and cognitive
impairment in the elderly, they also found that ApoCl is associated with changes in
hippocampal volumes in elderly people with cognitive impairments. Although those results
were not corrected for sociodemographic differences, they hint towards a connection between

ApoC1, neuronal changesin the area of the HC and cognitive deficits.

Strength and limitations
Although in this study, it was carefully controlled for confounders, such as acute
symptomatology or medication dosage, these variables might still influence the direction and

intensity of protein changes. The relationship between metabolic problems, such as obesity,
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diabetes and elevated lipids, and the expression of Apo has been frequently investigated in the
genera population (Padrao, Ferreira, Vitorino, & Amado, 2012; Ramachandran et al., 2012;
Sadler et al., 2012). Due to antipsychotic medications in SZ and mood stabilisersin BD, those
patients have an increased risk for metabolic disturbances and atered lipid metabolism
(Gibbons, Thomas, Scarr, & Dean, 2010), ultimately contributing to an increased risk for
cardiovascular disease (Meyer et al., 2008). Several authors observed an association between
Apo concentrations in patients recelving psychiatric medication (e.g., phenothiazines,
olanzapine, risperidone) (Dean et al., 2008; Sasaki et al., 1985; Smith, Segman, Golcer-Dubner,
Pavlov, & Lerer, 2008; Song et a., 2014). Therefore, we controlled for potentia effects of the
duration of drug treatment, the dosage of the current treatment, as well as BMI values on the
protein concentrations. No relationship between psychiatric medication use, BMI, and any of
the protein concentrations except for ApoA4 concentration could be found (which was a
parameter that did not differ significantly across groups). Nevertheless, in order to control for
potential metabolic side effects, in the future a group of patients not taking any psychiatric

medi cation might be helpful to detect potential impacts of medication on the findings.

Another limitation of this current study could be seen in its relatively small size.
However, this can be attributed to the very strict inclusion criteria; the severity of symptoms
were comparable; ensuring that none of the patients had any history of drug addiction; and
participant groups were carefully matched. Consequently, taking into account the inherent lack
of reproducibility in proteomic studies (Song et a., 2014), the results need to be replicated in
larger samples. Hence, further investigations regarding multiple protein concentrations in a
single study may be necessary to detect potential links between clinical outcome or cognitive

decline and the markers of interest.
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Conclusion

Regarding the discussion about shared or distinct pathophysiological pathways in BD
and SZ (see (Kragpelin, 1896) and (Craddock & Owen, 2005)), we present evidence indicating
that both disorders share predominant Apo alterations which are connected to psychomotor
speed, executive functioning and crystallised intelligence, as well as to hippocampus volume.
Therefore, this result indicates that Apo might be useful biomarkers for cognitive dysfunction
in both disorders, consistent with the NIMH RDoC framework (Wang & Insel, 2010).

Furthermore, the strong correlation of cognitive performance and volume in HC with
Apo levels in SZ could be a reflection of the latter suffering from more severe deficits.
Accordingly, based on the fact that none of the assessed clinical parameters were associated
with serum levels of protein markers, it could be assumed that the protein levels are associated
with cognitive deficits rather than with affective or psychotic symptomsin BD and SZ.

Intriguingly, our results are consistent with recent genome-wide association studies
revealing partial, but not complete, overlap of the genetic risk profiles for BD and SZ (Hall et
a., 2014). Our results suggest that the detection of molecular patterns in association with
cognitive performance. Its underlying brain morphology is of great importance in the
understanding of the pathological mechanisms of SZ and BD and may lead to novel biological
diagnostic tools (Haenisch et al., 2014). Although the presented findings are of great interest to
psychiatric research, further studies are needed to explore and explain these graded changesin
SZ and BD in order to define which parameters show graded changes and which do not. The
changes in the Apo plasma level before and after treatment with antipsychotics should also be
further investigated. Finally, as present findings in other disorders, e.g., Alzheimer’s disease,
and the fact that both, SZ and BD display overlapping results regarding apolipoprotein
dysfunctions, it could suggested/ assumed that these changes are not specific for psychosis but
instead rather characterise a phenotype across psychiatric disorders related to cognitive

functioning.



20

Acknowledgements:

MRI was performed at the Frankfurt Brain Imaging Centre, supported by the German Research
Council (DFG) and the German Ministry for Education and Research (BMBF; Brain Imaging
Center Frankfurt/Main, DLR 01G0O0203). We acknowledge the Brazilian National Council of
Research (CNPq) for funding Dr. Gilberto Alves, who is supported by a post-doctoral
scholarship from the CNPq (process 209981/2013-0) in an exchange cooperation program with
the Goethe University, Frankfurt am Main, Germany and Dr. Andre F Carvalho, who receives
CNPq research fellowship awards (level 11). Sabine Bahn is a director, Jason D Cooper and
Sureyya Ozcan are consultants of Psynova Neurotech. None of the other authors report any
conflict of interest. Jason Cooper, Sabine Bahn and Sureyya Ozcan would like to thank the
Stanely Medical Research Institute for centre support. The study was reviewed and approved
by the ethics committee of the Faculty of medicine, Goethe-University Frankfurt/Main,

Germany.



21

References:

Ali IM. Long-term treatment with antidepressants in primary care. Are sub-therapeutic doses
still being used? Psychiatric Bulletin 1998; 22:

AlmeidaJR, Mechdlli A, Hassel S, Versace A, Kupfer DJ, & Phillips ML. Abnormally
increased effective connectivity between parahippocampal gyrus and ventromedial
prefrontal regions during emotion labeling in bipolar disorder. Psychiatry Res. 2009;
30: 195-201.

Alsaif M, Guest PC, Schwarz E, Reif A, Kittel-Schneider S, Spain M, Rahmoune H, & Bahn
S. Analysis of serum and plasma identifies differences in molecular coverage,
measurement variability, and candidate biomarker selection. Proteomics Clin Appl
2012; 6: 297-303.

APA. Diagnostic and statistical manual of mental disorders (4th edition). Washington, D.C.:
American Psychiatric Association

1994,

Avery SN, Williams LE, Woolard AA, & Heckers S. Relational memory and hippocampal
function in psychotic bipolar disorder. Eur Arch Psychiatry Clin Neurosci 2013;

Bech P. Rating scales for affective disorders: Their validity and consistency. Acta Psychiatr.
Scand. 1981; 64:

Choi M, Chang CY, Clough T, Broudy D, Killeen T, MacLean B, & Vitek O. MSstats: an R
package for statistical analysis of quantitative mass spectrometry-based proteomic
experiments. Bioinformatics 2014; 30: 2524-2526.

Consortium IS, Purcell SM, Wray NR, Stone JL, Visscher PM, O'Donovan MC, Sullivan PF,
& Sklar P. Common polygenic variation contributes to risk of schizophreniaand
bipolar disorder. Nature 2009; 460: 748-752.

Core Team R. R: A language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing, 2014.

Craddock N, & Owen MJ. The beginning of the end for the Kragpelinian dichotomy. In: The
British Journal of Psychiatry. 186 2005; 364-366.

Dassati S, Waldner A, & Schwelgreiter R. Apolipoprotein D takes center stage in the stress
response of the aging and degenerative brain. Neurobiol Aging 2014; 35: 1632-1642.

deWitte L, Tomasik J, Schwarz E, Guest PC, Rahmoune H, Kahn RS, & Bahn S. Cytokine
alterations in first-episode schizophrenia patients before and after antipsychotic
treatment. Schizophr Res 2014; 154: 23-29.

Dean B, Digney A, Sundram S, Thomas E, & Scarr E. Plasma apolipoprotein E is decreased
in schizophrenia spectrum and bipolar disorder. Psychiatry Res 2008; 158: 75-78.

Deichmann R, Schwarzbauer C, & Turner R. Optimisation of the 3D MDEFT sequence for
anatomical brain imaging: technical implications at 1.5 and 3T. Neurolmage 2004; 21:
757-767.

Digney A, Keriakous D, Scarr E, Thomas E, & Dean B. Differential changesin apolipoprotein
E in schizophrenia and bipolar I disorder. Biol Psychiatry 2005; 57: 711-715.

Ehrlich S, Brauns S, Yendiki A, Ho BC, Calhoun V, Schulz SC, Gollub RL, & Sponheim SR.
Associations of Cortical Thickness and Cognition in Patients With Schizophrenia and
Healthy Controls. Schizophr Bull 2011;

Elliott DA, Weickert CS, & Garner B. Apolipoproteinsin the brain: implications for
neurological and psychiatric disorders. Clin Lipidol 2010; 51: 555-573.

Ellison-Wright I, & Bullmore E. Anatomy of bipolar disorder and schizophrenia: a meta-
analysis. Schizophr Res 2010; 117: 1-12.

Enaw JO, & Smith AK. Biomarker Development for Brain-Based Disorders: Recent Progress
in Psychiatry. J Neurol Psychol 2013; 1: 7.



22

GibbonsAS, Thomas EA, Scarr E, & Dean B. Low Density Lipoprotein Receptor-Related
Protein and Apolipoprotein E Expression isAltered in Schizophrenia. Front Psychiatry
2010; 1: 19.

Gupta CN, Calhoun VD, Rachakonda S, Chen J, Patdl V, Liu J, Segall J, Franke B, Zwiers
MP, Arias-Vasquez A, Buitelaar J, Fisher SE, Fernandez G, van Erp TG, Potkin S,
Ford J, Mathalon D, McEwen S, Lee HJ, Mueller BA, Greve DN, Andreassen O,
Agartz |, Gollub RL, Sponheim SR, Ehrlich S, Wang L, Pearlson G, Glahn DC,
Sprooten E, Mayer AR, Stephen J, Jung RE, Canive J, Bustillo J, & Turner JA.
Patterns of Gray Matter Abnormalities in Schizophrenia Based on an International
Mega-analysis. Schizophr Bull 2015; 41: 1133-1142.

Gutierrez-Galve L, Bruno S, Wheeler-Kingshott CA, Summers M, Cipolotti L, & Ron MA.
IQ and the fronto-temporal cortex in bipolar disorder. J Int Neuropsychol Soc 2011;
18: 370-374.

Haenisch F, Alsaif M, Guest PC, Rahmoune H, Dickerson F, Yolken R, & Bahn S. Multiplex
immunoassay analysis of plasma shows prominent upregulation of growth factor
activity pathways linked to GSK 3beta signaling in bipolar patients. JAffect Disord
2014; 156: 139-143.

Hall MH, Levy DL, Salisbury DF, Haddad S, Gallagher P, Lohan M, Cohen B, Ongir D, &
Smoller JW. Neurophysiologic effect of GWAS derived schizophrenia and bipolar risk
variants. Am J Med Genet B Neuropsychiatr Genet 2014; Jan: 9-18.

Hartberg CB, Lawyer G, Nyman H, Jonsson EG, Haukvik UK, Saetre P, Bjerkan PS,
Andreassen OA, Hall H, & Agartz |. Investigating rel ationships between cortical
thickness and cognitive performance in patients with schizophrenia and healthy adults.
Psychiatry Res 2010; 182: 123-133.

Hartberg CB, Student K, Rimol LM, Haukvik UK, Lange EH, Nesvég R, DaeAM, Mélel,
Andreassen OA, & Agartz |. Brain cortical thickness and surface area correl ates of
neurocognitive performance in patients with schizophrenia, bipolar disorder, and healthy
adults. Journal of International Neuropsychological Society 2011; 17: 1080-1093.

Hautzinger M, Kéller F, & Kuhner C. Das Beck Depressionsinventar |1. Deutsche
Bearbeitung und Handbuch zum BDI 1. Frankfurt a M.: Harcourt Test Services,
2006.

Hwang Y, Kim J, Shin JY, Kim JI, Seo JS, Webster MJ, Lee D, & Kim S. Gene expression
profiling by mRNA sequencing reveals increased expression of
immune/inflammation-related genes in the hippocampus of individuals with
schizophrenia. Transl Psychiatry 2013; 3: e321.

Kay SR, Fiszbein A, & Opler LA. The positive and negative syndrome scale (PANSS) for
schizophrenia. Schizophr Bull 1987; 13: 261-276.

Kim DH, Yeo SH2, Park IM3, Choi JY 3, Lee TH3, Park SY 3, Ock M$4, Eo J5, Kim HS6,
HJ7. C, & Au. Genetic markers for diagnosis and pathogenesis of Alzheimer's disease.
Gene 2014; Jul 25;545(2):185-93:

Kndchel C, Reuter J, Reinke B, Stablein M, Marbach K, Feddern R, Kuhimann K, Alves G,
Prvulovic D, Linden DE, & Oertel-Knochel V. Overlapping cortical thinning in bipolar
disorder and schizophrenia. Schizophr Res 2016; Apr;172(1-3):78-85:

Knochel C, Stablein M, Storchak H, Reinke B, Jurcoane A, Prvulovic D, Linden DE, van de
VenV, GhineaD, Wenzler S, Alves G, Matura S, Kroger A, & Oertel-Knochel V.
Multimodal assessments of the hippocampal formation in schizophreniaand bipolar
disorder: Evidences from neurobehavioral measures and functional and structural
MRI. Neuroimage Clin 2014; 6: 134-144.

Kragpelin E. Psychiatrie. - Ein Lehrbuch fiir Studierende und Arzte. 5., vollst. umgearb. Aufl.
Leipzig Barth, 1896.



23

Lehrl S. Mehrfachwahl-Wortschatz-1ntelligenztest M-W-T B. Gottingen: Spitta Verlag GmbH,
2005.

LevinY, Schwarz E, Wang L, Leweke FM, & Bahn S. Label-free LC-MS/M S quantitative
proteomics for large-scal e biomarker discovery in complex samples. J Sep Sci 2007,
30: 2198-2203.

Maldjian JA, Laurienti PJ, Burdette JB, & Kraft RA. An Automated Method for
Neuroanatomic and Cytoarchitectonic Atlas-based Interrogation of fMRI Data Sets.
Neuroimage 2003; 19: 1233-1239.

Martins-de-Souza D, Guest PC, Rahmoune H, & Bahn S. Proteomic approaches to unravel
the complexity of schizophrenia. Expert Rev Proteomics 2012; 9: 97-108.

Martins-De-Souza D, Wobrock T, Zerr 1, Schmitt A, Gawinecka J, Schneider-Axmann T,
Falka P, & Turck CW. Different apolipoprotein E, apolipoprotein Al and
prostaglandin-H2 D-isomerase levelsin cerebrospinal fluid of schizophrenia patients
and healthy controls. World J Biol Psychiatry 2010; 11: 719-728.

Meyer IM, Davis VG, Goff DC, McEvoy JP, Nasrallah HA, Davis SM, Rosenheck RA,
Daumit GL, Hsiao J, Swartz MS, Stroup TS, & Lieberman JA. Change in metabolic
syndrome parameters with antipsychotic treatment in the CATIE Schizophrenia Trial:
prospective data from phase 1. Schizophr Res 2008; 101: 273-286.

O'Donnell BF, Vohs JL, Hetrick WP, Carroll CA, & Shekhar A. Auditory event-related
potential abnormalitiesin bipolar disorder and schizophrenia. Int J Psychophysiol
2004; 53: 45-55.

Oertel-Kndchel V, Knochel C, Rotarska-JagielaA, Reinke B, Prvulovic D, Haenschel C,
Hampel H, & Linden DE. Association between Psychotic Symptoms and Cortical
Thickness Reduction across the Schizophrenia Spectrum. Cereb Cortex 2012;

Padrao Al, FerreiraR, Vitorino R, & Amado F. Proteome-base biomarkers in diabetes
mellitus: progress on biofluids protein profiling using mass spectrometry. Proteomics
Clin Appl 2012; 6: 447-466.

Ramachandran S, Venugopa A, Sathisha K, Reshmi G, Charles S, Divya G, Chandran NS,
Mullassari A, Pillae MR, & Kartha CC. Proteomic profiling of high glucose primed
monocytes identifies cyclophilin A as a potentia secretory marker of inflammation in
type 2 diabetes. Proteomics 2012; 12: 2808-2821.

Reitan RM, Hom J, & Wolfson D. Verbal processing by the brain. J Clin Exp Neuropsychol.
1988; 10: 400-408.

Sadler NC, Angel TE, Lewis MP, Pederson LM, Chauvigne-Hines LM, Wiedner SD, Zink
EM, Smith RD, & Wright AT. Activity-based protein profiling reveals mitochondrial
oxidative enzyme impairment and restoration in diet-induced obese mice. PLoS One
2012; 7: e47996.

Sanchez-Morla EM, Garcia-Jimenez MA, Barabash A, Martinez-Vizcaino V, Mena J,
Cabranes-Diaz JA, Baca-Baldomero E, & Santos JL. P50 sensory gating deficitisa
common marker of vulnerability to bipolar disorder and schizophrenia. Acta Psychiatr
Scand 2008; 117: 313-318.

Sasaki J, Funakoshi M, & ArakawaK. Lipids and apolipoproteinsin patients treated with
major tranquilizers. Clin Pharmacol Ther 1985; 37: 684-687.

Schwarz E, Guest PC, Rahmoune H, Harris LW, Wang L, Leweke FM, & Bahn S.
Identification of abiological signature for schizophreniain serum. Molecular
Psychiatry 2012; 17: 494-502.

Schwarz E, Izmailov R, Spain M, Barnes A, Mapes JP, Guest PC, Rahmoune H, Pietsch S,
Leweke FM, Rothermundt M, Steiner J, Koethe D, Kranaster L, Ohrmann P, Suslow T,
LevinY, Bogerts B, van Beveren NJ, McAllister G, Weber N, Niebuhr D, Cowan D,
Yolken RH, & Bahn S. Validation of a blood-based laboratory test to aid in the
confirmation of a diagnosis of schizophrenia. Biomark. Insights 2010a; 5: 39-47.



24

Schwarz E, Izmailov R, Spain M, Barnes A, Mapes JP, Guest PC, Rahmoune H, Pietsch S,
Leweke FM, Rothermundt M, Steiner J, Koethe D, Kranaster L, Ohrmann P, Suslow T,
LevinY, Bogerts B, van Beveren NJ, McAllister G, Weber N, Niebuhr D, Cowan D,
Yolken RH, & Bahn S. Validation of a blood-based |aboratory test to aid in the
confirmation of a diagnosis of schizophrenia. Biomark Insights 2010b; 5: 39-47.

Serra-Grabulosa JM, Salgado-Pineda P, Junque C, Sole-Padulles C, Moral P, Lopez-Alomar
A, Lopez T, Lopez-Guillen A, Bargallo N, Mercader JM, Clemente IC, & Bartres-Faz
D. Apolipoproteins E and C1 and brain morphology in memory impaired elders.
Neurogenetics 2003; 4: 141-146.

Shenton ME, Dickey CC, Frumin M, & McCarley RW. A review of MRI findingsin
schizophrenia. Schizophr Res 2001; 49: 1-52.

Smith MJ, Barch DM, & Csernansky JG. Bridging the gap between schizophrenia and
psychotic mood disorders. Relating neurocognitive deficits to psychopathol ogy.
Schizophr Res 2009; 107: 69-75.

Smith RC, Segman RH, Golcer-Dubner T, Pavlov V, & Lerer B. Alldic variation in ApoC3,
ApoA5 and LPL genes and first and second generation antipsychotic effects on serum
lipidsin patients with schizophrenia. Pharmacogenomics J 2008; 8: 228-236.

Song X, Li X, Gao J, Zhao J, Li Y, Fan X, & Lv L. APOA-I: apossible novel biomarker for
metabolic side effects in first episode schizophrenia. PLoS One 2014; 9: €93902.

Takahashi S, Cui Y, Han Y, Fagerness JA, Galloway B, Shen, ..., & Tsuang MT. Association
of SNPs and haplotypes in APOLI, 2 and 4 with schizophrenia. Schizophr Res 2008;
104(1-3): 153-164.

Verbrugghe P, Bouwer S, Wiltshire S, Carter K, Chandler D, Cooper M, Morar B, Razif MF,
Henders A, Badcock JC, Dragovic M, Carr V, Almeida OP, Flicker L, Montgomery G,
Jablensky A, & Kalaydjieva L. Impact of the Reelin signaling cascade (ligands-
receptors-adaptor complex) on cognition in schizophrenia. Am JMed Genet B
Neuropsychiatr Genet 2012; 159B: 392-404.

Vila-Rodriguez F, Honer WG, Innis SM, Wellington CL, & Beasley CL. ApoE and cholesterol
in schizophrenia and bipolar disorder: comparison of grey and white matter and
relation with APOE genotype. J Psychiatry Neurosci 2011; 36: 47-55.

Wang PS, & Insel TR. NIMH-funded pragmatic trials: moving on.
Neuropsychopharmacology 2010; Dec;35(13):2489-90:

Wesseling H, Gottschalk MG, & Bahn S. Targeted multiplexed selected reaction monitoring
analysis evaluates protein expression changes of molecular risk factors for major
psychiatric disorders. Int J Neuropsychopharmacol 2014; 18:

Wittchen H-U, Zaudig M, & Fydrich T. Strukturiertes Klinisches Interview fur DSM-1V
1997;(p. Gottingen: Hogrefe.

Woods S. Chlorpromazine equivalent doses for the newer atypical antipsychotics. JClin
Psychiatry 2003; 64: 663-667.



25

Table 1: Sociodemographic, clinical and cognitive variables across groups.

Mean and SD (in brackets). BDI |l = Beck Depression Inventory, PANSS = Positive and
Negative Syndrome Scale, f = female, m = male. SZ = schizophrenia, BD = bipolar patients,
CON = contrals. * = significant differences on a level of p < 0.05; ** = significant differences

ona level of p<0.01; *** = significant differences on an a level of p < 0.001.

Z BD CON Statistics
p
Number 29 25 93 -
Gender (f/m) 8/21 6/19 39/44 Kruska-wallis:
p=0.156
Age (years) 37.16 (10.96) 37.79 (10.40) 33.59 (11.18) p=0.117
M (SD)
Education 15.09 (3.19) 15.19 (2.37) 16.14 (1.96) p=0.06
(years)
M (SD)
Handedness all right handed
Duration of 11.81 (7.79) 8.860 (5.47) - p = 0.06
illness (years) M
(SD)
Onset of disease  25.75 (5.34) 29.60 (10.98) - p =0.07
(years) M (SD)
BMI 28.33 (6.37) 28.12 (3.23) 24.09 (15.33) p=0.09
(kg/m?) M (SD)
Medication 6.88 (4.56) 7.23 (2.34) - p=0.37
(years) M (SD)
Medication Chlorpromazine Medication
equivalents equivalents load: 2.44 (1.19)
M (SD) (mg/day): Amitriptyline-
580.92 (230.12) equivalent
(mg/day):
123.12 (80.23)
Valproic acid
(mg/day):
1215.14
(801.53)
Medication please see Table S2 please see Table - -
categories S2
BDI 11 10.85(3.13) 10.21 (9.39) 2.09 (7.76) p = 0.0009* **
BRMAS - 2.10 (2.75) 1.45(1.12) p=0.70
PANSS PANSS pos: 17.01

(5.34),
PANSS neg: 17.88
(5.87)



Medication
categories

PANSS gen: 33.01
(8.49),

PANSS sum: 66.85
(8.34)

quetiapin (n=25)
guetiapin +
antidepressant
(n=1)

risperidon +
antidepressant
(n=1)

amisulprid +
antidepressant
(n=1)

apipriprazol +
antidepressant
(n=1)

quetiapin +
haloperidol (n=5)
apipriprazol +
haloperidol (n=4)

26

lithium (n = 13)
lithium +
bupropion (n=1)
lithium +
valdoxan (n=1)
lamotrigin (n=3)
valproin acid
(n=1)
lamotrigin +
antidepressant
(n=1)
quetiapin (n=4)
quetiapin +
antidepressant
(n=1)
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Table 2: Complete list of the assessed serum markers according to the immunoassay platforms

Human ImmunoMAP® and Human DiscoveryMAP® of the MyriadRBM®. Abbreviations =

Abbv. Sources: * = uniprot.org, ** = rbm.myriad, a = (Gagliardi, Ho, & Torpy, 2010), b =

(Kashuba, Bailey, Allsup, & Cawkwell, 2013).

Number

23

24
25
26
27
28
29

30
31
32

Serum protein

Alpha l-antitrypsin

Alpha 2-antiplasmin/ plasmin

inhibitor
Alpha 2-macroglobulin

Adenine nucleotide trandocase

3

Apolipoprotein A1
Apolipoprotein A2
Apolipoprotein A4
Apolipoprotein B
Apolipoprotein C1
Apolipoprotein C2
Apolipoprotein C3
Apolipoprotein C4
Apolipoprotein D
Apolipoprotein E
Apolipoprotein F
Apolipoprotein H
Apolipoprotein L1
Apolipoprotein M
Apolipoprotein O
Transcortin
Ceruloplasmin
Clusterin

Complement component 3

Complement C4A
Complement component C9
Complement C1q
Complement factor B
Ficolin-3

Coagulation factor XI11 B/
clotting factor

HSP70 Escort Protein 2

Haptoglobin
Haptoglobin related protein

Abbv.

MRM -assessment

A1AT
A2AP

A2MG
ANT3

APOA1l
APOA2
APOA4
APOB
APOC1
APOC2
APOC3
APOCA4
APOD
APOE
APOF
APOH
APOL1
APOM
APOO
CBG
CERU
CLUS

CO3

CO4A
CO9
C1QC
CFAB
FCN3
F13B

HEP2
HPT
HPTR

Function

acute-phase-protein*
thrombogene*

thrombogene*
apoptosis*

lipid transport*

lipid transport*

lipid transport*

lipid transport*

lipid transport*

lipid transport*

lipid transport*

lipid transport*

lipid transport*

lipid transport*

lipid transport*

lipid transport*

lipid transport*

lipid transport*

lipid transport*
regulation of cortisol activity?
acute-phase-protein*
apoptose, complement
induced celllyse *
acute-phase-protein,
complement system *
complement system*
complement-system*
complement system*
complement system*
complement system*
koagulation, fibrin stabiliser*

apoptose*
acute-phase-protein*
acute-phase-protein*



33

35

36

37
38

39

40

41
42

Histidine-rich glycoprotein
Cl-inhibitor/ C1 esterase
inhibitor

Immunoglobulin heavy constant

n
Plasma-K allikrein

Matrix metalloproteinase 9
Pigment epithelium-derived
factor
Phosphatidylinositol-Glycan-
specific phospholipase D
Plasminogen

Retinol-binding protein 4
Transferrin

HRG
IC1

IGHM

KLKB1

MMP9
PEDF

PHLD

PLMN

RET4
TRFE

28

immunol ogical*
complement system*

immunological*

Koagulation, Kallikrein-
Kinin system®
immunological *
immunological *

lipid metabolism *

immunological, acute-phase-
protein, fibrinlyse*

sugar metabolism**
immunol ogical**
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Table 3: Mean and Standard Deviations across groups and Statistical group comparisons. The
data are normalised log transformed relative intensities of protein concentrations. We used
linear mixed models (linear; random intercept) of the protein data adjusted for BM| scores. SZ
= schizophrenia, BD=bipolar patients, CON =controls, PAT=patients. Mean = mean, SD =
standard deviation. * = significant differenceson o level of p<0.05; ** = significant differences

on o level of p<0.01; *** = significant differences on an a level of p < 0.001.

Scores Sz BD PAT CON  Statistical Group Statistical
Comparison patients Group
M(SD) M (D) M (SD) M (&) vs. controls Comparisons
BD/SZp
A2AP 17.495 18.013 17.717 17571  F=0.582, p=0.563 0.009**
(0.819) (0.447)  (0.496) (0.709)
ANT3 17425  18.196 17.791 17460  F=4.143, p=0.024* 0.011*
(1.112)  (0524)  (1.033) (0.993)
APOAl1 21963 23015 22,511 22430  F=3.684, p=0.034* 0.253
(0.231) (0.132)  (1.504) (0.123)
APOA?2 17.963 18.858 18.476 18186  F=3.655, p=0.035* 0.247
(1.769)  (0.307)  (1.350) (1.125)
APOA4 20.097 20411 20.307 20.123  F=3.887, p=0.029* 0.155
(0.123)  (0.143)  (0.698) (1.023)
APOB 15.997 16.119 16.054 16.207  F=0.368, p=0.694 0.005**
(0.264) (0.379)  (1.114) (0.396)
APOC1 19.367 @ 20.096 19.470 19130 F=6.127, p=0.005** 0.278
(1.039) (0.326)  (0.958) = (0.966)
APOC2 21938  21.882 21.896 21501  F=6.338, p=0.004** 0.207
(0.759)  (0.653)  (0.715) (0.572)
APOC3 22441 22.704 22.518 22.209  F=6.902, p=0.003** 0.261
(0.965) (0.653)  (0.809) (0.526)
APOC4 18982 18834 18.905 18819  F=4.828, p=0.014* 0.172
(0.404) (0.543)  (0.416) (0.327)
APOD 19.597  19.850 19.683 19.657  F=0.728, p=0.489 0.050*
(0.181) (0.261)  (0.669) (0.272)
APOE 19.428 19.465 19.435 19312  F=2.705, p=0.080 0.077
(0.202) (0.291)  (0.889) (0.303)
APOF 17.990 18.129 17.950 17992  F=0.470, p=0.629 0.015*
(0.164)  (0.137)  (0.644) (0.236)
APOL1 18.079 18.199 18.111 19.009 F=5.269, p=0.010* 0.214
(0.669) (0.251)  (0.572) (0.377)
Cl1QcC 16.343 16.224 18.711 16.376  F=3.845, p=0.030* 0.167
(0.342) (0.125)  (0.794) (0.125)
CFAB 19.582  19.609 19.599 19401  F=6.580, p=0.004** 0.278
(0.519) (0.225)  (0.503) (0.473)
CO3 22790 22.673 22.703 22.652 F=4.931, p=0.012* 0.221
(0.686) (0.185)  (0.537) (0.302)
F13B 17.222 17177 17.190 17.327  F=3.938, p=0.028* 0.175

(0.123)  (0.423)  (0517) = (0.195)



FCN3

HEP2

HRG

KLKB1

MMP9

PEDF

RETA4

19.581
(0.776)
18.857
(0.927)
19.324
(0.596)
18.495
(0.461)
17.994
(0.187)
19.294
(0.866)
19.917
(0.234)

19.634
(0.418)
19.290
(0.718)
19.332
(0.362)
18.252
(0.203)
17.668
(0.123)
19.453
(0.370)
20.001
(0.154)

19.602
(0.616)
19.090
(0.800)
19.309
(0.501)
18.310
(0.388)
17.787
(0.496)
19.401
(0.662)
19.989
(0.587)

19.548
(0.463)
18.863
(0.594)
19.454
(0.343)
18.483
(0.264)
17.583
(0.128)
19.277
(0.608)
19.856
(0.768)

F=5.055, p=0.011*
F=6.109, p=0.005**
F=4.594, p=0.016*
F=4.057, p=0.025*
F=3.079, p=0.058
F=4.853, p=0.013*

F=3.922, p=0.028*
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0.187

0.330

0.172

0.266

0.160

0.209

0.148
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Table4: Significant correlations (two-tailed; Bonferroni corrected). Spearman rank correlation
= rho, Pearson Product Moment correlation = r, SZ = schizophrenia patients, BD = bipolar
patients, CON = controls. TMT A = Traill Making Test A, MWT-B = Mehrfachwahl-Wortschatz-
Test (Spot-the-Word-Test), HC= hippocampus volume.

Significant correlations

Protein BD SZ Total
APOC2 TMT A: r=-045, p=0.002 TMT A: r=-0.35, p=0.001
HC right: r=-0.54,
HC right: r=-0.25, p=0.02
p=0.006
APOC3 MWT-B: r=-0.56, HC left: r=-0.45, p=0.003 HC left: r=-0.39, p=0.03
p=0.009 HC right: r=-0.41, HC right: r=-0.26, p=0.01
HC left: r=-0.62, p= p=0.004 TMT B: r=-0.48, p=0.01
0.003 TMTA: r=-0.52, p=0.01

HC right: r=-0.65, p= TMT B: r=-0.43, p=0.01
0.002
TMT B: r=-0.49,
p=0.008
APOC4 MWT-B: r=-0.56, p= TMTA:r=-049,p=0.01 TMT A: r=-0.37, p=0.001
0.009 HC right: r =-0.51, p=
0.01
APOL1 HC right: r=0.42, HC right: r=0.25, p=0.02
p=0.004
APOA4 Almeida: p=0.453,rho Chlorpromazine: p =

= 0.045* 0.414, rho = 0.044*



32

Figure 1: lllustration of the masks used for the VBM analysis. The masks were extracted
using the WFU PickAtlas toolbox in SPM8 (Maldjian et al., 2003) and the Marsbar-Tool.
Hippocampus mask |eft: -28, -15, -25 (929 volumes); hippocampus mask right: 21, -21, -24

(949 volumes).

Hippocampus mask for VBM analysis
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Figure 2: Illustration of the statistical group comparisons, using linear mixed models (linear;
random intercept) of the protein data adjusted for BMI scores. We show those results which
deemed significant during group comparisons. A. shows al significant contrasts between
patient groups (BD and SZ) and controls, B. shows all significant contrasts between BD and
SZ patients. Abbreviations: SZ = schizophrenia, BD = bipolar patients, CON = controls. Mean

= mean, SD = standard deviation.
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Figure 3: Illustration of the main findings of the study and the functional relevance of the

protein alterations.

A2AP ApoF
ANT3 ApoL1
ApoAl CFAB
ApoA2 co3
ApoAd ciQc
ApoB FCN3
ApoC1 F138
ApoC2 HEP2
ApoC3 HRG
ApoC4 PEDF
ApoD RET4

A2AP BD > SZ
ApoB SZ > BD
ApoD SZ>BD
ApoF BD > SZ
ANT3 BD > SZ

ApoC2 - TMTA, HC night
APOC3 - TMTA, TMT B, HC ket HC night
ApoCA - TMT A, HGC nght
Apolt — HC nght

ApoC3 — TMT B, MWT.B, HC left, HC nght
ApoCAa - WWT-B




