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• Detection of a protein from a major mental illness gene, Disrupted-in-Schizophrenia 1 (DISC1) in lymphocytes of humans.
• Demonstration of decreased levels of lymphocytic DISC1 in patients with schizophrenia suggesting its potential for a schizophrenia biomarker.
• Demonstration that peripheral DISC1 levels are modulated by nicotine but not to the degree of interfering with schizophrenia diagnosis establishing its
possible peripheral readout for psychotropic drug effects.

• Demonstration that administration of nicotine leads to decreased aggregated DISC1 in the rat mPFC.
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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, lymphocytic 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. Subchronic 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.
© 2014 Elsevier B.V. All rights reserved.
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Schizophrenia is a mental illness exclusively diagnosed clinically by the occurrence of positive, negative, and cognitive
symptoms. Positive symptoms are, for example, hallucinations or
delusions, negative symptoms include affective ﬂattening, lack of
motivation, whereas cognitive impairments comprise attention
deﬁcits and impaired working memory [1].
One comorbid behavioral characteristic of patients diagnosed
with schizophrenia is the high prevalence for nicotine abuse by
excessive smoking. Among patients with schizophrenia, 70–80%
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smoke in contrast to 20–30% of the general population and
30–50% in other psychiatric illnesses [2,3]. One attempt to explain
this phenomenon has been the self-medication hypothesis of
schizophrenia, stating that smoking and thereby nicotine administration serves to reduce particularly negative symptoms [4]. In
support of this hypothesis it was shown that nicotine reversed
sensory gating deﬁcits, i.e. the inability to process sensory information in patients diagnosed with schizophrenia. This deﬁcit,
measured, e.g. by the diminished gating of the P50 auditory-evoked
response to repeated stimuli, could be rescued by treatment with
nicotine in patients and their non-affected family members [5,6]
and thus presents an endophenotype. Nicotine administration or
smoking also improved sensorimotor gating in rats [7] and in nonpsychiatric human control subjects [8,9]. The sensory gating deﬁcit
in schizophrenia is genetically linked to chromosome 15q14 [10],
the gene locus of the nicotinic ␣7 receptor subunit, interrelating
schizophrenia and nicotine.
Disrupted-in-schizophrenia 1 (DISC1) is one of the best characterized vulnerability genes for psychiatric disorders. It was ﬁrst
discovered in a Scottish family in which carriers of a balanced chromosome t(1;11) (q42.1;q14.3) translocation are prone to mental
illnesses of different clinical phenotypes ranging from schizophrenia and major depression to bipolar disorder, and anxiety disorders
[11,12]. The translocation presumably leads to the expression of
a C-terminally truncated protein named DISC1. Subsequent gene
association studies corroborated the importance of the DISC1 locus
in mental illness and substance abuse [13–15], however, importantly, not limited to one clinically deﬁned disease entity, but as
a risk factor to several mental illnesses [16–20]. Cell and molecular studies highlight its function as a scaffold protein [21] that
interacts with a variety of proteins [22] for integrating cellular
mechanisms like developmental control of neuronal migration,
neuronal progenitor cell proliferation, signaling pathways, synaptic
function, centrosome formation and neurite outgrowth, amongst
others [23–26]. DISC1 transgenic animal models have clearly corroborated the key role of DISC1 in behavioral control, such as in
working memory, locomotion and sensorimotor gating [27–33].
Our own previous ﬁndings in human post mortem brain material indicated that a subpopulation of mentally ill patients with
schizophrenia or recurrent affective disorders was characterized
by the presence of insoluble DISC1 protein in the brain, thus
crossing current clinical diagnostic boundaries [34,35]. Subsequent
in vivo and in vitro biochemical analyses investigating DISC1 protein assembly indicated that DISC1 builds oligomers and insoluble
aggregates under speciﬁc physiological and pathological conditions
[26,36,37].
A meta-analysis of several genome-wide association studies
of smoking phenotypes indicated linkage of a single-nucleotide
polymorphisms (SNP) in the 3 region of the mental illness candidate gene DISC1 to earlier onset of smoking, although the analysis
failed to reach signiﬁcance due to multiple testing corrections
[38].
In the present study we set out to test, whether the DISC1 protein may serve as a trait marker for schizophrenia by assessing
DISC1 protein levels in lymphocytes derived from blood samples
of patients diagnosed with schizophrenia and control subjects.
We also investigated the role of DISC1 as a state marker by
examining lymphocytic DISC1 protein levels in healthy smokers
versus non-smokers. Plasma cotinine levels, the main metabolite of nicotine in the blood, of patients with schizophrenia and
controls were measured in an attempt to correlate lymphocytic DISC1 levels and nicotine intake. Furthermore, to examine,
whether nicotine can inﬂuence the solubility status of DISC1
in the brain, we measured levels of aggregated DISC1 in rats
sub-chronically exposed for 15 days to up to daily 1 mg/kg nicotine.

177

2. Material and methods
2.1. Subjects and classiﬁcation
Healthy subjects and patients diagnosed with schizophrenia
were investigated as part of a clinical study comparing acute
nicotine challenge with placebo in a neuroimaging setting (ClinicalTrial.gov Identiﬁer: NCT00618280) [39]. The schizophrenia
patients were clinically stable for more than six weeks. All
patients and controls underwent a structured interview (SCID-1),
and diagnosis was established according to DSM–IV criteria [40].
78.4% of patients received antipsychotic monotherapy with either
amisulpride, aripiprazole, ﬂuphenazine, olanzapine, paliperidone,
quetiapine, risperidone or ziprasidone. A small number of
patients were treated with a combination of two antipsychotic
drugs: ﬂupentixol/quetiapine, haloperidol/quetiapine, olanzapine/ziprasidone or paliperidone/aripiprazole. Healthy controls
were required to have no life-time diagnosis of schizophrenia,
illegal drug or alcohol dependence. Exclusion criteria were: concomitant neurological diseases or any other medical condition that
was considered as a potential confounder of the study, including
a positive drug screen or a history of substance abuse during the
last six months prior to participation in the study. In schizophrenia
patients, assessment of current psychopathology was conducted
with the Positive and Negative Syndrome Scale (PANSS; [41]). Nicotine dependency was veriﬁed using the Fagerstrom test (FTND
[42]). Study participants were either habitual smokers as deﬁned
by a FTND score of >4, smoking 10–30 cigarettes per day or neversmokers who had smoked less than 20 cigarettes in their life-time.
The study was approved by the Ethics committee of the Medical Faculty of the Heinrich-Heine-University Düsseldorf and the
German regulatory agency for drug trials BfArM (Bundesarzneimittelbehörde) and under full consideration of the Declaration of
Helsinki. Written informed consent was obtained from each study
participant prior to the start of the study.
2.2. Animals
Animal experiments were performed in accordance with the
German Animal Protection Law and were authorized by local
authorities (LANUV NRW). Adult male Wistar rats were housed
three animals per cage under standard laboratory conditions with a
reversed day-night cycle and food and water access ad libitum (light
from 6 am to 6 pm). After arrival in the animal facility, animals were
allowed to habituate for two weeks before the injections started.
Nicotine and saline treatments were given daily subcutaneously in
the afternoon.
2.3. Preparation of lymphocytes from blood
Venous blood (10 mL) was collected in EDTA tubes (Sarstedt,
Germany) and centrifuged at 1600 × g for 10 min. The buffy coat
between the upper plasma layer and the lower layer of packed
erythrocytes was harvested and diluted 1:5 with Phosphatebuffered saline (PBS). The leukocyte suspension was carefully laid
on top of the Ficoll-Paque Plus solution (GE Healthcare, Germany).
Centrifugation at 600 × g for 20 min resulted in separation of the
mononuclear and polymorphonuclear cells into two distinct bands
at the interphases. The lymphocyte ring in the upper layer was
removed and washed twice with PBS and stored at −80 ◦ C until
further processing.
For the preparation of lymphocytes from blood of rats, blood
was collected in EDTA tubes (Sarstedt, Germany) and isolation was
performed according to manufacturer’s instructions with the FicollPaque Premium 1.084 solution (GE Healthcare, Germany). After
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isolation the cell pellets were ﬂash-frozen and stored at −80 ◦ C until
further processing.
2.4. Measurement of plasma cotinine
Cotinine is the main metabolite of nicotine [43]. Due to its longer
half-life of 20 h, in contrast to nicotine which has a much shorter
half-life of about 20 min, it is widely used as a biomarker of nicotine
exposure. Based on the linear relationship between nicotine and
cotinine levels in blood plasma, one can correlate smoking behavior
to cotinine content in the blood [44].
Cotinine concentrations were determined using the commercial
EIA based kit Inspec II (Mahasan Diagnostika, Germany). Plasma
samples which had been stored at −80 ◦ C were processed on 96well microplates. All samples were diluted in water (1:100) and,
in order to prevent blood clotting as the consequence of lowering
the EDTA concentration in respect to the subsequent preparation
steps, 25 L of the diluted plasma aliquots were supplemented with
25 L EDTA (20 mM, pH 7). After the addition of 100 L enzyme
conjugate, the samples were incubated for 30 min at room temperature. After six washing steps, substrate solution was added
followed by a second 30 min incubation time. Color processing was
stopped and the cotinine concentration which is inversely proportional to the color intensity was measured at 450 nm using the MRX
microplate reader (Dynatech Laboratories, Germany). Test reliability was monitored using one negative and four positive calibrators
in the concentration range of 0–50 ng/mL.
2.5. Western blot analysis of lymphocytes
Lymphocyte pellets were thawed on ice and immediately lyzed
in VRL buffer: 50 mM HEPES (pH 7.5), 250 mM sucrose, 5 mM MgCl2 ,
100 mM KAc, 2 mM PMSF (all Sigma–Aldrich, Germany), 2× Protease Inhibitor (Roche, Germany) supplemented with 1% Triton
X-100, 1 mM PMSF (Sigma–Aldrich, Germany) and 40 U/mL DNaseI
(Roche, Germany). After 30 min on ice, the lysate was incubated for
30 min at 37 ◦ C for DNA digestion. Afterwards, the protein content
of the lysate was determined using the DC Protein Assay Kit (BioRad, Germany) and 30 g of total protein per sample were loaded
onto 10% SDS-PAGE gels. Afterwards the samples were blotted onto
a 0.45 m nitrocellulose membrane (GE Healthcare, Germany) for
16 h at 150 mA. After blotting, the membranes were directly treated
with 100 mM KOH for 5 min at room temperature and subsequently
blocked with 5% milk in PBS with 0.05% Tween-20 (PBST). DISC1
immunoreactivity was tested with the human DISC1 speciﬁc mAB
14F2. Analysis was done blind with regard to diagnosis.
Western blot procedure was identical for rat lymphocytes, but
then the ratDISC1 speciﬁc polyclonal C-term antibody was used
[45].

phosphate buffer (NaPi, pH 8), or buffer only for 16 h at 4 ◦ C. Afterwards, beads were blocked with 100 mM Tris–HCl (pH 8.5) for 2 h
at room temperature and washed with hybridoma cell medium
(MEM media supplemented with FCS, Pen/Strep, HT supplement,
l-Glutamine; all Gibco, Germany). For the preclearing, 2 mL fresh
antibody supernatant of 14F2 was mixed with 2 mL of PBS supplemented with 0.05% Tween-20 (Sigma–Aldrich, Germany) and
incubated with either NHS beads coupled to BSA, rDISC1 (316-854),
or uncoupled and preincubated for 1 h at room temperature. The
antibody solution was then centrifuged for 10 min at 2000 × g to
pellet the beads and supernatant was used as primary antibody on
the Western blots.
2.8. Quantitative expression analysis
Total RNA was prepared from human lymphocyte pellets with
the RNeasy Mini Kit (Qiagen, Germany). From this preparation, 1 g
total RNA was used as template to synthesize cDNA using the random hexamer primers of the RevertAid First Strand Synthesis Kit
(Thermo Scientiﬁc, USA) in a total volume of 20 L. For quantitative
Real-Time PCR, the cDNA template was diluted 1:10 and 5 L were
used as template for the qPCR reaction.
Primers targeting huDISC1 spanning exon 5 and 6:
forward
5 -ACACCCCACTGAGAATGGAG-3 ;
reverse
5 GTTGCTGCTCTTGCTCCTCT-3 (300 nM each). Primers for the
housekeeping gene ARF1: forward 5 -GACCACGATCCTCTACAAGC3 ; reverse 5 -TCCCACACAGTGAAGCTGATG-3 (300 nM each).
PCR conditions for both primer pairs: 10 min at 95 ◦ C, followed
by 40 cycles of 15 s at 95 ◦ C and 60 ◦ C for 1 min. Real-Time
PCR was conducted with the StepOnePlus Real-Time PCR System
(Applied Biosystems, Germany) and the Platinum SYBR Green qPCR
SuperMix-UDG (Invitrogen, Germany). The data was processed
with the StepOne Software v2.3 and DISC1 expression was normalized to expression level of the housekeeping gene ARF1 and set
in relation to a control cDNA sample that was used in all individual
qPCR runs.
2.9. Nicotine treatment of rats
For testing the effect of nicotine on the aggregation of endogenous DISC1, male Wistar rats were treated for 15 days with either
saline (1 mL/kg bw injection volume) or increasing amounts of
nicotine. For the injections (−)-Nicotine hydrogen tartrate salt
(Sigma–Aldrich, Germany) was dissolved in PBS calculated on the
basis of the nicotine component. Animals were weighed daily
before the injections. The nicotine group was treated for 5 days
with 0.25 mg/kg, the next 5 days with 0.5 mg/kg and last 5 days
with 1 mg/kg nicotine subcutaneously. Blood withdrawal and brain
dissection was carried out 24 h after the last injection.

2.6. Isolation of lymphocytes by ﬂow cytometry

2.10. Aggregome assay of rat brain material

Flow cytometry sorting of freshly isolated lymphocytes from
peripheral blood with Ficoll-Paque Plus (GE Healthcare, Germany)
was done by Cellsort, the Core Flow Cytometry Facility of the Medical School Düsseldorf, Germany. The resulting pure lymphocyte
fraction was lyzed as described above and used for Western blot
analysis.

For the preparation of the insoluble aggregome of Wistar rats,
brain tissues underwent a low-stringency aggregome assay due to
the low expression of endogenous rat DISC1.
For the preparation of 10% homogenate, the mPFC was homogenized in ice-cold VRL buffer (see Section 2.5). The homogenate
(200 L) was mixed with 100 L of buffer A3: 50 mM HEPES pH
7.5, 250 mM sucrose, 5 mM MgCl2 , 100 mM KAc, 15 mM GSH, 2 mM
PMSF, 1× PI, 3% NP-40, 0.6% sarcosyl and 120 U/mL DNaseI and
rotated overnight at 4 ◦ C to digest the DNA. Next day, 450 L of a
2:1 VRL:A3 mix and 530 L buffer B3 (50 mM HEPES pH 7.5, 2.3 M
sucrose, 5 mM GSH, 1% NP-40, 0.2% sarcosyl; ﬁnal sucrose concentration of 1.1 M) was added to the tube. Samples were mixed by
vortexing and ultracentrifuged for 45 min at 4 ◦ C and 100,000 × g
(TLA-55 rotor in an Optima ultracentrifuge; Beckman Coulter).

2.7. Preclearing of 14F2 antibody
NHS-Activated Sepharose 4 Fast Flow (GE Healthcare, Germany)
was activated with 1 mM HCl (VWR, Germany) according to manufacturer’s instructions. Fifty microliter beads were coupled with
1 mg of either BSA (GE Healthcare, Germany) or recombinant DISC1
(amino acids 316-854) protein [34], both dialyzed to 10 mM sodium
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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 smokers (n = 8). Quantitative Real-Time PCR did not show a difference of DISC1 expression between the two groups. Unpaired two-tailed t-test p = 0.718 (means ± SEM).
(F) Quantitative Real-Time PCR of lymphocyte samples from control smokers and SCZ smokers. SCZ smokers had the same DISC1 expression as controls. Unpaired two-tailed
t-test p = 0.747 (means ± SEM).

Buffer B3 was mixed 7:3 with buffer C3: 50 mM HEPES (pH 7.5),
5 mM GSH, 1% NP-40, 0.2% sarcosyl (total sucrose concentration
1.6 M). The pellet was resuspended in 700 L of this buffer and
after addition of another 700 L the sample was spun again at 4 ◦ C
and 100,000 × g. The pellet was resuspended in 1 mL buffer D3:
50 mM HEPES (pH 7.5), 1.5 M NaCl, 5 mM GSH. After another ultracentrifugation, the pellet was washed in 1 mL E3 (50 mM HEPES
pH 7.5, 0.2% sarcosyl), ultracentrifuged and the ﬁnal pellet was
dried in a speedvac centrifuge (Eppendorf, Germany). The insoluble
aggregome pellet was taken up in 2× SDS-loading buffer, separated
by SDS-PAGE and blotted onto 0.45 m nitrocellulose membrane.
Endogenous rat DISC1 was detected with the polyclonal C-term
ratDISC1 antibody.
2.11. Densitometric analysis and statistics
Densitometric analysis was performed using the ImageJ 10.2
software (National Institute of Health, USA). For statistical analyses
the IBM SPSS Statistic 20 program was used.
3. Results
3.1. Decreased DISC1 immunoreactivity in lymphocytes of
patients diagnosed with schizophrenia compared to healthy
controls
To investigate DISC1 levels in mononuclear cells from
schizophrenic patients and healthy controls, cells were puriﬁed on
a Ficoll gradient, lyzed and DISC1 was detected by immunoblotting with the monoclonal antibody 14F2 highly speciﬁc for human
DISC1 [35]. Densitometric analysis blind to clinical diagnosis
of samples of the predominant approximately 100 kDa DISC1

immunoreactive band revealed a signiﬁcant reduction of DISC1
protein in schizophrenia (SCZ) cases compared to mentally healthy
controls (Fig. 1A).
We also performed a separate ﬂow cytometry analysis with the
goal to identify the cell population within mononuclear cells that
was the origin of the DISC1 signal. We identiﬁed the main DISC1 signal in a mainly lymphocytic cell population with only minor content
of monocytes and granulocytes (data not shown). Western blotting
of sorted lymphocytes revealed a strong DISC1 signal (Fig. 2A, left
panel) comparable to that of the whole lysates of the Ficoll puriﬁed lymphocytes. We, therefore, conclude that the majority of the
DISC1 immunoreactivity stems from lymphocytes.
To validate the identity of the approximately 100 kDa
immunoreactive band as DISC1, we precleared mAB 14F2 with
recombinant human DISC1 (316-854) protein coupled to NHS
beads. Subsequent incubation of blots with the precleared antibody supernatant revealed a signal reduction on Western blots both
of cell lysates transfected with full length human DISC1, as well
as the lymphocytic 100 kDa immunoreactivity (Fig. 2B), indicating
that the approximately 100 kDa immunoreactive band on Western
blots is a lymphocyte-speciﬁc form of DISC1.
3.2. DISC1 protein levels in lymphocytes of mentally healthy
smokers
When we investigated DISC1 protein levels in lymphocytes of
smokers and non-smokers in healthy controls in a blinded analysis, we observed less DISC1 immunoreactivity in control subjects
that were smokers than in non-smokers (Fig. 1B). This could indicate that, to some degree, DISC1 protein levels are modulated by
smoking, but not to the extent of inﬂuencing the overall effect of
schizophrenia 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 Western 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 lymphocyte 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 did not lead to a diminished signal intensity.

with schizophrenia still had signiﬁcantly less DISC1 immunoreactivity than control smokers (Fig. 1C).
To investigate the relation between nicotine and lymphocytic
DISC1 levels in a more quantitative way, we determined the levels of cotinine in the plasma of the patients at the same time the
lymphocytes were taken.
We did not identify a signiﬁcant correlation between plasma
cotinine levels and lymphocytic DISC1 protein levels in either
control smokers (Pearson’s correlation: p = 0.072, r = −0.664) or
schizophrenic smokers analyzed separately (Pearson’s correlation:
p = 0.146, r = 0.610) or by combining the smoking groups (Pearson’s
correlation: p = 0.300, r = −0.287), indicating that the difference in
DISC1 levels of patients with schizophrenia and healthy controls is
not due to a different quantity of nicotine intake (Fig. 1D).
For these same patients, we also determined expression of DISC1
mRNA in lymphocytes by quantitative Real-Time PCR, but did not
ﬁnd signiﬁcant differences (Fig. 1E and F), neither by comparing
control smokers and non-smokers, nor comparing control smokers
and SCZ smokers.

3.3. Nicotine-dependent reduction of aggregated DISC1 in rat
brains
To investigate the possible modulatory effect of nicotine on
DISC1 protein assembly in the brain, adult wild type Wistar rats
were treated for 15 subsequent days with either saline or nicotine
solution (increasing doses every 5 days up to 1 mg/kg). Preparation
of the insoluble aggregome displayed a signiﬁcant reduction of an
endogenous 200 kDa DISC1 species in the frontal cortex in nicotine treated animals compared to vehicle-treated controls (Fig. 3).
Although endogenous DISC1 expression and thus, aggregation, is
relatively low in rats, systemic nicotine administration had an effect
on its aggregation propensity in the brain. When, in the same rats,
DISC1 protein levels in lymphocytes were investigated as described
above, a prominent 100 kDa band was detectable with the rat DISC1
speciﬁc polyclonal C-term antibody (Fig. 2A, right panel), but no
reduction in DISC1 protein levels was detected between the two
treatment groups (data not shown).

Fig. 3. Nicotine-dependent reduction of DISC1 aggregation in rat brains. Densitometric analysis of the 200 kDa endogenous ratDISC1 species in the mPFC of saline
(n = 6) and nicotine-treated animals (n = 7) detected with the polyclonal C-term ratDISC1 antibody. Treatment with nicotine leads to signiﬁcantly reduced aggregation
of endogenous DISC1. Unpaired two-tailed t-test *p = 0.037 (means ± SEM).

4. Discussion
In this study, we investigated whether peripheral DISC1 protein
levels in lymphocytes have the potential to serve as a candidate
biomarker of schizophrenia. We found a signiﬁcant reduction of
DISC1 levels in lymphocytes derived from patients, apparently not
through a change in expression but rather due to a change in its
biological half-life time. In addition, it was found that lymphocytic
DISC1 levels differed between mentally healthy smokers and nonsmokers independent of the clinical diagnosis schizophrenia.
Our results show that, at least for DISC1 protein levels, lymphocytes can be seen as windows to the brain, mirroring brain disease.
A subset of mental illness patients has already been characterized
by the presence of insoluble DISC1 protein in post mortem tissue
[34]. Here we showed that DISC1 levels are also dysregulated in one
peripherally accessible tissue, namely blood, of patients diagnosed
with schizophrenia.
An interesting observation is that in this investigation, lymphocytes of patients diagnosed with schizophrenia revealed
differential DISC1 protein levels whereas in a previous investigation, EBV-immortalized lymphoblasts did not show differences in
DISC1 protein levels [46]. This could indicate that yet unidentiﬁed
factors in the cellular and molecular machinery involved in maintaining cell proliferation are critical for schizophrenia-dependent
DISC1 protein levels.
In our study, lymphocytic DISC1 levels are also a state marker, as
the amount of DISC1 protein was decreased in control smokers, perhaps due to nicotine administration, although other covariates from
smoking cannot be excluded. But this range of modulation did not
exceed its value as trait marker for schizophrenia. These ﬁndings
indicate that, to some extent, administration of the psychoactive
substance nicotine is reﬂected in the peripherally accessible disease marker, DISC1 and, therefore, has a potential use as a marker
in monitoring the effects of externally administered psychoactive
substances in individuals.
The correlation between cotinine content, the main metabolite of nicotine, and DISC1 protein levels in the blood plasma of
schizophrenics and controls was not signiﬁcant (Fig. 1D), indicating that the intensity of smoking is related to DISC1 levels only to
a minor degree. Other smoking- or schizophrenia-related factors,
which have yet to be determined, may account for the reduced
amount of DISC1. It is also conceivable that decreased DISC1 protein
levels are related to a common biological cause for both schizophrenia and nicotine abuse or addiction.
It is also of importance that the difference in DISC1 protein
levels was seen solely on the protein level, not on the mRNA
level. This result points towards a cellular mechanism affecting
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posttranslational modiﬁcations of DISC1, its protein clearance or
half-life in the cell rather than changes in expression regulation by
differential transcription the DISC1 protein. This is consistent with
previous reports of differential posttranslational processing that
potentially leads to misfolding and/or aggregation of DISC1 [33].
One caveat of our data is that although they were gathered in a
blinded fashion, the case numbers are relatively low, so the results
of this study need to be validated in a larger cohort.
In the second part of our study corroborating biological effects
of smoking or nicotine on DISC1 protein expression and/or posttranslational modiﬁcations, we showed that sub-chronic nicotine
treatment of rats changed DISC1 insolubility in the rat brain. A
subset of mental illness patients were previously characterized by
insoluble DISC1 species in post mortem brain material [34,35]. The
decrease of DISC1 aggregation in the mPFC of wild type rats treated
with nicotine demonstrates that insoluble DISC1 assembly can be
modulated by administration of small molecules. Although it is not
clear whether nicotine actually decreases the existing aggregates
or if it prevents its de novo assembly, our data show that nicotine
decreases the aggregome load in the mPFC.
Other studies have shown that chronic nicotine treatment of
rats favors an upregulation of ubiquitin and heat-shock proteins as
well as members of the proteasome and chaperone pathways in the
mPFC [47,48]. As protein degradation is a dynamic process, aggregated DISC1 protein could be cleared by the cell in a faster rate due
to an upregulated proteasomal system to restore the homeostasis
of the cell.
Reduction of aggregated DISC1 could also occur by preventing
further accumulation of aggregated protein. Nicotine was identiﬁed
to inhibit the aggregation of proteins prone to self-assembly like
A␤ in vitro [49,50]. Therefore chronic nicotine might prevent the
formation of further DISC1 aggregation rather than increasing the
clearance of previously formed aggregated species.
Nicotine treatment of rats did not lead to changes in lymphocytic
DISC1 levels as seen in the comparison of smoking versus nonsmoking human controls. This suggests that 15 days of exposure to
nicotine may not be sufﬁcient and a chronic exposure to nicotine
could be crucial to change lymphocytic gene expression or protein half-life. Also, the start of nicotine exposure might inﬂuence
DISC1 levels, as the human participants normally started smoking
during adolescence and were tested as adults, whereas nicotine
treatment of the adult rats started after adolescence [51]. Alternatively, these data may support our previous reasoning that a
common yet unidentiﬁed factor may account for both decreased
DISC1 levels and schizophrenia, as well as nicotine abuse that is
restricted to human pathophysiology.
Taken together, our results suggest that DISC1 expression in
lymphocytes is a potential trait marker for schizophrenia. In addition, it represents a state marker for monitoring the effects of
exogenously administered psychoactive substances. The change
in lymphocytic DISC1 protein levels emphasizes that, at least for
some candidate proteins, lymphocytes can represent a window to
the brain and brain disorders. The inﬂuence of nicotine on DISC1
protein aggregation in the brain highlights its potential pharmacological reversibility and makes the nicotinic receptors in the brain a
potential pharmacological target for DISC1-dependent disease [36].

Acknowledgements
C.K. was supported by the Brain Behavior and Research
Foundation (NARSAD Independent Investigator Award #20350),
NEURON-ERANET (“DISCover”, BMBF 01EW1003) and EU-FP7
(MC-ITN “IN-SENS” #607616). M.A. de Souza Silva was supported
by a Heisenberg Fellowship SO 1032/5-1 and EU-FP7 (MC- ITN-“INSENS” - ESR7 607616).

181

References
[1] Kirkpatrick B, Fenton WS, Carpenter Jr WT, Marder SR. The NIMH-MATRICS
consensus statement on negative symptoms. Schizophr Bull 2006;32:
214–9.
[2] de Leon J, Dadvand M, Canuso C, White AO, Stanilla JK, Simpson GM. Schizophrenia and smoking: an epidemiological survey in a state hospital. Am J Psychiatr
1995;152:453–5.
[3] Hughes JR, Hatsukami DK, Mitchell JE, Dahlgren LA. Prevalence of smoking
among psychiatric outpatients. Am J Psychiatr 1986;143:993–7.
[4] Ziedonis DM, George TP. Schizophrenia and nicotine use: report of a pilot
smoking cessation program and review of neurobiological and clinical issues.
Schizophr Bull 1997;23:247–54.
[5] Adler LE, Hoffer LJ, Grifﬁth J, Waldo MC, Freedman R. Normalization by nicotine of deﬁcient auditory sensory gating in the relatives of schizophrenics. Biol
Psychiatr 1992;32:607–16.
[6] Adler LE, Hoffer LD, Wiser A, Freedman R. Normalization of auditory physiology by cigarette smoking in schizophrenic patients. Am J Psychiatr
1993;150:1856–61.
[7] Curzon P, Kim DJ, Decker MW. Effect of nicotine, lobeline, and mecamylamine
on sensory gating in the rat. Pharmacol Biochem Behav 1994;49:877–82.
[8] Kumari V, Checkley SA, Gray JA. Effect of cigarette smoking on prepulse inhibition of the acoustic startle reﬂex in healthy male smokers. Psychopharmacology
(Berl) 1996;128:54–60.
[9] Kumari V, Cotter PA, Checkley SA, Gray JA. Effect of acute subcutaneous nicotine
on prepulse inhibition of the acoustic startle reﬂex in healthy male nonsmokers. Psychopharmacology (Berl) 1997;132:389–95.
[10] Freedman R, Coon H, Myles-Worsley M, Orr-Urtreger A, Olincy A, Davis A, et al.
Linkage of a neurophysiological deﬁcit in schizophrenia to a chromosome 15
locus. Proc Natl Acad Sci USA 1997;94:587–92.
[11] St Clair D, Blackwood D, Muir W, Carothers A, Walker M, Spowart G, et al.
Association within a family of a balanced autosomal translocation with major
mental illness. Lancet 1990;336:13–6.
[12] Millar JK, Wilson-Annan JC, Anderson S, Christie S, Taylor MS, Semple CA,
et al. Disruption of two novel genes by a translocation co-segregating with
schizophrenia. Hum Mol Genet 2000;9:1415–23.
[13] Chubb JE, Bradshaw NJ, Soares DC, Porteous DJ, Millar JK. The DISC locus in
psychiatric illness. Mol Psychiatr 2008;13:36–64.
[14] Bradshaw NJ, Porteous DJ. DISC1-binding proteins in neural development,
signalling and schizophrenia. Neuropharmacology 2012;62:1230–41.
[15] Xie P, Kranzler HR, Krystal JH, Farrer LA, Zhao H, Gelernter J. Deep resequencing
of 17 glutamate system genes identiﬁes rare variants in DISC1 and GRIN2B
affecting risk of opioid dependence. Addict Biol 2013.
[16] Hodgkinson CA, Goldman D, Jaeger J, Persaud S, Kane JM, Lipsky RH,
et al. Disrupted in schizophrenia 1 (DISC1): association with schizophrenia,
schizoaffective disorder, and bipolar disorder. Am J Hum Genet 2004;75:
862–72.
[17] Hashimoto R, Numakawa T, Ohnishi T, Kumamaru E, Yagasaki Y, Ishimoto
T, et al. Impact of the DISC1 Ser704Cys polymorphism on risk for major
depression, brain morphology and ERK signaling. Hum Mol Genet 2006;15:
3024–33.
[18] Kilpinen H, Ylisaukko-Oja T, Hennah W, Palo OM, Varilo T, Vanhala R, et al.
Association of DISC1 with autism and Asperger syndrome. Mol Psychiatr
2008;13:187–96.
[19] Thomson PA, Harris SE, Starr JM, Whalley LJ, Porteous DJ, Deary IJ. Association between genotype at an exonic SNP in DISC1 and normal cognitive aging.
Neurosci Lett 2005;389:41–5.
[20] Brandon NJ, Millar JK, Korth C, Sive H, Singh KK, Sawa A. Understanding the
role of DISC1 in psychiatric disease and during normal development. J Neurosci
2009;29:12768–75.
[21] Yerabham AS, Weiergraber OH, Bradshaw NJ, Korth C. Revisiting Disrupted in
Schizophrenia 1 as a scaffold protein. Biol Chem 2013.
[22] Camargo LM, Collura V, Rain JC, Mizuguchi K, Hermjakob H, Kerrien S, et al.
Disrupted in Schizophrenia 1 Interactome: evidence for the close connectivity
of risk genes and a potential synaptic basis for schizophrenia. Mol Psychiatr
2007;12:74–86.
[23] Mao Y, Ge X, Frank CL, Madison JM, Koehler AN, Doud MK, et al. Disrupted in
schizophrenia 1 regulates neuronal progenitor proliferation via modulation of
GSK3beta/beta-catenin signaling. Cell 2009;136:1017–31.
[24] Wang Q, Charych EI, Pulito VL, Lee JB, Graziane NM, Crozier RA, et al. The
psychiatric disease risk factors DISC1 and TNIK interact to regulate synapse
composition and function. Mol Psychiatr 2010.
[25] Ozeki Y, Tomoda T, Kleiderlein J, Kamiya A, Bord L, Fujii K, et al.
Disrupted-in-Schizophrenia-1 (DISC-1): mutant truncation prevents binding
to NudE-like (NUDEL) and inhibits neurite outgrowth. Proc Natl Acad Sci USA
2003;100:289–94.
[26] Atkin TA, Brandon NJ, Kittler JT. Disrupted in Schizophrenia 1 forms pathological aggresomes that disrupt its function in intracellular transport. Hum Mol
Genet 2012;21:2017–28.
[27] Koike H, Arguello PA, Kvajo M, Karayiorgou M, Gogos JA. Disc1 is mutated in
the 129S6/SvEv strain and modulates working memory in mice. Proc Natl Acad
Sci USA 2006;103:3693–7.
[28] Clapcote SJ, Lipina TV, Millar JK, Mackie S, Christie S, Ogawa F, et al. Behavioral
phenotypes of Disc1 missense mutations in mice. Neuron 2007;54:387–402.
[29] Hikida T, Jaaro-Peled H, Seshadri S, Oishi K, Hookway C, Kong S, et al.
Dominant-negative DISC1 transgenic mice display schizophrenia-associated

182

[30]

[31]

[32]

[33]
[34]

[35]

[36]
[37]

[38]
[39]

S.V. Trossbach et al. / Behavioural Brain Research 275 (2014) 176–182
phenotypes detected by measures translatable to humans. Proc Natl Acad Sci
USA 2007;104:14501–6.
Pletnikov MV, Ayhan Y, Nikolskaia O, Xu Y, Ovanesov MV, Huang H, et al.
Inducible expression of mutant human DISC1 in mice is associated with brain
and behavioral abnormalities reminiscent of schizophrenia. Mol Psychiatr
2008;13:173–86, 15.
Kuroda K, Yamada S, Tanaka M, Iizuka M, Yano H, Mori D, et al. Behavioral
alterations associated with targeted disruption of exons 2 and 3 of the Disc1
gene in the mouse. Hum Mol Genet 2011;20:4666–83.
Shen S, Lang B, Nakamoto C, Zhang F, Pu J, Kuan SL, et al. Schizophrenia-related
neural and behavioral phenotypes in transgenic mice expressing truncated
Disc1. J Neurosci 2008;28:10893–904.
Jaaro-Peled H. Gene models of schizophrenia: DISC1 mouse models. Prog Brain
Res 2009;179:75–86.
Leliveld SR, Bader V, Hendriks P, Prikulis I, Sajnani G, Requena JR, et al. Insolubility of disrupted-in-schizophrenia 1 disrupts oligomer-dependent interactions
with nuclear distribution element 1 and is associated with sporadic mental
disease. J Neurosci 2008;28:3839–45.
Ottis P, Bader V, Trossbach SV, Kretzschmar H, Michel M, Leliveld SR, et al.
Convergence of two independent mental disease genes on the protein level:
recruitment of dysbindin to cell-invasive disrupted-in-schizophrenia 1 aggresomes. Biol Psychiatr 2011;70:604–10.
Korth C. Aggregated proteins in schizophrenia and other chronic mental diseases: DISC1opathies. Prion 2012;6:134–41.
Leliveld SR, Hendriks P, Michel M, Sajnani G, Bader V, Trossbach S, et al.
Oligomer assembly of the C-terminal DISC1 domain (640-854) is controlled
by self-association motifs and disease-associated polymorphism S704C. Biochemistry 2009;48:7746–55.
Consortium TG. Genome-wide meta-analyses identify multiple loci associated
with smoking behavior. Nat Genet 2010;42:441–7.
Warbrick T, Mobascher A, Brinkmeyer J, Musso F, Stoecker T, Shah NJ, et al.
Direction and magnitude of nicotine effects on the fMRI BOLD response are
related to nicotine effects on behavioral performance. Psychopharmacology
(Berl) 2011;215:333–44.

[40] First MB, Spitzer RL, Gibbon M, Williams JBW. Structured clinical interview for
DSM-IV axis disorders (SCID). New York: New York State Psychiatric Institute,
Biometrics Research; 1996.
[41] Kay SR, Fiszbein A, Opler LA. The positive and negative syndrome scale (PANSS)
for schizophrenia. Schizophr Bull 1987;13:261–76.
[42] Heatherton TF, Kozlowski LT, Frecker RC, Fagerstrom KO. The Fagerstrom Test
for Nicotine Dependence: a revision of the Fagerstrom Tolerance Questionnaire.
Br J Addict 1991;86:1119–27.
[43] Jacob P, 3rd, Benowitz NL, Shulgin AT. Recent studies of nicotine metabolism
in humans. Pharmacol Biochem Behav 1988;30:249–53.
[44] Galeazzi RL, Daenens P, Gugger M. Steady-state concentration of cotinine as
a measure of nicotine-intake by smokers. Euro J Clin Pharmacol 1985;28:
301–4.
[45] Wei J, Graziane NM, Wang H, Zhong P, Wang Q, Liu W, et al. Regulation of Nmethyl-d-aspartate receptors by Disrupted-in-Schizophrenia-1. Biol Psychiatr
2013.
[46] Bader V, Tomppo L, Trossbach SV, Bradshaw NJ, Prikulis I, Leliveld SR, et al.
Proteomic, genomic and translational approaches identify CRMP1 for a role in
schizophrenia and its underlying traits. Hum Mol Genet 2012;21:4406–18.
[47] Kane JK, Konu O, Ma JZ, Li MD. Nicotine coregulates multiple pathways involved
in protein modiﬁcation/degradation in rat brain. Brain Res Mol Brain Res
2004;132:181–91.
[48] Hwang YY, Li MD. Proteins differentially expressed in response to nicotine
in ﬁve rat brain regions: identiﬁcation using a 2-DE/MS-based proteomics
approach. Proteomics 2006;6:3138–53.
[49] Ono K, Hasegawa K, Yamada M, Naiki H. Nicotine breaks down preformed
Alzheimer’s beta-amyloid ﬁbrils in vitro. Biol Psychiatr 2002;52:880–6.
[50] Dickerson TJ, Janda KD. Glycation of the amyloid beta-protein by a nicotine
metabolite: a fortuitous chemical dynamic between smoking and Alzheimer’s
disease. Proc Natl Acad Sci USA 2003;100:8182–7.
[51] Mobascher A, Brinkmeyer J, Warbrick T, Wels C, Wagner M, Grunder G,
et al. The P300 event-related potential and smoking—a population-based casecontrol study. Int J Psychophysiol: Ofﬁcial J Int Org Psychophysiol 2010;77:
166–75.

