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1 Introduction

1.1 Chronic mental illnesses

1.1.1 Schizophrenia

Table 1
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Criterion A.

Characteristic symptoms
(1) Delusions.
(2) Hallucinations.
(3) Disorganized speech.
(4) Grossly disorganized or catatonic behavior.
(5) Negative symptoms
at least one must be 1, 2, 3

Criterion B.

Social/occupational dysfunction
Reduced level of functioning (work, interpersonal relations, self care).

Criterion C.

Duration
Continuous signs of the disturbance persistent for at least 6 months.
Period include at least 1 month of symptoms.

Criterion D.

Schizoaffective and major mood disorder exclusion

Criterion E.

Substance/general mood condition exclusion

Criterion F.

Relationship to Global Developmental Delay or Autism Spectrum Disorder
If history of autism spectrum disorder or a communication disorder of
childhood onset is known.
Additional diagnosis requires prominent delusions or hallucinations.

Table 1: DSM 5 diagnostic criteria for schizophrenia.
Adapted and shortened from the DSM 5 (American Psychiatric Association, 2013).
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1.1.2 Recurrent affective disorders
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1.2 The dopaminergic system in mental illness

1.2.1 The discovery of dopamine (DA) in mental illness

Chapter 1.2.2

Chapter 1.2.2
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1.2.2 The dopaminergic system

Figure 1
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a

b

c

d

Figure 1: The nigrostriatal, mesocortical, and mesolimbic pathways in the adult rat
brain
A simplified scheme of a sagittal view on a rat brain is depicted. The cortex, dorsal
striatum (dStr), nucleus accumbens (NAc), substantia nigra (SN), and ventral tegmental
area (VTA) form the structural basis of the dopaminergic pathways.
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1.2.3 Dopamine and the recurrent affective disorders
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1.2.4 Dopamine and memory performance in the aged
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1.3 Need for biological markers in mental illness

Table 2
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Tissue Results (controversial) Method Reference
Blood Haptoglobulin alpha proteomics Wan et al. 2007

ApoA1 proteomics Huang et al. 2008

CSF GSK 3 proteomics Kozlovsky et al. 2004

VGF proteomics Huang et al. 2006

Urine Amino acid composition metabolomics Yang et al. 2013

Biopyrrins metabolomics Miyaoka et al. 2005

Ante mortem brain
Increased ventricle size structural MRI Shenton et al. 2001

Neuroimaging Cortical gray matter volume reduction structural MRI Kikinis et al. 2010

Prefrontal cortical dysfunction (working memory) fMRI Callicott et al. 2000

DA release after amphetamine PET Laruelle et al. 1996

Altered DA neurotransmission SPECT Abi Dargham et al. 2000

Neurophysiology P300 meta analysis Bramon et al. 2004

Neuropsychology Delayed response task, Wisconsin card sorting task meta analysis Allen et al. 2009

In vivo imaging

Table 2: Potential biomarkers in psychiatry
The search for potential biomarkers in SCZ utilized investigations of the live brain and
bodily fluids such as blood, CSF and urine. Several still controversial findings have been
published, although none were converted into a biological test. The different
approaches have relative advantages and problems compared to one another. Fluids
such as blood are easily accessible but exhibit a high molecular complexity. CSF is
favourable because of the proximity to the brain, but cannot be easily sampled from
acute psychotic SCZ patients and has the problem of a detection limit due to its low
protein concentration. Brain imaging has the big advantage of being ante mortem, is
dependent on a non invasive method, but is a costly procedure in need of standardized
protocols.
Non comprehensive data were summarized from the following publications:
(Wan et al., 2007), (Huang et al., 2008), (Kozlovsky et al., 2004), (Huang et al., 2006),
(Yang et al., 2013), (Miyaoka et al., 2005), (Shenton et al., 2001), (Kikinis et al., 2010),
(Callicott et al., 2000), (Laruelle et al., 1996), (Abi Dargham et al., 2000), (Bramon et al.,
2004), (Allen et al., 2009).
Abbreviations: (f)MRI (functional) magnetic resonance imaging, PET positron emission
tomography, SPECT single photon emission computed tomography.
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1.4 The biology underlying chronic mental illness the concept of
DISC1opathies

1.4.1 Learning from the neurodegenerative diseases: aggregated proteins
in chronic mental illness
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1.4.2 The DISC1 locus in mental illness

Chapter

1.3

Figure 2: The Scottish pedigree
Adapted from (Brandon and Sawa, 2011).

Disrupted in Schizophrenia 1 DISC1

DISC2 DISC1
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DISC1

DISC

1.4.3 DISC1opathies

DISC1opathies
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in vivo

in vitro
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1.4.4 DISC1 function in the brain
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1.5 Current animal models relating to a dysfunctional DISC1 gene

1.5.1 Model description and general phenotyping

Disc1

Disc1

Disc1
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Disc1

N N

Disc1

Disc1

Table 3;

Table 3
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Haque et al. 2012

Shoji et al. 2012 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Lipina et al. 2012

Lipina et al. 2010 n.d. n.d.

Haque et al. 2012

Shoji et al. 2012 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Lipina et al. 2012

Arime et al. 2014 n.d. n.d.

Walsh et al. 2012

Kvajo et al. 2008 n.d. n.d. n.d.

Juan et al. 2014 n.d. n.d. n.d.

msDisc1 9 13

n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Ibi et al. 2010

Johnson et al. 2013 n.d.

n.d.

Ayhan et al. 2010 n.d.

Pogorelov et al. 2012

Abazyan et al. 2010 n.d. n.d. n.d.

Kaminitz et al. 2014 n.d. n.d. n.d.

On huDISC1(671 852)

tgDISC1 rat n.d. n.d. n.d. n.d. n.d. n.d. n.d.

SENSORY MOTOR FUNCTION MOTIVATION /EMOTION RELATED AND SOCIABILITY MEMORY AND COGNITION

locomotion rotarod PPI
depression /

despair
sociability anxiety

working
memory

object / spatial
memory

associative
memory / fear
conditioning

Q31L

msDisc1129

msDisc1 2 3

L100P

Gomez Sintes et al. 2014
n.d.

Hikida et al. 2007

Koike et al. 2006

Shen et al. 2008

Off huDISC1(1 597)

huDISC1(1 597)

n.d. n.d.

Clapcote et al. 2007

Clapcote et al. 2007

anhedonia

Li et al. 2007

Trossbach et al.

Kuroda et al. 2011

Pletnikov et al. 2008

Table 3: Behavioral phenotypes of the DISC1 animal models
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Table 3: Behavioral phenotypes of the DISC1 animal models
Phenotypes in this table were summarized from DISC1 mouse models described in the
literature and the DISC1 rat model presented in this thesis. Behavioral data is
summarized concerning three main readouts: sensory motor function, motivation /
emotion related processes and sociability, and memory function.
n.d. = data not determined or reported for that sex. Red arrows represent an increase,
green arrows a decrease, and grey equal sign no difference in the respective behavioral
readout in genetically altered compared to control animals. Data is split by sex of the
animals. Where data is not split in this manner, then behavior was determined either for
both sexes together or no information was provided in the respective publication.
Data was summarized from the following publications: (Clapcote et al., 2007), (Haque et
al., 2012), (Shoji et al., 2012), (Lipina et al., 2012), (Lipina et al., 2010), (Walsh et al.,
2012), (Su et al., 2014), (Kuroda et al., 2011), (Koike et al., 2006), (Kvajo et al., 2008),
(Gomez Sintes et al., 2014), (Juan et al., 2014), (Shen et al., 2008), (Hikida et al., 2007),
(Ibi et al., 2010), (Johnson et al., 2013), (Pletnikov et al., 2008), (Ayhan et al., 2011),
(Pogorelov et al., 2012), (Abazyan et al., 2010), (Li et al., 2007; Kaminitz et al., 2014),
(Trossbach et al., 2016).

Table 3
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1.5.2 DISC1 mice: alterations of the dopaminergic system

Table 4

per se

post mortem
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D2R

in utero
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dose
reaction vs

Saline
reaction vs

WT region method dose
reaction vs
baseline

reaction
vs WT region method regulation region method regulation region method

0.5mg 0.5mg Str MD Str D2High

L100P 1 mg

Clapcote et al. 2006 2.5mg extracellular Str MD

1 mg extracellular NAc MD 1 mg NAc MD Str PET Str WB

huDISC1(1 597) Str AR

Hikida et al. 2007 Str qPCR

1 mg Str PMNC

Off huDISC1(1 597) FC, HC PMNC

Pletnikov et al. 2008
escalating

Off huDISC1(1 597)

Pletnikov et al. 2008
extracellular NAc MD 2mg NAc MD NAc qPCR NAc WB

msDisc1 2 3

0.5mg release Str, NAc CV Str D2High Str WB

tgDISC1 rat Str Str, NAc AR

NAc

Str

NAc

Kuroda et al. 2011
Trossbach et al.

PMNC
NAc, Str,
HC, FC

total

CV

PMNC

clearance

total

total

Lipina et al. 2010

Jaaro Peled et al. 2013

Ayhan et al. 2011

Pogorelov et al. 2012

Nakai et al. 2014

AR
NAc,

SN / VTA

locomotor reaction
to Amphetamine

basal DA levels changes in DA levels after
Amphetamine treatment

D2R changes DAT levels

reaction vs WT

Table 4: DISC1 and dopamine in the DISC1 animal models
The table summarizes DA related data from DISC1 mouse models described in the literature and the DISC1 rat model presented in this thesis.
Red arrows represent an increase, green arrows a decrease, and grey equal sign indicated no difference in the described readout between
genetically altered animals and the respective controls.
Abbreviations: NAc = nucleus accumbens, dStr = dorsal striatum, HC = hippocampus, FC = frontal cortex, PMNC = post mortem neurochemistry,
MD = microdialysis, PET = positron emission tomography, AR = receptor autoradiography, qPCR = quantitative PCR, WB = Western blot.
Data was summarized from the following publications: (Lipina et al., 2010), (Jaaro Peled et al., 2013), (Ayhan et al., 2011), (Pogorelov et al., 2012),
(Nakai et al., 2014), (Trossbach et al., 2016).
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1.5.3 The tgDISC1 rat

DISC1

Chapter 1.4.4
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1.6 Aims of the conducted studies
Study I

Chapter 3

Study II

Chapter 3.3

Study III

DISC1
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2 Synopses of the studies I, II, III

Chapter 9

2.1 Study I
Misassembly of full length Disrupted in Schizophrenia 1 protein is linked to altered

dopamine homeostasis and behavioral deficits.
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post mortem

DISC1

Chapter 3.1

post

mortem
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in vitro

in vivo
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2.2 Study II
Intranasal dopamine treatment reinstates object place memory in aged rats.
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2.3 Study III
Peripheral DISC1 protein levels as a trait marker for schizophrenia and modulating

effects of nicotine.
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post

mortem
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3 Further results and discussion

3.1 General behavioral phenotyping of the tgDISC1 rat

Study I

Figure 4 Figure 5 Chapter 5.1

3.1.1 Assessment of body weight and food / water intake

Figure 3 ABC

Figure 3 D
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Figure 3: Body weight, food and water intake, and glucose tolerance test
(A) No difference in body weight. Over a time course of 2 to 6 months no difference in
gaining weight could be detected in tgDISC1 rats and negative controls. (B) Comparable
food intake. TgDISC1 and negative control rats consumed similar amounts of food
pellets normalized to body weight. (C) Increased water intake of tgDISC1 rats. When
water intake was analyzed the tgDISC1 rats drank slightly more than the control rats
(unpaired t test *p = 0.037). (D) No difference in glucose tolerance test. Both, tgDISC1
and negative control rats exhibit a comparable increase and decrease of blood glucose
levels over a two hour test period. All means ± SEM.
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3.1.2 Sensorimotor function

Figure 1 A

Chapter

1.5.1

Chapter 5.1

Figure 4 BC

Study I
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Figure 4: Sensory motor function in the tgDISC1 rat
(A) No difference in habituation to a novel environment. In the two day open field
habituation paradigm both, tgDISC1 and negative control rats, habituate to the arena
within the trial as well as between two trials. In the 5 10 min time interval of day 1
tgDISC1 rats showed increased locomotion compared to negative control rats (#p =
0.019). (B) No PPI deficit in tgDISC1 rats. When confronted with an 80 db prepulse
followed by a 130 db pulse, both groups displayed a PPI of startle response compared to
the reaction to the pulse alone and no genotype differences could be detected.
Negative controls had a PPI of 46.3 ± 7.1 %, tgDISC1 rats of 44.2 ± 6.7 %. (C) No
differences in startle reactions. Negative controls and tgDISC1 rats showed a
comparable startle reaction upon the three different kinds of auditory stimuli, with the
startle reaction in answer to the pulse stimulus inducing the strongest reaction.
+ depicts within trial habituation, * depicts between trial habituation, # marks genotype
differences. All means ± SEM.
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3.1.3 Memory function
Study I

Study I

3.1.4 Motivational processes

Figure 5 ABC

Figure 5 D
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Figure 5 EF
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Figure 5: Motivation/emotion related phenotypes in the tgDISC1 rat
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Figure 5: Motivation/emotion related phenotypes in the tgDISC1 rat
(A, B, C) No depression like phenotype in the FST. Animals showed no difference in
immobility, climbing, or swimming behavior, neither in the sample trial nor the test trial,
giving no evidence for a depression like phenotype in the tgDISC1 rat. (D) No anhedonia
phenotype in two variants of the sucrose preference tests. Both animal groups
preferred sucrose solution over water to the same extent as indicated by the anhedonia
index, not supporting an anhedonia phenotype either in the 24 h (left panel) or 1 h trial
(right panel). (E) No anxiety like phenotype in the light dark preference task. Both,
transgenic and negative control animals spent more time in the dark compartment of
the box, giving no indication of a difference in anxiety level of the animals. (F) Anxiety
index of duration. Calculation of an anxiety index for time spent in the two
compartments also did not reveal differences between the groups. All means ± SEM.

3.1.5 Implications of the behavioral phenotyping

Table 3;
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3.2 Behavioral phenotypes of the tgDISC1 rat: alterations in the
dopaminergic system

Study I
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per se

Figure 6
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Figure 6: The direct and indirect pathway originating from the dorsal striatum
(A) Localization of the structures and projections in the brain. (B) Schematic overview of the direct and indirect pathway
(for detailed information see text). Arrows represent activation, lines with circles inhibition. Continuous lines mark
increased activation / inhibition, dashed lines reduced activation / inhibition.
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Figure 6
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Study I
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3.3 The effect of intranasal dopamine treatment on aged tgDISC1
rats

Study I

Figure 7, Chapter 5.2

Figure 7 AB

Figure 7 C

Figure 7 D
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Figure 7: Reinstatement of object place learning in aged tgDISC1 and negative control rats by intranasal dopamine application
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Figure 7: Reinstatement of object place learning in aged tgDISC1 and negative control
rats by intranasal dopamine application
Adapted from (Trossbach et al., 2014), here including tgDISC1 rat data (NC n = 11, TG
n = 10). (A) Object exploration during test trial. Upon IN DA treatment aged NC and
aged TG rats explored the displaced object more than the stationary one, comparable to
adult animals. Aged tgDISC1 rats explored the stationary object more than aged
negative control rats. (B) Discrimination index. In contrast to adult animals, aged NC and
TG rats performed at chance level, not exploring the displaced object any more than the
stationary one. Both genotypes performed above chance level upon IN DA
administration. (C) Total object exploration. Only control rats showed a decrease in total
object exploration in the test when compared to the sample trial. Under control
conditions, aged TGs explored for longer in the test trial compared to aged NCs. (D)
Locomotion. No difference in distance moved could be detected in the groups. # depicts
differences between genotypes under same treatment condition. Means ± SEM

Study I

Chapter 3.2
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3.4 Lymphocytic DISC1 as a possible trait marker for schizophrenia

Study III
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3.5 TgDISC1 rat, DISC1 assembly, and DISC1opathies

Study I

in vitro
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Study III

Chapter 5.3

Figure 8

Figure 8: Reduced aggregated DISC1 in the mPFC of nicotine treated tgDISC1 rats
Nicotine treatment of tgDISC1 rats induced a small but significant reduction in
aggregation of the transgenic DISC1 in the mPFC. Means ± SEM
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4 Conclusion

DISC1

in vivo
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5 Additional data and
method descriptions

5.1 Phenotyping of the tgDISC1 rat
Animals and behavioral analyses

Study I

Measuring of body weight

Measuring of food and water intake
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Glucose Tolerance test

Sensory motor function in the tgDISC1 rat
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Motivational phenotypes of the tgDISC1 rat
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5.2 The effect of intranasal dopamine application on aged
tgDISC1 rats

Reinstatement of object place learning in aged tgDISC1 by IN DA

Figure 7 A

Overall exploratory activity
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General locomotor behavior

5.3 Influence of nicotine on DISC1 insolubility
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9.1 Study I

Misassembly of full length Disrupted in Schizophrenia 1 protein is linked to altered

dopamine homeostasis and behavioral deficits.



ORIGINAL ARTICLE

Misassembly of full-length Disrupted-in-Schizophrenia 1
protein is linked to altered dopamine homeostasis and
behavioral deficits
SV Trossbach1,13, V Bader1,13, L Hecher1, ME Pum2, ST Masoud3, I Prikulis1, S Schäble2,14, MA de Souza Silva2, P Su4, B Boulat5,
C Chwiesko5, G Poschmann6, K Stühler6, KM Lohr7, KA Stout7, A Oskamp8, SF Godsave9, A Müller-Schiffmann1, T Bilzer1, H Steiner10,
PJ Peters9,15, A Bauer8, M Sauvage5, AJ Ramsey3, GW Miller7, F Liu4, P Seeman11, NJ Brandon12, JP Huston2 and C Korth1

Disrupted-in-schizophrenia 1 (DISC1) is a mental illness gene first identified in a Scottish pedigree. So far, DISC1-dependent
phenotypes in animal models have been confined to expressing mutant DISC1. Here we investigated how pathology of full-length
DISC1 protein could be a major mechanism in sporadic mental illness. We demonstrate that a novel transgenic rat model, modestly
overexpressing the full-length DISC1 transgene, showed phenotypes consistent with a significant role of DISC1 misassembly in
mental illness. The tgDISC1 rat displayed mainly perinuclear DISC1 aggregates in neurons. Furthermore, the tgDISC1 rat showed a
robust signature of behavioral phenotypes that includes amphetamine supersensitivity, hyperexploratory behavior and rotarod
deficits, all pointing to changes in dopamine (DA) neurotransmission. To understand the etiology of the behavioral deficits, we
undertook a series of molecular studies in the dorsal striatum of tgDISC1 rats. We observed an 80% increase in high-affinity DA D2
receptors, an increased translocation of the dopamine transporter to the plasma membrane and a corresponding increase in DA
inflow as observed by cyclic voltammetry. A reciprocal relationship between DISC1 protein assembly and DA homeostasis was
corroborated by in vitro studies. Elevated cytosolic dopamine caused an increase in DISC1 multimerization, insolubility and
complexing with the dopamine transporter, suggesting a physiological mechanism linking DISC1 assembly and dopamine
homeostasis. DISC1 protein pathology and its interaction with dopamine homeostasis is a novel cellular mechanism that is relevant
for behavioral control and may have a role in mental illness.

Molecular Psychiatry advance online publication, 12 January 2016; doi:10.1038/mp.2015.194

INTRODUCTION
Disrupted-in-schizophrenia 1 (DISC1) is a gene involved in
vulnerability to behavioral disorders. It was discovered in a large
Scottish pedigree with a chromosomal translocation leading to a
3′ truncation of the DISC1 gene and, putatively, a C-terminal
truncation of the resulting protein.1 In this family, the transloca-
tion is associated with several major clinical diagnoses such as
schizophrenia, recurrent major depression and bipolar disorder.1–3

Subsequent genetic association studies in multiple populations of
different ethnicities support the involvement of DISC1 in mental
illnesses (reviewed in refs. 4,5). For example, the coding
polymorphisms S704C (rs821616) and L607F (rs6675281) in DISC1
were associated with mental illness and also showed increased
DISC1 protein aggregation in vitro.6,7 In parallel, various transgenic

or genetically altered mouse models have been developed, either
targeting the mouse Disc1 locus or introducing mutant human
DISC1 variants. Missense mutations,8 deletion variants9,10 or partial
knockout of the endogenous mouse Disc1 locus11 were generated.
In addition, the dominant-negative truncated form of human
DISC1, which is thought to correspond to the truncated DISC1
gene in the Scottish family, was also induced12 or constitutively13

expressed in mouse models. Together these studies have
provided evidence of DISC1 being involved in neurodevelopment
and behavioral control.14

Thus far, DISC1 mouse models have been used to investigate
the role of genetically altered or silenced DISC1 in behavioral
control rather than the full-length form present in all sporadic
cases of chronic mental illness that may, at least in part, underlie
the etiology of the disorder.

1Department Neuropathology, Medical Faculty, Heinrich Heine University Düsseldorf, Düsseldorf, Germany; 2Center for Behavioral Neuroscience, Heinrich Heine University
Düsseldorf, Düsseldorf, Germany; 3Department of Pharmacology and Toxicology, University of Toronto, Toronto, Ontario, Canada; 4Campbell Family Mental Health Research
Institute, Centre for Addiction and Mental Health, Toronto, Ontario, Canada; 5Functional Architecture of Memory Unit, Mercator Research Group, Faculty of Medicine, Ruhr
University Bochum, Bochum, Germany; 6Molecular Proteomics Laboratory, BMFZ, Heinrich Heine University Düsseldorf, Düsseldorf, Germany; 7Department of Environmental
Health, Rollins School of Public Health, Emory University, Atlanta, GA, USA; 8Institute of Neuroscience and Medicine, INM-2, Forschungszentrum Jülich, Jülich, Germany;
9The Netherlands Cancer Institute, Amsterdam, The Netherlands; 10Department of Cellular and Molecular Pharmacology, The Chicago Medical School, Rosalind Franklin University
of Medicine and Science, North Chicago, IL, USA; 11Departments of Pharmacology and Psychiatry, University of Toronto, Toronto, Ontario, Canada and 12AstraZeneca
Neuroscience iMED, Cambridge, MA, USA. Correspondence: Professor C Korth, Neurodegeneration Unit, Department Neuropathology, University of Düsseldorf Medical School,
Moorenstrasse 5, 40225 Düsseldorf, Germany.
E-mail: ckorth@hhu.de
13These authors contributed equally to this work.
14Current address: Comparative Psychology, Heinrich Heine University Düsseldorf, Germany.
15Current address: The Maastricht Multimodal Molecular Imaging Institute, Maastricht University, Maastricht, The Netherlands.
Received 14 November 2014; revised 16 October 2015; accepted 22 October 2015

Molecular Psychiatry (2016), 1–12
© 2016 Macmillan Publishers Limited All rights reserved 1359-4184/16

www.nature.com/mp

http://dx.doi.org/10.1038/mp.2015.194
mailto:ckorth@hhu.de
http://www.nature.com/mp


The fact that DISC1 has not yet been identified among the
major GWAS hits has raised controversies15,16 even though it
merely indicates that DISC1 is not targeted by common risk
variants. It has been pointed out that the study of rare gene
variants may provide valuable insights into disease mechanism.
One such example is Alzheimer's disease (AD) where common
mutations in the major disease genes APP and the presenilins also
do not appear in GWAS screens17 even though APP processing is a
critical step in AD pathogenesis.
Genetic association, however, is only one way to address the

connection between a disease and its biological cause. Investiga-
tions of the protein itself can also validate its role in non-familial
forms of a brain disease. For example, protein pathology is a major
biological cause for most chronic brain diseases such as AD,
frontotemporal dementias or Parkinson's disease in which a
dysfunctional proteostatic system leads to the accumulation of
disease-specific protein aggregates.18 Remarkably, in these
diseases the same proteins accumulate in sporadic forms as well
as familial genetic forms where these proteins are mutated.18

Furthermore, accumulation of proteins is a controlled process in
the cell that is even used to generate functional aggregates in
physiological circuitry.19

In this study, we asked whether non-mutant, full-length DISC1
could have a role in sporadic chronic mental illness including
schizophrenia and recurrent affective disorders. Specifically, we
investigated whether protein pathology or misassembly of DISC1
could have a role in causing mental illness. Our initial investiga-
tions using biochemical techniques identified insoluble DISC1 in a
subset of mental illness patients,20 leading to both gain and loss of
function interactions.20,21

Although both cellular and animal studies linked DISC1 to
various neurotransmitter systems,22 including the dopaminergic
system,23–28 the actual role of DISC1 in altering dopamine
signaling was not elucidated to molecular detail. Of note, in the
rodent and human brains, formation of a functional complex
between DISC1 and postsynaptic dopamine 2 receptors (D2R) has
been demonstrated.29

Here to mimic DISC1 protein misassembly, non-mutant
full-length human DISC1 was modestly overexpressed as a
transgene in Sprague Dawley rats (tgDISC1 rats). Extensive
neurochemical, biochemical and behavioral analyses demonstrate
a signature of behavioral phenotypes including amphetamine
supersensitivity, hyperexploratory behavior and rotarod deficits.
These phenotypes are attributable to: (1) a switch of low affinity to
high affinity dopamine D2 receptors and (2) increased clearance of
extracellular dopamine due to translocation of the dopamine
transporter (DAT) in the dorsal striatum (dStr) of tgDISC1 rats. A
reciprocal relationship between DISC1 aggregation and dopamine
homeostasis suggests that DISC1 may act as a sensor of cytosolic
oxidative stress. Regulation of DISC1 assembly through environ-
mental insults may therefore impact dopamine homeostasis.

MATERIALS AND METHODS
Generation of the DISC1 transgenic rat
Transgenic Sprague Dawley rats were generated by injecting the linearized
fragment of the CosSHa.tet vector30 containing the full-length, non-mutant
human DISC1 as transgene with the polymorphisms F607 and C704 into
pronuclei of Sprague Dawley rats (contracted to the IBZ University of
Heidelberg, Germany). Integration of the transgene in the genome of the
resulting litters was confirmed in independent founder animals by PCR and
Southern blotting of genomic DNA extracted from tail biopsies.
Subsequent breeding with wild type Sprague Dawley rats excluded
transgenic founders that did not carry the transgene in their germline. By
quantitative RT-PCR of genomic DNA and western blotting of brain
homogenate the transgene load as well as expression level was compared
between the four resulting stable founder lines.

Transgene detection by PCR and qPCR
Genomic DNA was prepared by digesting tail biopsies in 100mM Tris pH 8,
5 mM EDTA, 0.2% SDS, 200mM NaCl and 100 μgml− 1 Proteinase K,
precipitation with isopropanol and solubilization in pure water.
PCR for the detection of the transgene was performed on the genomic

DNA by utilizing the HotStarTaq (Qiagen, Hilden, Germany) and primers
binding the transgene promoter region: forward 5′-CTGATCTCCAGAAGC
CCAAA-3′, reverse 5′-CAGGCCTATTCCTTGACAGC-3′. For the quantitative
real-time PCR the same primers for the transgene were used. For normali-
zation primers targeting the genomic sequence of the housekeeping gene
rat beta-actin were designed: forward 5′-GCAACGCGCAGCCACTGTCG-3′,
reverse 5′-CCACGCTCCACCCCTCTAC-3′. Real-Time PCR was conducted
with the StepOnePlus Real-Time PCR System (Applied Biosystems,
Carlsbad, CA, USA) and the Platinum SYBR Green qPCR SuperMix-UDG
(Invitrogen, Carlsbad, CA, USA). PCR conditions: 10 min at 95 °C, then 40
cycles of 15 s at 95 °C and 60 °C for 1 min. The data were processed with
the corresponding StepOne Software v2.3 (Thermo Fisher Scientific,
Waltham, MA, USA) and DISC1 expression was normalized to expression
level of beta-actin.

Animals and behavioral analyses
All experiments were conducted in conformity with the Animal Protection
Law approved by local authorities (LANUV NRW, Recklinghausen,
Germany). Male tgDISC1 rats (transgenic rat; TG), negative controls (NC)
and Wistar rats were bred in the Animal Facility at the University of
Düsseldorf, Germany. NCs were bred from constantly renewed transgene-
negative offspring. Male homozygous tgDISC1 rats of founder line 3, but
also line 1, non-transgenic littermates and NCs were used for the
experiments presented. Experiments were mainly performed in founder
line 3, but main results were validated in founder line 1. Rats were housed
three animals per cage under standard laboratory conditions, with light on
from 0700 to 1900 hours with food and water provided ad libitum.
Behavioral testing started at an age of 3–4 months. Animals were tested in
a randomized manner, alternating tgDISC1 rats and NCs, without blinding.
If not stated otherwise, then the behavioral experiments were

conducted in a separate sound-attenuated room and experiments were
performed under dim light. Behavior was recorded using an Eyseo Ecoline
Standard TV7002 camera (ABUS, Wetter, Germany) and analyzed with the
EthoVision software (EthoVision 3.1; Noldus, Wageningen, The Nether-
lands). After each trial in each experiment arena and objects were cleaned
with 70% ethanol. An n= 12 was used for all behavioral analyses if not
otherwise stated.
A routine pathology survey using conventional methods, for example,

hematoxilin–eosin and cresyl violet staining, did not show any aberrant
changes in organs of the central nervous system (brain, myelon),
peripheral nervous system (nervus ischiadicus), endocrinum (pituitary
gland, thyroid glands and adrenal glands), as well as in peripheral organs
(lung, liver, kidney, spleen, pancreas, gut, heart muscle and lymph nodes)
upon a routine exam (data not shown).

Novelty preference tasks. The tasks were carried out in an open-field arena
(60× 60 × 30 cm, l ×w×h) with cues for orientation. Object exploration was
recorded manually, the criterion for exploration being active examination
of the presented objects. Two 1.5-l plastic water bottles, one filled with clear
water, the other one with purple-colored solution, were used as objects. The
day before the novelty preference tests animals were allowed to habituate
to the arena for 10min without presentation of objects. Tests were
separated by one week to minimize memory interference between the
tasks. Animals that did not explore an object in either sample or test trial
were excluded from the analysis (object recognition (OR): NC n=2 animals
excluded; object place recognition (OPR): NC n=4 animals excluded).

Object recognition. Animals were allowed to explore the arena with two
identical objects for a 5-min sample trial, followed by a second 5-min test
trial separated by a 25-min intertrial interval. In the test phase one object
was replaced by a new one, keeping the original positions. OR is defined as
increased exploration of the novel in contrast to the old object.

Object place recognition. This test consists of a 5-min sample trial with
two similar objects, a 25-min intertrial interval and a 5-min test trial. In the
test trial animals are presented with one object at the same position as in
the sample trial (stationary object) and one displaced object that has been
moved to a new location. OPR is defined as increased exploration of the
displaced compared with the stationary object.
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Rotarod. For the testing of motor learning, animals were trained to walk
on the rotating cylinder of a rotarod apparatus (Accelerating Rota-Rod,
Jones & Roberts, for rats 7750, Ugo Basile, Gemonio, Italy). Three trials with
a constant pace of 1 r.p.m. separated by a 50-min intertrial interval were
performed. In the first trial each animal had 120 s to learn the task and was
supported by the experimenter to keep balance until it learned to walk on
the wheel for 3 s on its own. In the following trials animals were left alone
once they kept balance. Animals that failed to learn to walk on the wheel
in the following trials were excluded from the analysis (NC n= 2, TG n= 1).
The trial was ended when the animal fell off the rotarod. The latency to fall
in seconds was measured manually.

Low-dose amphetamine challenge. Testing was carried out in the TruScan
open-fields (Coulbourn Instruments, Whitehall, PA, USA), located in sound-
and light-isolated chambers (110× 70× 70 cm) on two consecutive days for
15min each. On the first day the rats were tested following an injection
of saline (1 ml kg− 1; intraperitonial (i.p.)), on the second day their
behavior was recorded following the administration of d-amphetamine
(0.5 mg kg− 1; i.p.; in saline with an injection volume of 1ml kg− 1;
Sigma-Aldrich, St. Louis, MO, USA). Locomotion was automatically
measured by the TruScan light beam system.

Generation of mice with increased DAT and decreased VMAT2
expression
DAT overexpressing (DAT-OE) mice were generated using BAC transgen-
esis as previously described.31,32 In addition, mice with decreased
VMAT2 expression (VMAT2-DE) were generated by gene targeting as
outlined elsewhere.33,34 DAT-OE and VMAT2-DE mice were inter-crossed to
produce double-transgenic mice (DAT-OE:VMAT2-DE) that simultaneously
display high DAT expression and low VMAT2 expression (Masoud
and Ramsey, unpublished). DAT-OE:VMAT2-DE mice were used to
model accumulation of cytosolic dopamine due to increased dopamine
uptake coupled with reduced vesicular storage. All mice have a C57BL/6
background.

Synaptic plasma membrane preparation and DAT levels
Synaptic plasma membrane fractions of the striatum were prepared as
previously described.35,36 Striata were removed from the fresh rat brains,
frozen in 2-methylbutane on dry ice and stored at − 80 °C until used.

Measurement of D2High
The method for measuring the dopamine D2High receptors in rat striata
in vitro was performed as reported earlier.37,38 Striata were removed from
the fresh rat brains and stored at − 80 °C until usage. The dopamine
receptors in the rat striatal tissue were measured with [3H]domperidone
(2 nM final concentration; custom synthesized as [phenyl-3H (N)]domper-
idone; 41.4 Ci per mmol; made by Moravek Biochemicals and Radio-
chemicals, Brea, CA, USA).
Dopamine D2High receptors were best defined by the number of D2

receptors occupied by 100 nM dopamine, as compared with 1 nM
dopamine (where dopamine does not occupy any significant amount of
D2 receptors; see ref. 38). Therefore, D2High was measured by the amount
of [3H]domperidone bound at 1 nM dopamine minus the amount bound at
100 nM dopamine (Y). The specific binding, S, of [3H]domperidone at 2 nM
was measured by the amount of [3H]domperidone bound at 1 nM
dopamine minus the amount bound in the presence of 10 μM S-(-)
sulpiride. The percent of D2 receptors in the high-affinity state was defined
by (Y/S) × 100%.

Cyclic voltammetry
Rats were sacrificed by rapid decapitation. The head was immediately
submerged into oxygenated ice-cold sucrose buffer. Following removal of
the brain, coronal slices (350 μm) from NC and TG animals were sectioned
with a vibratome and incubated at 32 °C in artificial cerebrospinal fluid
(aCSF). DA release was electrically stimulated (1 pulse, 350 μA) using a
double-pronged stainless steel stimulating electrode placed into the
region of interest. DA release was recorded using a carbon fiber
microelectrode, placed in the slice to form an equilateral triangle with
the stimulating electrode. A cyclic voltage ramp (−0.4 V to 1.0 V to − 0.4 V)
was applied to the carbon fiber microelectrode and the resultant
background-subtracted current was measured. Application of waveform,
stimulus and current monitoring was controlled by TarHeel CV (University

of North Carolina), using a custom potentiostat (UEI, UNC Electronics Shop).
A 5-stimulation recording survey of four different dorsal striatal and
nucleus accumbens sites were taken for each animal with a 5-min rest
interval between each synaptic stimulation. Following the experiment, the
carbon fiber microelectrode was calibrated using a flow-cell injection
system and known dopamine standards. Kinetic constants were extracted
using nonlinear regression analysis of release and uptake of dopamine
from the extracellular space.

Receptor autoradiography
Animals were decapitated and their brains rapidly removed and
immediately frozen in 2-methylbutane (−50 °C) and stored until sectioning.
Coronal sections (20 μm) were produced in a cryostat microtome (Leica,
Nussloch, Germany), thaw-mounted onto silica-coated object slides and
stored at − 80 °C until further use.
Dopamine D2 receptors were labeled accordingly with [3H]raclopride

(0.56 nM) in 50mM Tris-HCl (pH 7.4; 45 min at 22 °C) containing 0.1%
ascorbic acid and NaCl (150mM), using the displacer butaclamol (1 μM).
Slices exposed to phosphor-imaging plates for 3 days together with

tritium standards. Autoradiograms from phosphor-imaging plates were
scanned with a high-performance plate reader and subsequently
processed in a blinded manner using image-analysis software (AIDA
4.13; all Raytest, Straubenhardt, Germany).

Neurochemical analysis of post-mortem brain tissue
After dissection brain tissues were homogenized with an ultrasonic device
in 0.05 M perchloric acid (Janssen, Geel, Belgium) containing deoxyepine-
phrinehydrochlorid (Sigma-Aldrich) as the internal standard. Dopamine
content was electrochemically detected as previously described39 and
analyzed with the Chrom Perfect Software (Justice Laboratory Software,
Denville, NJ, USA).

Rat and mouse insoluble proteome preparation
Transgenic and control mouse brain medial prefrontal cortex (mPFC) and
hemispheres of heterozygous TG and NC rats were isolated and weighed.
Each tissue piece was homogenized in 2.5% buffer A (50mM HEPES pH 7.5,
300mM NaCl, 250 mM sucrose, 5 mM GSH, 5 mM MgCl2, 1% NP-40, 0.2%
sarcosyl, 2 × protease inhibitor, 1 mM PMSF), supplemented with 40 Uml− 1

DNaseI and incubated for 30min at 37 °C followed by 16 h at 4 °C.
Next, samples were spun at 1800 × g for 30 min at 4 °C. The pellet was

resuspended in buffer B (50mM HEPES pH 7.5, 1.5 M NaCl, 250 mM sucrose,
5 mM EDTA, 5 mM GSH, 1% NP-40, 0.2% sarcosyl, 2 × protease inhibitor,
1 mM PMSF) and centrifuged at 1800× g for 30 min at 4 °C. The resulting
pellet was washed in buffer C (50mM Tris pH 8, 250mM sucrose, 5 mM GSH,
1% NP-40) and spun at 1800 × g for 30 min at 4 °C. The pellet was
resuspended in buffer D (50 mM HEPES pH 7.5, 5 mM GSH, 1% NP-40,
2 × protease inhibitor). Finally, the pellet was resuspended in buffer D´
(50mM HEPES pH 7.5, 0.2% sarcosyl, 2 × protease inhibitor) and spun at
100 000 x g for 45 min at 4 °C in an ultracentrifuge (TLA-55 rotor in Optima;
Beckman Coulter, Krefeld, Germany). The resulting insoluble pellets were
solubilized in 2 × SDS-loading buffer and used for western blots. Thus, we
define insoluble pellet as what is pelleting after centrifugation in cold ionic
detergent.
The preparation of the insoluble proteome of mPFC and dStr of

transgenic rats was performed as previously described.20 Transgenic DISC1
was detected with the huDISC1 specific mAb 14F2 and fluorescent
secondary anti-mouse antibody (IRDye 800CW Goat anti-Mouse IgG,
LI-COR Biosciences, Lincoln, NE, USA).

Structural MRI analysis and calculation of ventricle size
Structural MRI imaging was performed on a 7.0 tesla small animal Scanner
(Bruker BioSpin, Billerica, MA, USA) with a horizontal bore magnet. The
system included a 20-cm Gradient and a 29-cm shimm system. For RF
transmission a transmit only quadrature coil (inner diameter 86mm)
(Bruker BioSpin) was used. RF reception was carried out with a rat brain 20-
mm surface loop coil (Bruker BioSpin). Forty-eight coronal slices
(0.156× 0.156× 0.5 mm) with a matrix of 256× 256, FOV 4 cm×4 cm, were
recorded using a RARE sequence: TE 14.370 ms, TR 7080 864ms,
4 averages, RARE factor of 4, scan duration of 15min 6 s. During image
recording animals were kept under 2% isoflurane. Respiration and body
temperature were monitored and controlled throughout the entire
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experiment. For the analysis the Anatomist/ BrainVisa program version
4.3.0 (NeuroSpin, Gif-sur-Yvette, France) was used.

Immunohistochemistry of rat brains
For the immunostaining of transgenic rats animals were perfused with
phosphate-buffered saline (PBS) pH 7.4 and sagittal cryo sections were cut
on a Cryostat (Leica CM1900; Leica, Germany) and dried for 20min at RT.
The sections were post-fixed with ice-cold 4% paraformaldehyde solution
buffered with PBS pH 7.4 (PFA, Sigma-Aldrich, MO, USA). After blocking
with antibody diluent (Dako, Hamburg, Germany) sections were incubated
with the mAb 3D4 for 16 h at 4 °C in antibody diluent. After two PBS
washes the secondary antibody (anti-mouse IgG AlexaFluor594 1:300;
Invitrogen) was applied for 1 h at RT. Sections were washed in PBS and in
PBS plus 0.05% Tween-20 for 10min. Subsequently sections were washed
shortly in distilled water, 70% ethanol and incubated 2 × 5min in Sudan
Black (Division Chroma, Münster, Germany) in 70% ethanol to block
autofluorescence. After washing the sections in 70% ethanol and H2O, they
were mounted with ProLong Gold containing DAPI (Invitrogen). All images
were collected with a Zeiss Axiovision Apotome.2 confocal microscope
(Zeiss, Oberkochen, Germany).

Dopamine-induced DISC1 insolubility in cell culture
Human neuroblastoma SH-SY5Y cells were obtained mycoplasma-free
from the DSMZ (Leibniz Institute DSMZ-German Collection of Microorgan-
isms and Cell Cultures, Braunschweig, Germany) and tested at irregular
time intervals for mycoplasma contamination. SH-SY5Y cells expressing
inducible full-length human DISC1 were generated using the Retro-X
Tet-On Advanced Inducible Expression System (Clontech Laboratories,
Mountain View, CA, USA). SH-SY5Y cells were seeded onto glass coverslips,
induced for 24 h, treated with 100 μM DA for 24 h and fixed with 4% PFA in
PBS. Cells were permeabilized with PBS (plus 0.5% saponine, 5% milk
powder, 1% BSA) and incubated with the mAb 14F2 and/or a vimentin
antibody (1:100; Cell Signaling, Danvers, MA, USA) and subsequent
AlexaFluor594 secondary antibody (Invitrogen) for 1 h in PBS plus 0.5%
saponine and 1% BSA was used. Cells were mounted with ProLong Gold
with DAPI (Invitrogen). Images were collected with a Zeiss Axiovision
Apotome.2 confocal microscope (Zeiss).
Purification of the insoluble proteome of human neuroblastoma (NLF)

cells transfected with DISC1 and primary cortical neurons of the tgDISC1
rats were performed as described previously.6 Primary neurons at DIV 14
were incubated with 50 μM DA for 24 h to induce DISC1 aggregation and
then underwent the insoluble proteome purification.

Cryoimmunogold electron microscopy
Cryoimmunogold electron microscopy was performed as described
previously.40

Co-immunoprecipitation of DISC1 by DAT in striatal membrane
preparations and cell lysates
For the co-immunoprecipitation (co-IP) of DAT and DISC1 striata of adult
tgDISC1 rats were dissected and the plasma membrane fraction was
purified by a sucrose gradient. The striatal tissue was homogenized in
buffer A (250mM sucrose, 50 mM HEPES pH 7.4, 15mM EDTA pH 8, 3 mM

DTT, protease inhibitor). After centrifugation at 500× g for 5 min at 4 °C
1ml of the supernatant was mixed with 1.7 ml of buffer D (2 M sucrose,
50mM HEPES pH 7.4, 15 mM EDTA pH 8, 3 mM DTT, protease inhibitor) to
gain a final sucrose concentration of 1.34 M (now solution C). The sample
was layered on top of 1 ml of buffer D, followed by 1ml of buffer B
(850mM sucrose, 50 mM HEPES pH 7.4, 15 mM EDTA pH 8, 3 mM DTT,
protease inhibitor) and buffer A in 5ml ultracentrifugation tubes (Beckman
Coulter, Krefeld, Germany). The samples were centrifuged for 16 h at
100 000× g at 4 °C (MLS-50 rotor in Optima; Beckman Coulter, Germany).
Afterwards the interphase between layer B and C containing the membrane
fraction was collected, diluted with 3 volumes of PBS and frozen at − 80 °C
for 2 h for precipitation. After thawing and pelleting by centrifugation
(14 000×g at 4 °C for 30min), the membrane fractions were resuspended in
RIPA buffer (50mM Tris pH 7.6, 150mM NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS,
supplemented with 0.5mM DTT and protease inhibitor).
For the co-IP the solubilized membrane fractions (input: one rat striatal

hemisphere per IP reaction) were equally divided. One sample did not
receive an antibody for capturing, the other one was mixed with 3 μg
of a polyclonal antibody raised against DAT (AB2231, Merck Millipore,

Darmstadt, Germany) and incubated for 2 h at 4 °C, before addition of 20 μl
of Protein A/G magnetic beads (Pierce, Rockford, IL, USA) and further
incubation for 16 h at 4 °C. The beads were washed 4× with 1ml of 50mM

Tris pH 7.6, 150mM NaCl, 0.05% NP-40 and precipitated proteins were
eluted by addition of loading buffer containing 2% β-mercaptoethanol for
10min without boiling. Subsequently, the samples were used for western
blot and membranes were incubated with the 14F2 (detecting huDISC1)
and MAB369 antibody (detecting DAT; Merck Millipore).

Primary antibodies
For western blot: actin (rabbit, 1:10 000; Sigma-Aldrich); DAT (rat MAB369,
1:1 000; Merck Millipore); huDISC1 (mouse 14F2, 1:1 000; Korth lab21);
ratDISC1 (rabbit hu-precleared C-term,1:1 000; Korth Lab41); Na/K-ATPase
(rabbit, 1:1500; Cell Signaling; the antibody detects the α1 subunit. On the
basis of sequence homology, the antibody could also cross-react with α2
and α3 isoforms); Tubulin (mouse, 1:10 000, Sigma-Aldrich). For immunos-
taining: human DISC1 for ICC (mouse 14F2, 1:250; Korth lab); human DISC1
for IHC (mouse 3D4, 10 μgml− 1; Korth lab20); Vimentin for ICC (rabbit
D21H3, 1:100; Cell Signaling).

Western blot
For western Blots the Novex NuPAGE SDS-PAGE Gel System (all: Thermo
Fisher Scientific) with the corresponding NuPAGE Novex 4–12% Bis-Tris
Midi Protein Gels, NuPAGE MES SDS Running buffer and NuPAGE LDS
Sample Buffer (4 × , plus 8% β-mercaptoethanol) or Laemmli loading buffer
(4 × , 200mM Tris pH 6.8, 40% glycerol, 10% SDS, 0.4% bromphenolblue, 8%
beta-mercaptoethanol) was used. For molecular size estimation the
PageRuler Prestained Protein Ladder (#26617; Thermo Scientific, MA,
USA) was used. As the dyes used for prestaining of the marker proteins
influence their electrophoretic mobility, the apparent marker size was
calibrated to the PageRuler Unstained Protein Ladder (#26614; Thermo
Scientific) according to manufacturer’s instructions in the gel system used.
Accordingly, all depicted marker sizes have subsequently been adapted to
the calibrated sizes.

Densitometric analyses
Band intensities were calculated from luminescent sensitive film
(Amersham Hyperfilm ECL; GE Healthcare, Buckinghamshire, UK) using
the ImageJ 10.2 software (National Institute of Health, Bethesda, MD, USA).
Alternatively fluorescent secondary antibodies (LI-COR Biosciences, Lincoln,
NE, USA; 1:15 000 in PBS plus 0.05% Tween-20) were used and intensities
were analyzed on a LI-COR Odyssey CLX and the corresponding Image
Studio Version 2.1 software (LI-COR Biosciences).

Statistics
All statistical analyses were performed as indicated using the IBM SPSS
Statistic program (Versions 20–22; IBM, Ehningen, Germany) or GraphPad
Prism (Versions 4 and 5; GraphPad Software Inc., San Diego, CA, USA).
All data sets were tested for normal distribution based on the expected

experimental results and appropriate parametric or non-parametric tests
were chosen. An estimate of variation was made for selected analyses.
Comparison of two groups with similar variances was done by Student’s
t-test or Wilcoxon non-parametric test. Analyses were two-sided, if not
stated otherwise.
Sample size was chosen according to Fisher’s exact test and the

expected difference between experimental conditions. Animal behavior
was analyzed by two-way repeated measures analysis of variances
(ANOVAs) with the variables genotype and treatment, object, or trial, thus
considering correcting for multiple testing. Significant effects of the
independent variables were explored further by splitting the data
appropriately and conduction of lower level ANOVAs and post hoc
comparisons including respective corrections for multiple testing. Paired
sample t-tests were applied when appropriate.
Appropriate statistical tests and P-values are stated in the respective

figure legends and/or results section. P-values of *P⩽ 0.05, **P⩽ 0.01,
***P⩽ 0.001 were used as significance levels.
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RESULTS
Neuropathology of tgDISC1 rats
Previously, we reported the presence of insoluble DISC1 in
biochemically purified fractions from post mortem cases of the
Stanley Medical Research Institute Consortium Collection (SMRI
CC)42 diagnosed with mental illness.20,21 To model DISC1
aggregation in vivo, we generated a transgenic rat modestly
overexpressing non-mutant, full-length human DISC1 under
control of the Syrian hamster prion protein (PrP) promoter
(tgDISC1 rat). These rats showed about 11-fold higher transgenic
human DISC1 expression compared with endogenous rat Disc1
protein levels (Supplementary Figure S1a and c; protein expres-
sion rates were measured at P58). We chose to include common
variants C704 and F607 as they are frequent in the normal
population43 and have been demonstrated to increase the risk to
mental illness4 and, in biophysical studies, DISC1 misassembly.6,7

The PrP promoter was utilized for two reasons: first, it provides
pan-cellular expression in the brain that has previously been
demonstrated for DISC144 and, second, it leads to sufficient
expression levels for inducing misassembly as successfully
demonstrated in non-prion animal models of protein conforma-
tional disease.45,46 The PrP promoter is broadly active at
embryonic day E13.5 in the mouse brain47 and continues to be
expressed into adulthood, while the Disc1 gene has two
expression peaks at E13.5 and around postnatal day P35.48

Four different founder lines were generated (Figure 1a), and the
founder line with the lowest expression level was selected
(Founder line #3; Figure 1a and Supplementary Figure S2) in
order to avoid artifacts due to strong overexpression. The level of
overexpression was estimated to be 11-fold higher than
endogenous Disc1 protein (Supplementary Figure S1a, c), how-
ever, precise determination is impossible due to dozens of splice
forms of both endogenous rodent and human DISC1.49 The
chosen founder line exhibited neuronal, mainly perinuclear DISC1
aggregates throughout the brain and in primary neuron prepara-
tions that co-stained with the centrosome marker γ-tubulin
(Figure 1b, Supplementary Figure S3a, b). We define DISC1
aggregation or misassembly (a broader term) using the following
criteria: (1) insolubility in ionic detergents upon biochemical
fractionation;20 and (2) presence of (perinuclear) inclusion-like
structures that may represent cellular accumulation of insoluble
material, as observed in some protein conformational diseases
like, for example, Huntington's disease.
There was accentuated DISC1 aggregation in dopamine-rich

dorsal striatum (dStr; Figures 1b and c) that could not be
explained by differences in PrP promoter activity (Supplementary
Figure S2b), suggesting that posttranslational mechanisms
led to an enrichment of aggregated DISC1. Aggregation of
the transgenic DISC1 protein also led to recruitment of
endogenous rat Disc1 in the insoluble fraction (Supplementary
Figures S2c, d).
No major pathology was observed in peripheral organs or the

brain of tgDISC1 rats (data not shown). However, we did detect
slightly enlarged ventricles in the brain (Figure 1d), a trait also
observed in patients with schizophrenia50 and some transgenic
mouse models expressing mutant DISC1.10,12,13,26 Of note, the
mainly perinuclear DISC1 aggregates were not positive for ThS
(Supplementary Figure S4a and b), a marker for amyloid, even
though a recombinant DISC1 fragment (598–785 (ref. 6)) injected
into the brain of wild-type rats did stain for ThS (Supplementary
Figure S4c). This indicates that DISC1 or its fragments are
principally able to form amyloid, but not when endogenously
expressed in adult or aged tgDISC1 rats.

Dopamine-related behavioral phenotypes of tgDISC1 rats
Similar to patients with schizophrenia,51 tgDISC1 rats exhibited
spontaneous amphetamine supersensitivity. When challenged

with a single low-dose of 0.5 mg kg− 1 d-amphetamine
(Figures 2a and b), tgDISC1 rats exhibited increased locomotion
and rearing behavior, whereas negative control rats did not.
A two-way ANOVA revealed a main effect for treatment (distance:
F1,22 = 19.026, Po0.001; rearing: F1,22 = 43.909, Po0.001) and
genotype-treatment interaction (distance: F1,22 = 6.052, P= 0.022;
rearing: F1,22 = 17.706, Po0.001). A paired t-test of locomotion
data during saline and amphetamine for the two genotypes
revealed that tgDISC1 rats exhibited a large increase in locomo-
tion upon amphetamine treatment (distance and rearing:
Po0.001), whereas NCs did not respond (distance: P= 0.280;
rearing P= 0.146). Amphetamine supersensitivity was persistent
even in 22-month-old tgDISC1 animals (Supplementary Figures
S5a and b). This suggests that disturbance in the dopamine
system of tgDISC1 rats is a persistent, life-long trait.
Furthermore, tgDISC1 rats exhibited motor deficits in the

rotarod task (Figure 2c). A two-way ANOVA checking for genotype
differences in the learning curve of the rotarod task showed a
main effect for genotype (F1,19 = 7.534, P= 0.013) and trial
(F2,38 = 3.360, P= 0.045). Subsequent post hoc unpaired t-tests
for trials 1, 2, 3 comparing genotypes revealed a significant
difference in trial 3 performance (P= 0.041), whereas no
differences could be detected in the first two trials (trial 1:
P= 0.217; trial 2: P= 0.122). These major behavioral phenotypes
were confirmed in a different founder line as well (Supplementary
Figure S6).
Spatial and object memory was also tested in tgDISC1 rats using

novelty preference tasks. Although both genotypes could
distinguish objects in the OR, OPR and object recognition for
temporal order paradigms (Supplementary Figure S7), tgDISC1
rats displayed a marked preference towards novel objects
compared with controls (Figures 2d and e). This preference was
also persistent in old age (Supplementary Figures S5c and d).
In the OR task, rats have to identify the new object presented
in the test trial. A two-way ANOVA showed main effects for
object (F1,20 = 31.110, Po0.001) and object-genotype interaction
(F1,20 = 9.343, P= 0.006). A subsequent one-way ANOVA
revealed genotype differences in hyperexploration of the new,
but not the old object (old P= 0.737, new P= 0.048). However, in
general both genotypes preferred exploration of the new over the
old object (data split for genotype; paired t-test: NC P= 0.045, TG
Po0.001). Comparable behavioral results were detected in the
object place recognition task in which the animal has to
discriminate between the displaced and the stationary object.
Here, the two-way ANOVA showed main effects for both object
(F1,18 = 26.118, Po0.001) and genotype (F1,18 = 6.923, P= 0.017),
again highlighting hyperexploration of the more interesting
displaced object in tgDISC1 rats (one-way ANOVA stationary
P= 0.128, displaced P= 0.019). Comparisons of exploration time of
the stationary and displaced object by a paired t-test show
that both genotypes investigate the displaced object for longer
(NC P= 0.021, TG P= 0.001).
As amphetamine supersensitivity indicated a disturbance in the

dopaminergic system, we performed ex vivo neurochemistry and
analysis of dopamine receptor densities in the striatum of
tgDISC1 rats. Dopamine concentrations were decreased in the
dStr (Figure 3a), amygdala and hippocampus (Supplementary
Figures S8a and b) of tgDISC1 rats. However, no changes were
detected in total D2Rs (Figure 3b), D1 receptors (D1Rs),
serotonergic, or glutamatergic receptors (Supplementary Figure
S8c) as measured by receptor autoradiography. Surprisingly, when
we investigated the affinity state of D2Rs, we found an ~ 80%
increase in high affinity D2 (D2High) receptors in tgDISC1 rats
(Figure 3c). A switch from low-affinity D2Low to D2High receptors
is a characteristic feature of schizophrenia.52,53 To investigate
whether the changes in D2R affinity state affected signaling
in striatal medium spiny neurons (MSNs), we assessed substance
P and enkephalin expression as markers of neuronal activity
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in D1R- and D2R-expressing MSNs (Supplementary Figure S8d),
respectively. We did not find significant changes indicating
that altered dopamine transmission in the dStr was not strong
enough to induce changes in substance P or enkephalin
expression.
To further characterize the dopaminergic system, we performed

fast-scan cyclic voltammetry in striatal slices from tgDISC1 rats and
controls. Peak dopamine release was similar between genotypes
(Figure 3d) but, interestingly, extracellular dopamine clearance
was increased in the dStr of tgDISC1 rats (Figure 3e, see also
Supplementary Figure S8e), indicating elevated DAT function.
Therefore, using dissected striata, we further investigated the
cellular localization of DAT. In tgDISC1 rats, significantly more DAT
was translocated to the plasma membrane, likely explaining the
observed increase in dopamine clearance (Figure 3f and
Supplementary Figure S8f).
Taken together, these findings indicate that dopamine home-

ostasis is changed in tgDISC1 rats, as evidenced by D2R affinity
state and DAT function. Thus, misassembly of full-length human
DISC1 is sufficient to cause changes in the dopaminergic system
consistent with some biochemical and behavioral symptoms seen
in schizophrenia or psychosis.

Molecular and cellular interactions between DISC1 protein
assembly and the dopamine system
To further investigate interactions between DISC1 assembly and
dopamine on the cellular and molecular level, we generated
full-length human DISC1-inducible SH-SY5Y cell lines (Figure 4a).
We did not detect different aggresomal sizes in the cell lines
expressing either the full-length human DISC1 (S704, L607) or the
(C704, F607) variant (Supplementary Figure S9). This suggests that
changes in misassembly of DISC1 polymorphisms observed in
biophysical studies do not translate to microscopically visible
differences. When these cells were induced to drive DISC1
expression and then exposed to a high, but non-toxic concentra-
tion of dopamine for 24 h, DISC1 aggresomes were detected
(Figures 4a and c; Supplementary Figure S10a). The DISC1
aggresomes were coated with vimentin, a defining marker for
aggresomes54 (Figure 4c, Supplementary Figures S9a and b),
which also makes it unlikely that DISC1 is a component of the
aggresome machinery itself. Primary neurons and brain slices of
the tgDISC1 rat could not be stained to check for vimentin coating
of aggresomes, as vimentin is only expressed in proliferating
tissues.55 However, these cellular perinuclear DISC1 aggresomes
co-localized with γ-tubulin, but neither with HSP70, nor the

α

α

α

Figure 1. Aggregated DISC1 detected by IHC in brains of the tgDISC1 rat. (a) Western blot comparing transgene expression and aggregation
in four different tgDISC1 founder lines. Heterozygous rats of founder lines 1, 3, 5 and 7 displayed different levels of full-length human DISC1
transgene expression (homogenate) which were reflected in the insoluble fraction. No huDISC1 could be detected in the negative control
animal. Beta-actin was used as loading control in the homogenate. Relative number of transgene copies in founder lines was determined by
quantitative Real-Time-PCR of genomic DNA and revealed the least transgene copies in the gDNA of founder 3 (arbitrarily set to one for
comparison between founder lines) and a Mendelian-like inheritance pattern upon breeding. Founder line 3 with the weakest DISC1
expression was chosen for further experiments to avoid artifacts of too strong transgene expression. (b) Confocal immunofluorescence of
striatal (dStr, right panels) and frontal (left panels) cryosections of the transgenic DISC1 rat (middle and in higher magnification in lower
panels) and a negative control rat (upper panels). Abundant punctuate, mainly perinuclear staining as evidence for the existence of DISC1
aggregates can be detected that are more frequent and bigger in the striatum. Green: DISC1; blue: DAPI; bar 40 μm (upper two panels), bar
10 μm (lower panels). (c) Densitometric analysis of biochemically purified insoluble fraction of the tgDISC1 rat mPFC and dorsal striatum. The
tgDISC1 rat (n= 6) had more aggregated DISC1 in the dStr than in the mPFC in accordance with the IHC. Wilcoxon *P= 0.028. (d) NMR analysis
of ventricle size. The tgDISC1 rat (n= 8) had a larger total ventricle size than negative controls (n= 10), namely 20.75± 2.5 mm3 in tgDISC1 rats
and 15.54± 0.9 mm3 in negative controls. Unpaired t-test: P= 0.052. All means± s.e.m. DISC1, Disrupted-in-Schizophrenia 1; gDNA, genomic
DNA; NMR, nuclear magnetic resonance.
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oligomer-specific marker A11, or the amyloid marker ThT
(Supplementary Figure S10b and c).
This increase in DISC1 misassembly upon exposure to dopamine

is consistent with our observation of increased DISC1 aggregation
in the dStr (Figures 1b and c), which is the brain region with the
highest dopamine content (Supplementary Figure S8b).
These results suggest a bidirectional link between dopamine

homeostasis and DISC1 assembly because not only did DISC1
assembly regulate D2R affinity state and DAT function in vivo, but
also because increased cytosolic dopamine itself augmented
DISC1 insolubility. To investigate whether DISC1 could interact in a
complex with DAT we performed co-immunoprecipitation experi-
ments. First, using plasma membrane fractions from the striatum
of tgDISC1 rats, we demonstrated that DAT antibody co-
immunoprecipitated transgenic human DISC1 (Figure 4d). Second,
using SH-SY5Y cells that overexpress DISC1 and DAT, we
demonstrated co-immunoprecipitation of DISC1 by DAT
(Supplementary Figure S11b), as well as subcellular colocalization
in vivo of the two proteins using immunofluorescence and the
Proximity Ligation Assay56 (Supplementary Figures S12). Further-
more, dopamine-induced DISC1 aggregates (Figure 4a) were also
able to sequester DAT into the insoluble fraction (Supplementary
Figures S13c and d). Taken together, all these in vivo and in vitro
results converge on the demonstration of a functional complex
comprising DISC1 and DAT.

Pulse treatment of DISC1-transfected cell lines and primary
neurons of the tgDISC1 rat with a single, high and non-toxic dose
of dopamine induced a high-molecular-weight (HMW) band with
an electrophoretic mobility of ~ 200–230 kDa in western blots
suggesting a biochemical signature of dopamine-induced DISC1
multimers (Figure 5a and Supplementary Figure S14a). The
identity of this band as DISC1 was confirmed by mass spectro-
metry (Supplementary Figure S14b and c). Dopamine-induced
appearance of this HMW band and aggresome-positive cells could
not be prevented by addition of D1R or D2R antagonists
(Supplementary Figure S15). However, it was partially inhibited
by a DAT inhibitor (Supplementary Figure S16) suggesting that
these phenotypes were not induced by signaling events but by
the presence of cytosolic dopamine.
To further investigate whether conditions that lead to increased

cytosolic DA in vivo can also induce the HMW DISC1 band, we
used transgenic mice that are postulated to have elevated levels
of cytosolic dopamine. In particular, we used mice that either
overexpress DAT (DAT-OE), underexpress VMAT2 with only ~ 5%
of normal levels (VMAT2-DE) or double-transgenic mice (DAT-OE:
VMAT2-DE). Using purified insoluble fractions from the mPFC of
these mice, we demonstrated an increase in the endogenous
HMW DISC1 band in DAT-OE and DAT-OE:VMAT2-DE brains
(Figure 5b), thus confirming cytosolic dopamine-induced
aggregation of DISC1 in vivo. The identity of this HMW band

Figure 2. Behavioral phenotypes of the tgDISC1 rat. (a) Amphetamine hypersensitivity in the tgDISC1 rat shown by horizontal locomotion.
Spontaneous locomotion before (saline; white bars) and after (gray bars) application of a single low dose of d-amphetamine (0.5 mg kg− 1, i.p.)
is presented. Whereas the d-amphetamine had no significant locomotor effect in the control animals (paired t-test: P= 0.280, n= 12), it led to
increased locomotion in the tgDISC1 rat indicating hypersensitivity to d-amphetamine (paired t-test ***Po0.001, n= 12). (b) Amphetamine
hypersensitivity in the tgDISC1 rat shown by duration of rearing. Only tgDISC1 rats reacted with increased duration of rearing to
d-amphetamine treatment (gray bars) compared with saline (white bars; paired t-test: negative controls (NC) P= 0.146, TG ***Po0.001; TG and
NC n= 12). (c) The rotarod task as measure of motor learning ability and attention. Under constant speed of the wheel, the negative control
animals showed a significant progressive improvement in walking on the rotarod over three subsequent trials, whereas the transgenics did
not display such a learning curve (t-test of trial 3: *P= 0.041; TG n= 11, NC n= 10). (d) Hyperexploration of tgDISC1 rats in the object
recognition task (OR). Comparing duration of exploration of the new vs the old object in tgDISC1 rats and controls during OR test trial (TG
n= 12, NC: n= 10) showed that tgDISC1 rats explored the new object more extensively than the negative controls (one-way ANOVA:
#P= 0.048), although both genotypes preferred the new over the old one (paired t-test: NC *P= 0.045, TG ***Po0.001). (e) Hyperexploration of
the tgDISC1 rats in the object place recognition task (OPR). Comparably, in the OPR task (TG n= 12, NC n= 8) the tgDISC1 rats explored the
displaced object longer than control rats (one-way ANOVA: #P= 0.019). Again, both genotypes favored the displaced over the stationary
object (paired t-test; NC *P= 0.021, TG **P= 0.001). All means± s.e.m. DISC1, Disrupted-in-Schizophrenia 1; i.p., intraperitonial.
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under different conditions was determined for endogenous rat
and mouse Disc1 as well as artificially expressed human DISC1
(in tgDISC1 rats) using an overlay of species-specific antibody
signals (Figure 5c).
Amphetamine sensitization is a pharmacological model of

psychosis.57 Amphetamine is known to block and even reverse
DAT's ability to transport dopamine out of the presynapse,58

thereby enhancing extracellular dopamine concentrations. Sensi-
tization with amphetamine leads to the depletion of stored
dopamine in the striatum and enhancement of dopamine in the
typically low dopamine-containing mPFC.57 We sensitized wild-
type rats for 5 days with daily doses of 2 mg kg− 1 amphetamine,
and probed them after a 2-week interval with a single dose of
0.5 mg kg− 1 amphetamine for behavioral testing of supersensi-
tivity (Supplementary Figure S17a). Afterwards, animals received
another high dose of amphetamine and 24 h later the mPFC and
dStr were dissected and the insoluble proteome was purified and
probed for Disc1. Although we could not detect a difference in
Disc1 aggregation in the mPFC, we observed decreased insoluble
Disc1 in the dStr upon DA depletion (Supplementary Figure S17b
and d). According to these results, the presence of endogenous

insoluble Disc1 is correlated with cytosolic DA levels in wild
type rats.

DISCUSSION
We present the first transgenic rat model for one of the best-
characterized genes implicated in mental illness, DISC1. We
demonstrate that modest overexpression of full-length human
DISC1 causes DISC1 misassembly and a signature of neuropatho-
logical, biochemical and behavioral phenotypes involving the
dopamine system.
DISC1 is a gene for which mutations or polymorphisms have

been associated with chronic mental illnesses like schizophrenia,
recurrent major depression, bipolar disorder and autism. This
highlights the role of DISC1 as a general vulnerability factor for
behavioral control that is not restricted to one specific mental
illness, despite its name.4,5,14 Here, we present a novel mechanism
by which full-length DISC1 protein without genetically linked
mutations may have a role in a subset of sporadic cases of chronic
mental illness, cases where a clear and unambiguous genetic basis
cannot be determined. Protein pathology, that is, misassembly of

Figure 3. Dorsal striatum and dopamine homeostasis in the tgDISC1 rat. (a) Neurochemical quantification of post mortem dopamine (DA) in
the dStr of tgDISC1 and negative control animals. TgDISC1 rats (n= 12) had lower levels of DA as compared with negative controls (NCs)
(n= 12). TgDISC1 and negative control rats had 13 337± 375 and 11 675± 504 pg/mg DA. Unpaired t-test **P= 0.005. (b) Total D2 receptor
abundance in the dStr. Autoradiography was performed with the D2R specific radioligand [3H]raclopride. No difference in ligand binding and
therefore total receptor density could be found in tgDISC1 rats (n= 10) and controls (n= 10) in the dorsal striatum. Mean receptor density was
870± 26 fmol/mg protein for controls and 815± 26 for tgDISC1 rats. Unpaired t-test P= 0.156. (c) Elevated striatal D2High receptor portion in
tgDISC1 rats. TgDISC1 rats (n= 6) had an 81% increase in D2High receptor portions compared with negative controls (n= 6) as measured by
[3H]domperidone binding. Binding of the radioligand was challenged with either 1 nM or 100 nM DA, concentrations at which no significant
occupation of D2Rs or D2High-specific binding occurs, respectively. Proportions of D2High receptors in relation to total D2 receptors were
33± 3.9% in NCs and 59.7± 6.5% in TGs. Unpaired t-test **P= 0.005. (d) Peak DA release in the dStr of tgDISC1 rats. Fast-scan cyclic
voltammetry measurement of DA in striatal slices revealed no difference in the peak release of DA in tgDISC1 rats (2.16± 0.43 μM; n= 4) and
controls (1.88± 0.58 μM; n= 6). Mann–Whitney U-test P= 0.762. (e) Clearance of extracellular DA in the dStr of tgDISC1 rats. TgDISC1 rats
(tau= 0.131± 0.006; n= 4) show increased extracellular DA clearance compared with negative controls (0.176± 0.006; n= 6) as measured by
fast-scan cyclic voltammetry. Mann–Whitney U-test *P= 0.036. (f) Striatal DAT levels in tgDISC1 rats. Preparation of the synaptic plasma
membrane (SPM) and subsequent western blotting revealed a 19% increase in dopamine transporter levels in the dorsal striatum of tgDISC1
rats (NC, TG n= 6). Densitometric analysis was performed by normalization of DAT to the Na/K-ATPase signal in the preparations. Unpaired
t-test **P= 0.004. All means± s.e.m.
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a gene product, is an established mechanism in chronic brain
diseases like Alzheimer's disease, Parkinson's disease and other
neurodegenerative disorders,18 as well as several non-brain
diseases.59 In addition, protein assembly to large, ordered
complexes occurs physiologically and plays important functional
roles, including synapse maintenance.19,60 DISC1 misassembly in
tgDISC1 rats led to a signature of biochemical and behavioral
phenotypes involving the dopamine system. These phenotypes
correspond to phenotypes that are also observed in schizophre-
nia, such as amphetamine sensitization and the switch from
low-affinity to high-affinity D2 receptors.52 Therefore, we present a
novel animal model with high face validity that is relevant for a
significant subset of human cases with DISC1-dependent mental
illness, tentatively termed DISC1opathies.61

In the tgDISC1 rat, we chose to overexpress full-length DISC1
containing the C704 and F607 polymorphisms because they
increase aggregation propensity in cell-free in vitro systems.6,7

Both polymorphisms are common alleles that do not predict
mental illness as opposed to mutations. Therefore, when
evaluating the potential contribution of these polymorphisms on
the observed phenotypes, genetic and protein aggregation effects

cannot be separated because both phenomena are linked.
Furthermore, when expressed in cells, aggregation propensity of
the DISC1 protein seems to override effects of polymorphisms
(Supplementary Figure S9).
In addition to prominent amphetamine supersensitivity, the

hyperexploratory behavior and rotarod deficits can also be related
to subtle alterations in the striatal dopaminergic system, which is
essential for motor control, reward-related behaviors and explora-
tion. The dStr acts as a convergence point for inputs from the
basal ganglia, cortex and thalamus. From the dStr, the direct and
indirect pathways arise and exert opposing control over motor
function. This is mediated by D1R- and D2R-expressing MSNs that,
respectively, promote or inhibit locomotion and exploration.62

Both pathways are thought to be partially intertwined63,64 and are
affected by dopaminergic input to the dStr. Increased striatal
dopamine reduces the excitability of D2R-MSNs and favors
locomotion and exploration by weakening the indirect
pathway.65,66 Our results indicate a subtle enhancement of
D2R-mediated neurotransmission in tgDISC1 rats: the large
(80%) increase in D2High receptors suggests amplification of
D2R signaling that is probably not compensated by the modest
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α

Figure 4. Dopamine-induced DISC1 aggresome formation in cell models. (a) Confocal immunofluorescence light microscopy of SH-SY5Y
human neuroblastoma cells induced for expression of full-length human DISC1 (S704, L607). DISC1 was diffusely expressed throughout the
cytoplasm (left panel). Upon DA treatment (100 μM for 24 h; right panel) the previously diffusely distributed DISC1 built up aggresomes inside
the cell. Bar 20 μm. (b) Cryoimmunogold electron microscopy for cells from a. Arrow marks the perinuclear, immunolabeled dopamine-
induced DISC1 aggresome. Bar 100 nm. (c) Characterization of dopamine-induced DISC1 aggresomes as shown in a. Double-staining shows
that DA-induced DISC1 aggresomes (red) are caged by vimentin (green). Bar 20 μm. (d) Co-immunoprecipitation of DISC1 by DAT in the
tgDISC1 rat brain. In a plasma membrane preparation of the striatum the DAT antibody co-immunoprecipitated transgenic human DISC1.
Upper two panels show DISC1 signal, lower two panels DAT signal at two different exposure times. DA, dopamine; DISC1, Disrupted-in-
Schizophrenia 1; M, mitochondrion.

Misassembly of full-length DISC1
SV Trossbach et al

9

© 2016 Macmillan Publishers Limited Molecular Psychiatry (2016), 1 – 12



increase in dopamine clearance by DAT. Overall, this would lead to
increased D2R-MSN activation promoting hyperexploration in
tgDISC1 rats. This might also explain the rotarod deficits in these
animals as motor learning is mediated by D2R-MSNs and can be
disrupted by exploratory distraction as shown by cell-type specific
striatal lesion studies.67 Mutations in the DISC1 gene have been
linked to aberrant dopamine-related functions. Amphetamine
supersensitivity was observed in mouse mutants and in transgenic
mice expressing C-terminal deleted DISC1 (1–597).23,24,26 Also in
these transgenic mice, changes were subtle as similar basal DA
levels were detected in the dStr.23,26 Although the Disc1 (L100P)
mutant mouse showed elevated D2High receptors in the dStr,23

the transgenic mouse expressing C-terminal deleted DISC1
showed more D2R and DAT in the dStr.24 DA-related behavioral
and biochemical phenotypes have consistently been found in
Disc1 mouse mutants and transgenic mice expressing mutant
DISC1 gene. Given that partial Disc1 knockout or localized Disc1
silencing25 as well as overexpression of non-mutant DISC1 (as
shown here) both lead to DA-related phenotypes, it appears that
DISC1 protein expression has to be tightly regulated within a
narrow range to maintain functional dopamine homeostasis. Thus,
DISC1 integrity as well as expression levels seem to have a critical
role in dopamine homeostasis.
Our demonstration of a reciprocal relationship between DISC1

misassembly and the major neuromodulator dopamine was
unexpected. Unlike other neurotransmitters, cytosolic dopamine

is a highly reactive oxidant68 and is able to induce or accentuate
oxidative damage. The suggested connection between DISC1
assembly, DAT function, and cytosolic dopamine could therefore
have an important role in controlling cellular stress. We postulate
that DISC1 assembly / misassembly could act as a molecular
sensor for cellular oxidative stress. Whether the observed DISC1
aggregates20,21 are archaic remnants of oxidative stress events
should be further explored.
In summary, our investigations reveal significant functions of

DISC1 in two major regulators of dopamine homeostasis: D2R
affinity and DAT activity. Modest DISC1 overexpression in the
tgDISC1 rat causes changes in DISC1 assembly that directly
impacts dopamine homeostasis in the absence of genetic
mutations. Thus, we have identified a novel mechanism of DISC1
pathology involving protein insolubility that was previously
underappreciated as a potential risk factor for mental illness.
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Appendices: studies I, II, III

9.2 Study II

Intranasal dopamine treatment reinstates object place memory in aged rats.
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the possibility of the therapeutic application of intranasal DA treatment for age-related cognitive
disorders.
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1. Introduction

Deficiencies or imbalances in levels of the catecholamine neuro-
transmitter dopamine (DA) in the brain, which are known to be a
hallmark of various neurological disorders, such as Parkinson’s dis-
ease, also correlate with normal aging-related deficits in cognitive
and emotional processes. Humans from the age of 22–80 years
exhibit a decline of more than 7% per decade in the dopamine
transporter (DAT) in the striatum (Shingai et al., 2014) and
aging-related dopamine deficits have been closely linked to normal
age-related decline in working memory (Podell et al., 2012). DA is
well known to promote learning and memory (e.g.: Da Silva,
Köhler, Radiske, & Cammarota, 2012; Ellis & Nathan, 2001;
Packard & White, 1989) and its action is strongly implicated in
the presumed neural mechanisms of information storage and
retrieval, (e.g.: Bethus, Tse, & Morris, 2010; Lemon & Manahan-
Vaughan, 2006; Li, Cullen, Anwyl, & Rowan, 2003; Wolf, Sun,
Mangiavacchi, & Chao 2004). Especially working memory for spa-
tial objects was shown to be facilitated by DA action in humans
(Luciana & Collins, 1997).
Since DA is unable to cross the blood brain barrier (BBB) to a sig-
nificant extent due to its polar properties, DA agonists or DA pre-
cursors which pass the BBB are applied systemically for
experimental or therapeutic purposes. However, they also activate
peripheral DA receptors and may have side effects, such as the nau-
sea elicited by L-dopa, a DA precursor, commonly administrated in
patients with Parkinson’s disease (PD). There is evidence that DA
can directly enter the brain via intranasal administration (Dahlin,
Bergman, Jansson, Bjork, & Brittebo, 2000; Dahlin, Jansson, &
Bjork, 2001). Intranasally administered DA (IN-DA) has been
shown to be neurochemically and behaviorally active. Application
of DA into the nostrils of anaesthetized rats was shown to increase
extracellular DA in the nucleus accumbens and dorsal striatum
lasting for at least 2 h (de Souza Silva, Topic, Huston, & Mattern,
2008). In the freely moving rat, IN-DA had antidepressant-like
action and increased locomotor activity (Buddenberg et al.,
2008). Furthermore, behavioral asymmetries in the hemiparkinso-
nian rat were attenuated with chronic administration of IN-DA
(Pum et al., 2009) and with acute intranasal application of L-dopa
(Chao et al., 2012).

Administration of IN-DA has also been shown to have memory-
promoting action in an animal model of attention-deficit hyperac-
tivity disorder (ADHD), the Naples high-excitability rat. Chronic IN-
DA treatment in this rat increased the number of arms visited
before the first repetitive arm entry in the Olton radial maze, an
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index of working memory and selective spatial attention (Ruocco
et al., 2009).

In the present study, we examine the influence of acute applica-
tion of intranasal dopamine on an age-related memory deficit in
aged rats. Having found aged (21–22 months old) Sprague Dawley
rats to be deficient in memory for spatial location of objects, we
hypothesized that IN-DA treatment would improve their memory
in an object-place recognition test, which assesses the memory for
the location of objects by virtue of preferential exploration of dis-
placed vs stationary objects (Ennaceur, Neave, & Aggleton, 1997).
2. Materials and methods

2.1. Animals

Subjects were male Sprague Dawley rats bred at the University
of Dusseldorf Animal Facility. They were housed in groups of 1–3/
per cage under a 12 h day/night cycle (light on at 7 a.m.) with food
and water available ad libitum. Aged (�21–22 months, n = 11) and
adult (�4 months, n = 8) animals were used in this study. All
experiments were approved by local authorities (LANUV NRW)
and performed in accordance with the German Animal Protection
Law.

2.2. Open field

An open field (40 � 40 � 40 cm high) was used to assess loco-
motion and object exploration. It consisted of two adjacent grey
and two dark acrylic walls. A black ‘‘plus’’ symbol and a white cir-
cle (both 10 cm2) laminated in a plastic sheet were taped to a grey
and a dark wall, respectively, as local cues. Dim overhead illumina-
tion was provided by LED lights integrated into the camera with a
luminous density of � 6.8 lx in center and � 2.1 lx in the corners.
The camera (IR-100 B 3.6 mm, Conrad Electronic, Germany) was
placed 40 cm above the center of the arena and connected to the
EthoVision system (EthoVision 3.1, Noldus; Netherlands) that
automatically tracked locomotion behavior. The animals were
habituated to the open field by being allowed to explore it for
10 min prior to experimentation.

2.3. Spatial object recognition test

This test exploits the tendency of rodents to spend more time
exploring a familiar object that has been displaced to a novel posi-
tion than a familiar one that has not been displaced, suggesting
that they recognize objects at different locations (Ennaceur et al.,
1997). The test consists of a sample trial, during which two identi-
cal objects are presented in two of the corners of the open field,
and a test trial, during which one of these two objects is now
located in a different corner.

Two sets of plastic bottles with distinct colors and shapes
served as objects (height 32 cm). The use of the two sets of objects
was counterbalanced and their positions were randomized for each
trial. The animal was placed into the center of the open field with
two identical objects located near two corners of the apparatus and
allowed to freely explore objects and arena for 5 min. It was
returned to its cage afterwards. After a 25 min inter-trial interval
the rat was placed into the open field again for 5 min, with the dif-
ference that one of the objects was moved to a new location (the
displaced object), whereas the other object occupied the same
place as in the sample trial (the stationary object). Object explora-
tion was defined as physical contact with an object with snout,
vibrissae or forepaws. If the animal explores the displaced object
more than the stationary one, this indicates a memory for the
location of the object.
A discrimination index was calculated: [time spent exploring
the object at novel location – time spent exploring the object at
old location]/[total time spent exploring the two objects]). If ani-
mals spend time at both objects approximate equally, the index
will be �0 (chance level). If animals spend more time in exploring
the displaced object than the stationary one, the discrimination
index will be >0.0 (Ennaceur et al., 1997). Animals that failed to
explore both objects in either the sample or test trial were
excluded from the analyses.

The experiments were conducted between 09:00 and 16:00 h.
Ethanol (70%) was used to clean the arena and objects after each
trial. The distance moved was automatically recorded by the Etho-
Vision software 3.1 (Noldus, Netherlands). Times for object explo-
ration were rated by experimenters blind to the experimental
design using the Ethovision software.

2.4. Dopamine treatment

For the aged animals, each rat received IN-DA and its vehicle, in
a counterbalanced procedure, with a two weeks wash-out period
between each administration. DA hydrochloride (DA-HCl, Sigma
Aldrich, Germany) was prepared to a final concentration of
0.3 mg/kg calculated on the basis of DA base. The crystalline DA
was suspended in a volume of 10 lL of gel composed of a viscous
castor oil mixture (M & P Pharma, Emmetten, Switzerland) imme-
diately before usage and was kept on ice throughout the experi-
ment and protected from light. Per nostril 5 lL of the oleogel
was applied with an applicator pipette for viscous liquids (Micro-
man; Gilson, France) and corresponding tips (CP10 Tips, Gilson,
France). Drug administration was performed over 3 sec per nostril
with an application depth of 2 mm. The dosage was chosen based
on studies, showing that IN-DA at 0.3 mg/kg had behavioral effects
(Buddenberg et al., 2008). After the application, animals were
placed into the open field and the object-place recognition test
was conducted. The adult animals did not receive IN-DA, but were
administered the object-place memory test.

2.5. Statistics

For statistical calculations the IBM SPSS Statistics 22 program
was used. For the aged animals, a 2 � 2 ANOVA with the two
within factors ‘‘treatment’’ and ‘‘object’’ or ‘‘trial’’ was conducted
to analyze object-place memory and locomotor activity. Subse-
quent one-way repeated ANOVAs with the factor ‘‘treatment’’ were
applied to analyze exploration behavior for the aged animals.
Paired sample t-tests were applied when appropriate. For the adult
animals, paired t-tests were conducted to analyze the memory test
and locomotion. The discrimination indexes were compared to
chance-level performance (zero value) by one-sample t-tests. The
level of significance was taken to be p 6 0.05 for all tests.
3. Results

3.1. IN-DA reinstates object-place learning in aged rats

We assessed the time spent in exploring the stationary vs the
displaced object during the test trial. As can be seen in Fig. 1A,
the IN-DA treated group, unlike the vehicle group, spent signifi-
cantly more time exploring the displaced (grey bars) than the sta-
tionary object (open bars).

A two-way ANOVA revealed a main effect for objects
(F1,20 = 4.519, p = 0.046) and an object-treatment interaction
(F1,20 = 14.865, p = 0.039), but not an effect for treatment alone
(F1,20 = 1.360, p = 0.257). A paired t-test, comparing time spent at
the stationary and the displaced object for each aged group,



Fig. 1. Intranasal application of DA reinstates object-place learning in aged rats. (A) Object exploration during test trial. Only the IN-DA treated aged rats and the adults
explored the displaced object more than the stationary one. (B) Discrimination index of object place recognition. Chance level is at zero value. Only the adult and IN-DA treated
aged rats explored the displaced relative to the stationary one significantly above chance level (*p = 0.020; **p = 0.006). (C) Total object exploration. Only the aged rats treated
with control gel showed significantly less overall exploration (both objects combined) in the test trial compared to the sample trial (*p = 0.048). (D) Locomotion during object
place recognition task. None of the groups show a difference in locomotion between sample and test trials. (aged control n = 11, IN-DA n = 11, adult n = 8).
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resulted in a significant difference in object exploration for the IN-
DA group (p = 0.010), but not the control group (p = 0.958), indicat-
ing a focused investigation of the more interesting object and,
therefore, an enhancing effect of IN-DA. These findings are comple-
mented by calculation of the discrimination index (Fig. 1B), which
revealed a significant performance above chance level for the IN-
DA treated aged animals (black bar; one-sample t-test against zero
value: p = 0.006) and adult group (p = 0.021), but not for the
control animals treated with gel (grey bars (p = 0.705).

Thus, upon IN-DA treatment, the aged rats behaved comparable
to adult rats, which also explored the displaced object more than
the stationary one in the test trial and, thus, exhibited intact
memory for objects in place.

3.2. Overall exploratory activity

To determine whether IN-DA treatment influenced overall
object exploration, the total exploration times in the sample and
test trials were analyzed (Fig. 1C). A two-way repeated measures
ANOVA for object exploration displayed a trial-treatment interac-
tion (F1,20 = 6.930, p = 0.016), but no main effect of either treatment
(F1,20 = 0.438, p = 0.516) or trial (F1,20 = 0.016, p = 0.900). Subse-
quent paired t-tests revealed a significant reduction in total time
of object exploration from sample to test trial in the aged vehi-
cle-treated animals (p = 0.048), but not in the IN-DA-treated ani-
mals (p = 0.178), nor adult rats (paired t-test p = 0.383). Thus, IN-
DA treatment prevented the decrease in overall amount of explora-
tion during the test trial exhibited by the controls (Fig. 1C).

3.3. General locomotor behavior

The distance moved (Fig. 1D) during the object place recogni-
tion test was assessed. In a two-way repeated measures ANOVA
no effect of either trial (F1,20 = 0.137, p = 0.715), treatment
(F1,20 = 0.210, p = 0.651) or their interaction (F1,20 = 2.192,
p = 0.154) were found. This indicates that IN-DA did not simply
increase activity of the aged rats, but specifically enhanced
exploration of the displaced object in the place-memory task.

4. Discussion

The main result of this study is that intranasal application of
0.3 mg/kg DA rescued the learning of, or memory for the location
of, an object in aged (22–24 month old) rats that were shown to
be deficient in this kind of spatial learning/memory.

Whether the age-related memory deficiency resulted from the
process of encoding, consolidation or retrieval of the spatial infor-
mation is not known. Also, since we applied the DA shortly before
the sample trial and not post-trial, we cannot discern whether the
treatment acted on acquisition- or memory-related processes. Nor
can we rule out that the treatment was effective by virtue of, e.g.
psychostimulant action that enhanced attention to the objects.
However, IN-DA has been shown to have neurochemical effects
lasting for at least 100 min, suggesting that its action in our study
extended into the post-trial period of consolidation (de Souza Silva
et al., 2008).

The vehicle-treated control animals, but not the IN-DA-treated
group exhibited a decrease in total amount of exploration of
objects from sample trial to test trial, suggesting that IN-Da com-
pensated for this decrease in exploration during the test trial. As
shown in Fig. 1B, this apparent increase in exploration was lim-
ited to exploring the displaced, but not stationary object, which
precludes the possibility that the intact expression of memory
for objects in space after IN-DA was due simply to an overall
behavioral arousal and general increased tendency to explore
any object. Unlike in previous studies (Buddenberg et al., 2008;
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de Souza Silva et al., 2008), we found no influence of IN-DA on
general activity level, perhaps due to the old age of the animals
used here, or to the fact that the testing period was only 5 min
per trial, whereas in the previous studies the trial duration was
30 min and the animals were more thoroughly habituated to
the open field.

The mechanisms that underlie the passage of substances from
nose to brain are not well understood, but several modes of trans-
port from the nasal mucosa to brain have been proposed, including
routes involving olfactory and trigeminal nerves from nose to brain
(Tayebati, Nwankwo, & Amenta, 2013). It has also been shown
(Dahlin et al., 2000) that unchanged DA is transferred into the ipsi-
lateral olfactory bulb following unilateral nasal administration of
[3H]dopamine to mice and that DA is transferred into the olfactory
bulb via the olfactory pathway in rats (Dahlin et al., 2001). Olfac-
tory neurons that express the dopamine transporter (DAT) inner-
vate the nasal mucosa, which also contains the organic cation
transporter-2 (OCT-2). There is also evidence that DAT-mediated
uptake underlies the absorption of intranasally administered
dopamine and that DA metabolism in the nasal mucosa is minimal
(Chemuturi, Haraldsson, Prisinzano, & Donovan, 2006).

Little information is available as to the central neural effects
of IN-DA and how these could relate to our finding of memory
rescue in the aged organism. The increase in extracellular DA in
striatum and nucleus accumbens found after IN-DA, suggests that
IN-DA increased DA levels in the nigrostriatal as well as mesocor-
ticolimbic system (de Souza Silva et al., 2008). The striatal
dopaminergic systems participate in the mediation of memory
for objects in space (Chao, Pum, & Huston, 2013). It remains to
be determined which DA receptors are responsible for the behav-
ioral effects of IN-DA reported so far and the role played by pre-
vs postsynaptic receptors. Imaging studies has revealed a
decrease in DAT binding in the dorsal striatum after IN-DA treat-
ment in adult rats administered the same dose as in the present
study (unpublished results). Aside from its acute effects on stria-
tal DA levels and DAT binding, it was found that prepuberal
chronic treatment with IN-DA led to long-term changes in several
amino acids in the brain of wild type rats, including increased
soluble L-Asp and decreased membrane-trapped L-Glu and L-Asp
in the prefrontal cortex, implicating significant lasting effects
on glutamate neurotransmission in the adult animal (Ruocco
et al., 2014). In the Naples High Excitability rat, a model of ADHD,
chronic prepuberal administration of IN-DA led to long-term
changes in excitatory amino acids, NMDA-R1 subunit protein,
tyrosine hydroxylase and DAT protein levels in the pre-frontal
cortex and dorsal and ventral striatum, together with changes
in working memory and indices of selective attention (Ruocco
et al., 2014). Glutaminergic mechanisms have been strongly
implicated in the control of recognition memory and spatial
learning (Morris, Steele, Bell, & Martin, 2013; Warburton,
Barker, & Brown, 2013) and in aging-related memory disorders
(Burgdorf et al., 2011; Foster 2012; Hara et al., 2012).

The recollection/familiarity detection processes involved in the
storage, encoding and retrieval of information as to the location of
objects in place are likely to enlist multiple, interconnected neural
circuits (Aggleton & Brown, 2006). These processes must involve
the complex interplay of many known transmitter systems (e.g.
de Souza Silva et al., 2013; Dere, de Souza Silva, & Huston, 2007).
Although the hippocampus and associated cholinergic forebrain
mechanisms have received the most attention so far (e.g.:
Izquierdo & Medina, 1997), DA receptors must also be considered
to play significant roles in such processes and their malfunctioning
with aging (Shingai et al. 2014) and the present results supplement
the evidence for an important role of DA in working memory
involving spatial recognition (Chao et al. 2013; Luciana & Collins
1997; Podell et al., 2012).
5. Conclusion

Our finding of an attenuation of an aging-related deficit in the
encoding or retrieval of spatial memory by acute application of
IN-DA, supplements the earlier report of long-term beneficial
effects of IN-DA treatment on attention and working memory in
the 8-arm Olton maze in an ADHD rat model (Ruocco et al.,
2009; Ruocco et al., 2014). These cognitive-enhancing effects of
IN-DA, along with evidence for anti-depressant (Buddenberg
et al., 2008) and anti-parkinsonian (Pum et al., 2009) action, bolster
the prospect of considering intranasal dopamine application as a
therapeutic measure against cognitive and mood-related deficits.
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Appendices: studies I, II, III

9.3 Study III

Peripheral DISC1 protein levels as a trait marker for schizophrenia and modulating

effects of nicotine.
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a  b  s  t  r  a  c  t

The  Disrupted-in-Schizophrenia  1 (DISC1)  protein  plays  a  key  role  in  behavioral  control  and  vulnerability

for  mental  illnesses,  including  schizophrenia.  In this  study  we  asked  whether  peripheral  DISC1  protein

levels  in  lymphocytes  of patients  diagnosed  with  schizophrenia  can  serve  as  a trait  marker  for the  disease.

Since  a prominent  comorbidity  of  schizophrenia  patients  is nicotine  abuse  or addiction,  we also  examined

modulation  of  lymphocyte  DISC1  protein  levels  in smokers,  as  well  as  the  relationship  between  nicotine

and  DISC1  solubility  status.  We  show  decreased  DISC1  levels  in patients  diagnosed  with schizophrenia

independent  of  smoking,  indicating  its potential  use  as  a trait  marker  of  this  disease.  In  addition,  lympho-

cytic  DISC1  protein  levels  were  decreased  in smoking,  mentally  healthy  individuals  but  not  to the  degree

of  overriding  the trait  level.  Since  DISC1  protein  has  been  reported  to  exist  in  different  solubility  states

in  the brain,  we  also investigated  DISC1  protein  solubility  in brains  of  rats  treated  with  nicotine.  Sub-
ng chronic  treatment  with  progressively  increasing  doses  of  nicotine  from  0.25  mg/kg  to 1 mg/kg  for  15  days

led  to  a decrease  of  insoluble  DISC1  in  the  medial  prefrontal  cortex.  Our results  demonstrate  that  DISC1

protein  levels  in  human  lymphocytes  are  correlated  with  the  diagnosis  of  schizophrenia  independent  of

smoking  and  thus  present  a potential  biomarker.  Reduced  DISC1  protein  levels  in lymphocytes  of  healthy

individuals  exposed  to  nicotine  suggest  that  peripheral  DISC1  could  have  potential  for  monitoring  the
effects  of psychoactive  substances.
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renia is a mental illness exclusively diagnosed clin-

he occurrence of positive, negative, and cognitive

 Positive symptoms are, for example, hallucinations or

egative symptoms include affective flattening, lack of
, whereas cognitive impairments comprise attention

 impaired working memory [1].

orbid behavioral characteristic of patients diagnosed

phrenia is the high prevalence for nicotine abuse by
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 contrast to 20–30% of the general population and
 other psychiatric illnesses [2,3]. One attempt to explain
omenon has been the self-medication hypothesis of

renia, stating that smoking and thereby nicotine admin-
serves to reduce particularly negative symptoms [4]. In
f this hypothesis it was shown that nicotine reversed
ating deficits, i.e. the inability to process sensory infor-

n patients diagnosed with schizophrenia. This deficit,
, e.g. by the diminished gating of the P50 auditory-evoked

 to repeated stimuli, could be rescued by treatment with
in patients and their non-affected family members [5,6]

 presents an endophenotype. Nicotine administration or
also improved sensorimotor gating in rats [7] and in non-
ic human control subjects [8,9]. The sensory gating deficit
phrenia is genetically linked to chromosome 15q14 [10],
locus of the nicotinic �7 receptor subunit, interrelating

renia and nicotine.
ted-in-schizophrenia 1 (DISC1) is one of the best char-

 vulnerability genes for psychiatric disorders. It was first
d in a Scottish family in which carriers of a balanced chro-
t(1;11) (q42.1;q14.3) translocation are prone to mental
of different clinical phenotypes ranging from schizophre-
ajor depression to bipolar disorder, and anxiety disorders
he translocation presumably leads to the expression of

inally truncated protein named DISC1. Subsequent gene
n studies corroborated the importance of the DISC1 locus

l illness and substance abuse [13–15], however, impor-
t limited to one clinically defined disease entity, but as
tor to several mental illnesses [16–20]. Cell and molec-
ies highlight its function as a scaffold protein [21] that
with a variety of proteins [22] for integrating cellular
ms like developmental control of neuronal migration,

 progenitor cell proliferation, signaling pathways, synaptic
 centrosome formation and neurite outgrowth, amongst
3–26]. DISC1 transgenic animal models have clearly cor-

 the key role of DISC1 in behavioral control, such as in
memory, locomotion and sensorimotor gating [27–33].

 previous findings in human post mortem brain mate-
ated that a subpopulation of mentally ill patients with
renia or recurrent affective disorders was characterized
resence of insoluble DISC1 protein in the brain, thus
urrent clinical diagnostic boundaries [34,35]. Subsequent
d in vitro biochemical analyses investigating DISC1 pro-
bly indicated that DISC1 builds oligomers and insoluble

s under specific physiological and pathological conditions
].
a-analysis of several genome-wide association studies

ng phenotypes indicated linkage of a single-nucleotide
hisms (SNP) in the 3′ region of the mental illness candi-

 DISC1 to earlier onset of smoking, although the analysis
reach significance due to multiple testing corrections

 present study we set out to test, whether the DISC1 pro-
 serve as a trait marker for schizophrenia by assessing
otein levels in lymphocytes derived from blood samples
ts diagnosed with schizophrenia and control subjects.
investigated the role of DISC1 as a state marker by
g lymphocytic DISC1 protein levels in healthy smokers
n-smokers. Plasma cotinine levels, the main metabo-

cotine in the blood, of patients with schizophrenia and
were measured in an attempt to correlate lympho-
C1 levels and nicotine intake. Furthermore, to examine,
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ial and methods

ects and classification

y  subjects and patients diagnosed with schizophrenia
estigated as part of a clinical study comparing acute
challenge with placebo in a neuroimaging setting (Clin-
ov Identifier: NCT00618280) [39]. The schizophrenia
were clinically stable for more than six weeks. All

and controls underwent a structured interview (SCID-1),
osis was established according to DSM–IV criteria [40].

patients received antipsychotic monotherapy with either
ide, aripiprazole, fluphenazine, olanzapine, paliperidone,
e, risperidone or ziprasidone. A small number of
were treated with a combination of two  antipsychotic
upentixol/quetiapine, haloperidol/quetiapine, olanzap-
sidone or paliperidone/aripiprazole. Healthy controls
uired to have no life-time diagnosis of schizophrenia,
ug or alcohol dependence. Exclusion criteria were: con-

 neurological diseases or any other medical condition that
idered as a potential confounder of the study, including

 drug screen or a history of substance abuse during the
onths prior to participation in the study. In schizophrenia
assessment of current psychopathology was  conducted
ositive and Negative Syndrome Scale (PANSS; [41]). Nico-
ndency was  verified using the Fagerstrom test (FTND
dy participants were either habitual smokers as defined

 score of >4, smoking 10–30 cigarettes per day or never-
who  had smoked less than 20 cigarettes in their life-time.
y was approved by the Ethics committee of the Medi-
ty of the Heinrich-Heine-University Düsseldorf and the
egulatory agency for drug trials BfArM (Bundesarzneimit-
e) and under full consideration of the Declaration of
Written informed consent was obtained from each study
nt prior to the start of the study.

als

l experiments were performed in accordance with the
Animal Protection Law and were authorized by local
es (LANUV NRW). Adult male Wistar rats were housed
mals per cage under standard laboratory conditions with a
day-night cycle and food and water access ad libitum (light

 to 6 pm). After arrival in the animal facility, animals were
o habituate for two weeks before the injections started.
and saline treatments were given daily subcutaneously in
oon.

aration of lymphocytes from blood

s blood (10 mL)  was collected in EDTA tubes (Sarstedt,
) and centrifuged at 1600 × g for 10 min. The buffy coat
the upper plasma layer and the lower layer of packed
tes was harvested and diluted 1:5 with Phosphate-

saline (PBS). The leukocyte suspension was carefully laid
 the Ficoll-Paque Plus solution (GE Healthcare, Germany).
ation at 600 × g for 20 min  resulted in separation of the
lear and polymorphonuclear cells into two distinct bands
terphases. The lymphocyte ring in the upper layer was

 and washed twice with PBS and stored at −80 ◦C until
rocessing.

e preparation of lymphocytes from blood of rats, blood
cted in EDTA tubes (Sarstedt, Germany) and isolation was
d according to manufacturer’s instructions with the Ficoll-
emium 1.084 solution (GE Healthcare, Germany). After



178 earch 2

isolation 

further p

2.4.  Mea

Cotini
half-life o
half-life o
exposure
cotinine l
to cotinin

Cotini
EIA based
samples 

well micr
in order t
the EDTA
steps, 25 

25 �L ED
conjugate
perature.
followed 

stopped a
tional to t
micropla
ity was m
in the con

2.5.  West

Lymph
in VRL bu
100 mM 

tease Inh
X-100, 1 m
(Roche, G
30 min  at
of the lys
Rad, Germ
onto 10%
a 0.45 �m
16 h at 15
with 100 

blocked w
immunor
14F2. Ana

Weste
then the 

[45].

2.6. Isola

Flow 

periphera
was done
ical Scho
fraction w
analysis.

2.7. Precl

NHS-A
was activ
ufacturer
1 mg of ei
(amino ac

phat
s, be
om 

M m
utam
ody
ente

bated
ncou
ody
t the

est

Quan

otal 

Nea
l RNA

 hex
rmo 

-Tim
 as t
rime
ard 

CTG
ekee
reve
cond
0 cy
was 

lied 

rMix
 the
zed t
latio

 run

Nico

or te
 DIS
e (1
tine. 

a–A
s of 

re th
 0.25
 1 mg
ctio

.  Agg

or th
 tiss

ow e
or th
ed in

 �L) 

250 m
F, 1×
ted o

RL:A
S.V. Trossbach et al. / Behavioural Brain Res

the cell pellets were flash-frozen and stored at −80 ◦C until
rocessing.

surement of plasma cotinine

ne is the main metabolite of nicotine [43]. Due to its longer
f 20 h, in contrast to nicotine which has a much shorter
f about 20 min, it is widely used as a biomarker of nicotine
. Based on the linear relationship between nicotine and
evels in blood plasma, one can correlate smoking behavior
e content in the blood [44].
ne concentrations were determined using the commercial

 kit Inspec II (Mahasan Diagnostika, Germany). Plasma
which had been stored at −80 ◦C were processed on 96-
oplates. All samples were diluted in water (1:100) and,
o prevent blood clotting as the consequence of lowering

 concentration in respect to the subsequent preparation
�L of the diluted plasma aliquots were supplemented with
TA (20 mM,  pH 7). After the addition of 100 �L enzyme
, the samples were incubated for 30 min  at room tem-

 After six washing steps, substrate solution was added
by a second 30 min  incubation time. Color processing was
nd the cotinine concentration which is inversely propor-
he color intensity was measured at 450 nm using the MRX
te reader (Dynatech Laboratories, Germany). Test reliabil-
onitored using one negative and four positive calibrators
centration range of 0–50 ng/mL.

ern blot analysis of lymphocytes

ocyte pellets were thawed on ice and immediately lyzed
ffer: 50 mM HEPES (pH 7.5), 250 mM sucrose, 5 mM MgCl2,
KAc, 2 mM PMSF (all Sigma–Aldrich, Germany), 2× Pro-
ibitor (Roche, Germany) supplemented with 1% Triton

M PMSF (Sigma–Aldrich, Germany) and 40 U/mL DNaseI
ermany). After 30 min  on ice, the lysate was incubated for

 37 ◦C for DNA digestion. Afterwards, the protein content
ate was determined using the DC Protein Assay Kit (Bio-
any) and 30 �g of total protein per sample were loaded

 SDS-PAGE gels. Afterwards the samples were blotted onto
 nitrocellulose membrane (GE Healthcare, Germany) for

0 mA.  After blotting, the membranes were directly treated
mM KOH for 5 min  at room temperature and subsequently

ith 5% milk in PBS with 0.05% Tween-20 (PBST). DISC1
eactivity was tested with the human DISC1 specific mAB
lysis was done blind with regard to diagnosis.
rn blot procedure was identical for rat lymphocytes, but
ratDISC1 specific polyclonal C-term antibody was  used

tion of lymphocytes by flow cytometry

cytometry sorting of freshly isolated lymphocytes from
l blood with Ficoll-Paque Plus (GE Healthcare, Germany)

 by Cellsort, the Core Flow Cytometry Facility of the Med-
ol Düsseldorf, Germany. The resulting pure lymphocyte

as lyzed as described above and used for Western blot

earing of 14F2 antibody

ctivated Sepharose 4 Fast Flow (GE Healthcare, Germany)
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ther BSA (GE Healthcare, Germany) or recombinant DISC1
ids 316-854) protein [34], both dialyzed to 10 mM sodium

sucrose, 5
tration o
vortexing
(TLA-55 
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e  buffer (NaPi, pH 8), or buffer only for 16 h at 4 ◦C. After-
ads were blocked with 100 mM Tris–HCl (pH 8.5) for 2 h
temperature and washed with hybridoma cell medium
edia supplemented with FCS, Pen/Strep, HT supplement,
ine; all Gibco, Germany). For the preclearing, 2 mL  fresh

 supernatant of 14F2 was  mixed with 2 mL of PBS sup-
d with 0.05% Tween-20 (Sigma–Aldrich, Germany) and

 with either NHS beads coupled to BSA, rDISC1 (316-854),
pled and preincubated for 1 h at room temperature. The

 solution was  then centrifuged for 10 min  at 2000 × g to
 beads and supernatant was used as primary antibody on
ern blots.

titative expression analysis

RNA was  prepared from human lymphocyte pellets with
sy Mini Kit (Qiagen, Germany). From this preparation, 1 �g

 was used as template to synthesize cDNA using the ran-
amer primers of the RevertAid First Strand Synthesis Kit
Scientific, USA) in a total volume of 20 �L. For quantitative
e PCR, the cDNA template was  diluted 1:10 and 5 �L were
emplate for the qPCR reaction.
rs targeting huDISC1 spanning exon 5 and 6:

5′-ACACCCCACTGAGAATGGAG-3′; reverse 5′-
CTCTTGCTCCTCT-3′ (300 nM each). Primers for the
ping gene ARF1: forward 5′-GACCACGATCCTCTACAAGC-

rse 5′-TCCCACACAGTGAAGCTGATG-3′ (300 nM each).
itions for both primer pairs: 10 min  at 95 ◦C, followed
cles of 15 s at 95 ◦C and 60 ◦C for 1 min. Real-Time
conducted with the StepOnePlus Real-Time PCR System
Biosystems, Germany) and the Platinum SYBR Green qPCR
-UDG (Invitrogen, Germany). The data was processed

 StepOne Software v2.3 and DISC1 expression was nor-
o expression level of the housekeeping gene ARF1 and set
n to a control cDNA sample that was used in all individual
s.

tine treatment of rats

sting the effect of nicotine on the aggregation of endoge-
C1, male Wistar rats were treated for 15 days with either

 mL/kg bw injection volume) or increasing amounts of
For the injections (−)-Nicotine hydrogen tartrate salt
ldrich, Germany) was  dissolved in PBS calculated on the
the nicotine component. Animals were weighed daily
e injections. The nicotine group was  treated for 5 days

 mg/kg, the next 5 days with 0.5 mg/kg and last 5 days
/kg nicotine subcutaneously. Blood withdrawal and brain

n was carried out 24 h after the last injection.

regome assay of rat brain material

e preparation of the insoluble aggregome of Wistar rats,
ues underwent a low-stringency aggregome assay due to
xpression of endogenous rat DISC1.
e preparation of 10% homogenate, the mPFC was homog-

 ice-cold VRL buffer (see Section 2.5). The homogenate
was mixed with 100 �L of buffer A3: 50 mM HEPES pH
M sucrose, 5 mM MgCl2, 100 mM KAc, 15 mM GSH, 2 mM

 PI, 3% NP-40, 0.6% sarcosyl and 120 U/mL DNaseI and
vernight at 4 ◦C to digest the DNA. Next day, 450 �L of a
3 mix  and 530 �L buffer B3 (50 mM HEPES pH 7.5, 2.3 M
 mM GSH, 1% NP-40, 0.2% sarcosyl; final sucrose concen-
f 1.1 M)  was added to the tube. Samples were mixed by

 and ultracentrifuged for 45 min  at 4 ◦C and 100,000 × g
rotor in an Optima ultracentrifuge; Beckman Coulter).
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Fig. 1. Altered DISC1 immunoreactivity in lymphocytes of schizophrenic (SCZ) and control patients and the influence of smoking behavior. (A) Comparison of the 100 kDa
DISC1  immunoreactive band in lysates of lymphocytes derived from blood of either schizophrenic (n = 12) or control patients (n = 18). SCZ cases display significantly reduced
DISC1  band intensity. Unpaired two-tailed t-test **p = 0.004 (means ± SEM). (B) Comparison of DISC1 band intensity in lysates of control group only. Control cases included
smokers (n = 8) and non-smokers (n = 10). Lymphocytes from smoking controls had significantly less DISC1 immunoreactivity than non-smoking controls. Unpaired two-tailed
t-test  **p = 0.008 (means ± SEM). (C) Comparison of the DISC1 protein levels between smoker groups. SCZ smokers (n = 8) express less DISC1 than control smokers (n = 8).
Unpaired two-tailed t-test *p = 0.037 (means ± SEM). (D) No significant correlation between DISC1 Western blot signal and cotinine content of plasma derived from smokers.
DISC1  immunoreactive signal is plotted against cotinine content in the blood plasma of control and SCZ smokers. Regression line (full line) and 95% confidence interval
(dashed line) are depicted. Pearson’s correlation coefficient r = −0.287, p = 0.300. (E) No DISC1 expression changes in lymphocytes from control non-smokers (n = 10) and
control smo n betw
(F)  Quantita . SCZ s
t-test p = 0.7
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 was mixed 7:3 with buffer C3: 50 mM HEPES (pH 7.5),
H, 1% NP-40, 0.2% sarcosyl (total sucrose concentration
e pellet was resuspended in 700 �L of this buffer and

ition of another 700 �L the sample was  spun again at 4 ◦C
000 × g. The pellet was resuspended in 1 mL  buffer D3:
EPES (pH 7.5), 1.5 M NaCl, 5 mM GSH. After another ultra-
ation, the pellet was washed in 1 mL  E3 (50 mM HEPES
.2% sarcosyl), ultracentrifuged and the final pellet was

 speedvac centrifuge (Eppendorf, Germany). The insoluble
e pellet was taken up in 2× SDS-loading buffer, separated

AGE and blotted onto 0.45 �m nitrocellulose membrane.
us rat DISC1 was detected with the polyclonal C-term

antibody.

sitometric analysis and statistics

ometric analysis was performed using the ImageJ 10.2
(National Institute of Health, USA). For statistical analyses
PSS Statistic 20 program was used.
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that were
cate that
smoking,
schizoph
een the two  groups. Unpaired two-tailed t-test p = 0.718 (means ± SEM).
mokers had the same DISC1 expression as controls. Unpaired two-tailed

eactive band revealed a significant reduction of DISC1
 schizophrenia (SCZ) cases compared to mentally healthy
Fig. 1A).

so performed a separate flow cytometry analysis with the
entify the cell population within mononuclear cells that
rigin of the DISC1 signal. We  identified the main DISC1 sig-
ainly lymphocytic cell population with only minor content
ytes and granulocytes (data not shown). Western blotting

 lymphocytes revealed a strong DISC1 signal (Fig. 2A, left
mparable to that of the whole lysates of the Ficoll puri-
hocytes. We,  therefore, conclude that the majority of the
munoreactivity stems from lymphocytes.
lidate the identity of the approximately 100 kDa
eactive band as DISC1, we  precleared mAB  14F2 with
ant human DISC1 (316-854) protein coupled to NHS
bsequent incubation of blots with the precleared anti-

ernatant revealed a signal reduction on Western blots both
sates transfected with full length human DISC1, as well

phocytic 100 kDa immunoreactivity (Fig. 2B), indicating
pproximately 100 kDa immunoreactive band on Western

 lymphocyte-specific form of DISC1.

1 protein levels in lymphocytes of mentally healthy

 we investigated DISC1 protein levels in lymphocytes of
and non-smokers in healthy controls in a blinded analy-
bserved less DISC1 immunoreactivity in control subjects
 smokers than in non-smokers (Fig. 1B). This could indi-
, to some degree, DISC1 protein levels are modulated by

 but not to the extent of influencing the overall effect of
renia itself since the smoking cohort of patients diagnosed
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Fig. 2. Validation of the 100 kDa DISC1 immunoreactive band in lymphocytes. (A)
Derivation of the 100 kDa DISC1 band from lymphocytes. Flow cytometry sorting of
the Ficoll purified lymphocyte fraction from peripheral blood and subsequent West-
ern blotting showed that the DISC1 signal of the mAB  14F2 results exclusively from
lymphocytic DISC1 species (left panel). Also in lymphocytes from the rat a 100 kDa
endogenous rat DISC1 species can be visualized by the polyclonal C-term antibody
(right  panel). (B) Reduction of the 100 kDa DISC1 band intensity by preclearing of
the mAB  14F2 with recombinant DISC1 protein. Depicted are two different lym-
phocyte samples, lysates from SH-SY5Y cells without (−) or with (+) expression of
human full-length DISC1. Preincubation of the mAB  14F2 with NHS-beads coupled
to recombinant DISC1 (316-854) led to a decrease of the 100 kDa band as well as the
DISC1 overexpression control, whereas preincubation with NHS coupled to BSA or
buffer only 
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 study, we  investigated whether peripheral DISC1 protein
lymphocytes have the potential to serve as a candidate
r of schizophrenia. We  found a significant reduction of
els in lymphocytes derived from patients, apparently not

a change in expression but rather due to a change in its
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lational modifications of DISC1, its protein clearance or
n the cell rather than changes in expression regulation by
al transcription the DISC1 protein. This is consistent with
reports of differential posttranslational processing that
ly leads to misfolding and/or aggregation of DISC1 [33].
at of our data is that although they were gathered in a
shion, the case numbers are relatively low, so the results
dy need to be validated in a larger cohort.

 second part of our study corroborating biological effects
g or nicotine on DISC1 protein expression and/or post-
nal modifications, we showed that sub-chronic nicotine
t of rats changed DISC1 insolubility in the rat brain. A

 mental illness patients were previously characterized by
 DISC1 species in post mortem brain material [34,35]. The
of DISC1 aggregation in the mPFC of wild type rats treated
tine demonstrates that insoluble DISC1 assembly can be
d by administration of small molecules. Although it is not
ther nicotine actually decreases the existing aggregates

events its de novo assembly, our data show that nicotine
 the aggregome load in the mPFC.
studies have shown that chronic nicotine treatment of
s an upregulation of ubiquitin and heat-shock proteins as
embers of the proteasome and chaperone pathways in the
,48]. As protein degradation is a dynamic process, aggre-
C1 protein could be cleared by the cell in a faster rate due
egulated proteasomal system to restore the homeostasis
l.
tion of aggregated DISC1 could also occur by preventing
cumulation of aggregated protein. Nicotine was  identified

 the aggregation of proteins prone to self-assembly like
o [49,50]. Therefore chronic nicotine might prevent the

 of further DISC1 aggregation rather than increasing the
 of previously formed aggregated species.
ne treatment of rats did not lead to changes in lymphocytic
els as seen in the comparison of smoking versus non-

human controls. This suggests that 15 days of exposure to
ay  not be sufficient and a chronic exposure to nicotine

crucial to change lymphocytic gene expression or pro-
life. Also, the start of nicotine exposure might influence
els, as the human participants normally started smoking
olescence and were tested as adults, whereas nicotine

t of the adult rats started after adolescence [51]. Alter-
these data may  support our previous reasoning that a
yet unidentified factor may  account for both decreased
els and schizophrenia, as well as nicotine abuse that is

 to human pathophysiology.
 together, our results suggest that DISC1 expression in
tes is a potential trait marker for schizophrenia. In addi-

epresents a state marker for monitoring the effects of
sly administered psychoactive substances. The change
ocytic DISC1 protein levels emphasizes that, at least for
didate proteins, lymphocytes can represent a window to

 and brain disorders. The influence of nicotine on DISC1
ggregation in the brain highlights its potential pharmaco-
versibility and makes the nicotinic receptors in the brain a

 pharmacological target for DISC1-dependent disease [36].
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