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1. INTRODUCTION TO THE SCIENTIFIC WORK 
 
Cognitive deficits and impairments of higher brain functions are the most burdening 

features in various neuropsychiatric disorders (e.g. Elvevag and Goldberg, 2000). Up 

to now, there are no satisfying proven treatments targeting the main cognitive 

domains affected in neuropsychiatric diseases (e.g. Stroup et al., 2006). In light of an 

increasingly aging society in industrialized countries and the herewith associated 

cognitive decline, novel neuroprotective / neuroregenerative approaches are 

desperately needed. The present cumulative thesis was conducted in the framework 

of the Göttingen Research Association for Schizophrenia (GRAS) and addresses two 

related topics: first, a novel experimental approach in mice combining genetic and 

environmental factors for modelling cognitive deficits relevant to schizophrenia, and 

second, the effect of erythropoietin (EPO) on improving higher cognitive functions 

(i.e. learning and memory, attention, executive functions) in mice. The thesis includes 

one book chapter and three original first-author publications. The chapter (El-Kordi, 

Radyushkin, Adamcio et al., 2009) gives a state-of-the-art overview of previous, 

present and future rodent models of schizophrenia. It highlights the urging need for 

valid and reliable animal models of this burdening disease. Moreover, it defines for 

the first time “DSM criteria for rodent schizophrenia”. On these grounds, the first 

paper evolves (Radyushkin, El-Kordi et al., 2010) which combines a complexin2 null 

mutation in mice as a genetic factor and a mild parietal neurotrauma applied during 

puberty, as an environmental factor. This genetic-environmental model yielded 

several phenotypes relevant to schizophrenia. The second publication (El-Kordi, 

Radyushkin and Ehrenreich, 2009) demonstrates the effect of EPO treatment on 

several types of learning, attention and executive control in mice. It sheds light on 

methodological approaches to study these functions in rodents and uncovers the role 

of EPO in improving these domains in healthy mice. From there, I wanted to obtain 

more mechanistic insight into EPO mediated cognitive improvement. For that 

purpose, I characterized the cognitive performance of constitutively active EPOR 

overexpressing mice (cEPOR under the α-calcium/calmodulin-dependent protein 

kinase II (α-CaMKII) promoter). This third paper shows the effects of EPOR on 

cognition when overexpressed in selected hippocampal and cortical neurons, which 

are highly relevant to higher brain functions (Sargin, El-Kordi et al., 2010, submitted). 
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Impairments of higher brain functions are believed to be the core of various 

neuropsychiatric diseases, in particular schizophrenia (Elvevag and Goldberg, 2000). 

Schizophrenia is a debilitating disorder that affects approximately 1% of the 

population across cultures. It comprises positive symptoms (delusions, 

hallucinations), negative symptoms (social withdrawal, alogia, affective flattening) 

and cognitive symptoms (deficits in working memory, sustained attention and 

executive functions) (Wong and Van Tol, 2003). Knowledge about its neurobiological 

causes is still nascent. Accordingly, animal models of schizophrenia often lack 

construct validity. The observation that concordance rate in monozygotic twins 

amounts to only 50% made clear that environmental risk factors (e.g. neurotrauma, 

drug abuse, obstetric complications, etc.) likely act as necessary 'second hit' to 

trigger the disease process in a genetically predisposed individual.  Previously, 

animal models with high face validity addressed only one factor, e.g. alterations in 

neurotransmitter systems, neonatal brain lesions, etc. (for review, see Lipska, 2004), 

and thus lack construct validity. Based on this ‘second hit hypothesis’ (e.g. Bayer et 

al., 1999; Maynard et al., 2001), recent animal models emerged unifying genetic and 

environmental factors (for review, see Ayhan et al., 2009).  

 

Despite moderate success in mimicking schizophrenia in rodents, and recent 

pharmacological innovations in treatment, improving cognitive deficits remains a 

challenging task.  Up to now, treatment of schizophrenia mainly addresses positive 

symptoms and is still based on antagonising the dopaminergic system, specifically 

blockade of D2 receptor (Miyamoto et al., 2005). New antipsychotic medications, so 

called atypical antipsychotics, act on partial blockade of several members of the 

serotonin receptor family (e.g. 5-HT1A, 5-HT2A, 5-HT2C) besides their affinity to D2 

and other receptors (Mortimer, 2004). This new generation of antipsychotics have 

fewer undesirable side effects, in contrast to the old generation. However, they often 

lead to weight gain, sedation and metabolic alterations (for review, see Simon et al., 

2009). Most importantly, in spite of attenuating positive symptoms and alleviating 

mood and motivation, they still have limited effects on improving cognition (for review, 

see Galletly et al., 2000). Nevertheless, in recent years, several reports appeared 

targeting neural systems implicated in the cognitive deficits observed in 

schizophrenia. Specifically α7-nicotinic agents proved to be potential promising 
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candidates for ameliorating cognitive impairment (for review, see Buchanan et al., 

2007; Radek et al., 2010).  

 

Although often debated (Rund, 2009), limited neurodegenerative processes are 

almost always evident in the schizophrenic brain (Lieberman, 1999). Treating 

cognitive impairments in schizophrenia is so tedious due to the structural 

abnormalities, which seem to be pharmacologically non-modifiable (Harvey, 2009). 

The ongoing neurodegeneration in schizophrenics renders neuroregenerative / 

neuroprotective agents potentially attractive candidates for treating cognitive deficits 

in this disease. Neuroprotective compounds give a long-lasting improvement of 

symptoms and aim at slowing a continuous disease process (Sargin, Friedrichs et al., 

2010, in press). Interestingly, a recent study of our group demonstrated the effect of 

EPO on delaying gray matter loss in association with cognitive improvement in 

chronic schizophrenia (Wüstenberg et al., 2010). 

 

Justifiably, in the last decade, EPO has in an unprecedented manner attracted 

attention as a candidate for neuroprotection / neuroregeneration (Sargin, Friedrichs 

et al., 2010, in press). Since its introduction to the clinic to treat chronic renal failure, 

several reports have been accumulating highlighting the effect of EPO on improving 

cognitive functions (Ehrenreich et al., 2008; Jelkmann, 1992). For a long time, the 

effect of EPO on cognition was attributed to its direct action on the hematopoietic 

system and to enhanced tissue oxygenation. However, several lines of evidence 

convincingly prove that EPO-mediated cognitive improvement is independent of its 

hematopoietic properties and represents a direct action in the brain (Ehrenreich et al., 

2008; Sakanaka et al., 1998; Sirén et al., 2009; Zhang et al., 2009).  

 

EPO is a 165 amino acid glycoprotein with a molecular mass of approximately 30.4 

kDa. It acts via binding to its specific transmembrane receptor, (EPOR), belonging to 

the cytokine type 1 receptor subfamily. Homodimerization of 2 transmembrane EPOR 

molecules leads to binding of a single EPO molecule and induces a conformational 

change which initiates EPOR-associated JAK2 transphosphorylation. Downstream 

signaling molecules are subsequently activated including signal transducers and 

activators of transcription (STATs), phosphatidylinositol-3 kinase (PI3K)/AKT, 

RAS/extracellular signal-regulated kinase (ERK1/2), nuclear factor kappa B (NF-

 8



kappa B) and calcium (Brines and Cerami, 2005; Sirén et al., 2001). Activation of 

these signaling cascades leads to further activation of anti-apoptotic factors, 

stimulation of cell differentiation, including induction of cellular shape-change and 

growth, or modulation of plasticity (Sargin, Friedrichs et al., 2010, in press).  

 

The discovery of EPO/EPOR system in the brain (Masuda et al., 1993) made it a very 

promising candidate for treating brain disorders. In recent years, it has been shown 

that EPO is a potent agent for treating cognitive dysfunctions in several 

neuropsychiatric and neurological diseases (Ehrenreich, Fischer et al., 2007; 

Ehrenreich, Hinze-Selch et al., 2007). However, the mechanisms of its action on 

improving higher cognitive functions (e.g. attention and behavioral control) have not 

been studied so far.  

 

2. FOCUS OF MY PHD THESIS 
 
The present thesis addresses (1) a novel experimental approach in mice combining 

genetic and environmental factors for modelling cognitive deficits relevant to 

schizophrenia. (2) The effect of EPO on improving higher cognitive functions (i.e. 

learning and memory, attention, executive functions) in mice and the underlying 

physiological mechanisms. It includes 4 publications (one first-author book chapter, 

two first-author published papers and one first-author submitted paper).  

 

2.1. AIMS OF PROJECT I 
 
The first project addressed a novel experimental approach in mice, based on the 

‘second hit hypothesis’ of schizophrenia. In this framework, a book chapter giving a 

state-of-the-art of past, present and future rodent models of schizophrenia has been 

published. The original study has been designed to investigate the effect of 

combining a complexin2 null mutation in mice (genetic predisposition) with a juvenile 

parietal neurotrauma as a second hit (environmental trigger). We hypothesized that 

only mutant lesioned mice will exhibit schizophrenia relevant behavioral, cognitive 

and MRI alterations. 
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2.2. AIMS OF PROJECT II 
 
The second project aimed at studying the effect of EPO on higher brain functions in 

mice. For that purpose we investigated under healthy conditions in absence of 

intervening disease variables the effect of chronic EPO administration on different 

types of learning and memory, attention and executive functions in 28-days old male 

C57Bl/6 mice. In this study, we made use of a sequential operant paradigm, the five 

choice serial reaction time task (5CSRTT).  

 

2.3. AIMS OF PROJECT III 
 
To obtain a mechanistic insight in EPO-mediated cognitive improvement, we have 

designed the third study, investigating the effect of over-expression of EPOR in 

selected cell populations. For this purpose, we studied the cognitive performance of 

constitutively active EPOR overexpressing mice (cEPOR under the α-

calcium/calmodulin-dependent protein kinase II (α-CaMKII) promoter). These mice 

over-express the EPO receptor only in the pyramidal neurons of cortex and 

hippocampus. Their behavior was extensively analyzed using a wide behavioral test 

battery.  
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3. AN EXPERIMENTAL APPROACH COMBINING GENETIC AND 
ENVIRONMENTAL FACTORS FOR INDUCING A SCHIZOPHRENIA-
LIKE PHENOTYPE IN MICE 

 
 
3.1. OVERVIEW OF PROJECT I 
Schizophrenia is a frequent and devastating disease characterized by positive, 

negative, and cognitive symptoms (American-Psychiatric-Association, 2000; van Os 

and Kapur, 2009; Wong and Van Tol, 2003). Its underlying etiology is still poorly 

understood (Sawa and Snyder, 2002). Consequently, animal models addressing 

central constructs of the disorder are widely lacking. In contrast, models with face 

validity, where juvenile rodents are exposed to lesions or pharmacological 

interventions, have been used for many years (for review, see Lipska, 2004). 

The genetic basis of this disorder is indisputable. However, the concordance rate in 

monozygotic twins is only 50% (Gottesman and Shields, 1976), pointing to additional, 

environmental risk factors (Bayer et al., 1999). Animal models reliably representing 

the disease phenotype should account for the interaction between genetic and 

environmental triggering factors. Based on the 'second hit hypothesis', we designed 

an experimental approach for modeling schizophrenia which combines a genetic 

(complexin2 (Cplx2) null mutation) and an environmental factor (mild parietal cortical 

lesion during puberty) to induce schizophrenia-like phenotype in mice. 

Since schizophrenia is seen as a "disease of the synapse" (Harrison and 

Weinberger, 2005) synaptic molecules moved into research focus. Among others, 

complexins (CPLX), which are presynaptic proteins that modulate neuronal 

exocytosis (for review, see Brose, 2008), have been associated with schizophrenia 

(Harrison and Eastwood, 1998; Lee et al., 2005; Sawada et al., 2002). Previous 

studies characterizing Cplx2-/- mice reported a mild behavioral phenotype consisting 

of slight motor deficit and impaired learning in Morris water maze (Glynn et al., 2003; 

Glynn et al., 2007; Yamauchi et al., 2005). Regarding environmental factors, 

neurotrauma (Malaspina et al., 2001; McAllister, 1998), and particularly lesions 

affecting the right parietal lobe have been linked with schizophrenia-like psychosis 

(Sachdev et al., 2001; Zhang and Sachdev, 2003).  Several years ago, we have 

developed a mouse model, based on findings of a longitudinal study on patients with 

childhood onset schizophrenia (Thompson et al., 2001). In our mouse model (Sirén et 
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al., 2006) a small standardized lesion is set during puberty onto the right parietal 

cortex which initiates a bilateral neurodegenerative process very similar to that 

occurring endogenously in schizophrenia for – up to now – unknown reasons (Sargin 

et al., 2009).  

By combining Cplx2 null mutation with neurotrauma, we provide further experimental 

evidence that a genetic predisposition (affecting neurodevelopment) in addition to an 

environmental risk factor (triggering neurodegeneration) can give rise to alterations 

relevant to schizophrenia in mouse behavior and brain morphology. 

Several months after lesion we found, that only Cplx2 null mutants showed reduced 

pre-pulse inhibition, deficit of spatial learning, and loss of inhibition after MK-801 

treatment. Forced alternation in T-maze, object recognition, social interaction and 

elevated plus maze tests were unaltered in all groups. The previously reported mild 

motor phenotype of Cplx2 null mutants was accentuated upon lesion. MRI 

volumetrical analysis revealed a decrease of hippocampal volume exclusively in 

lesioned Cplx2 null mutants. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 12



3.2. ORIGINAL BOOK CHAPTER 
 

 
El-Kordi A, Radyushkin K, Adamcio B and Ehrenreich H (2009). Rodent models of 

schizophrenia: Past, present and future. In: Endophenotypes of Psychiatric and 

Neurodegenerative Disorders in Rodent Models. Ed. Granon S. Signpost. 

 

Personal contribution 

I was responsible for literature search and writing the chapter.  
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Abstract 
      Schizophrenia is a devastating disease that 
affects approximately 1% of the population all over 
the world and across cultures. Up to now, neither 
satisfying treatment nor fundamental understanding 
of etiology and pathogenesis of this heterogeneous 
group of diseases are available. In contrast to many 
other brain diseases, schizophrenia has long been 
seen as a mysterious, non-organic and stigmatising 
condition.  Even  nowadays,  the point of  view        exists
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that schizophrenia cannot affect species other than humans and requires 
developed language to manifest itself. The first animal models of 
schizophrenia-associated symptoms evolved when antipsychotic drugs had to 
be tested for efficacy in preclinical studies. These first models were crude, 
aimed at creating a phenotype that could be influenced by antipsychotics but 
did not model any real features of schizophrenia. In this regard, major 
advance in the field came within the last years. Animal models have been 
developed that try to cover various aspects of schizophrenia, i.e. positive 
symptoms (particularly hyperactivity), negative symptoms (social behavior 
and withdrawal) and cognitive dysfunction (working memory, attention). 
There is not only improvement in defining suitable animal models, but also in 
the validity of behavioral paradigms used for classifying schizophrenia-like 
phenotypes in rodents. This chapter will summarize “DSM criteria for rodent 
schizophrenia”, describe (1) models that have been used in the past, (2) 
models that have been introduced recently and (3) models that are being 
developed, combining genetic and environmental factors, in order to more 
adequately represent the disease phenotype. To conclude, an animal model of 
schizophrenia is desperately needed not only to improve prevention and 
treatment options for schizophrenic patients, but also to gain insight into 
relevant pathophysiological processes leading to the disease. 
 
Abbreviations 
AP5  :  dl-2-amino-5-phosphonovaleric acid 
ARVCF  :  Armadillo repeat deleted in velocardiofacial  

syndrome 
BDNF  :  Brain-derived neurotrophic factor 
cAMP  : cyclic adenosine monophosphate  
COMT  :  Catechol-O-methyl transferase 
COS  :  Childhood-onset schizophrenia 
CPLX2  :  Complexin 2 
DH  :  Dorsal hippocampus 
DISC1  :  Disrupted-in-schizophrenia 1 
DLPFC  : Dorsolateral prefrontal cortex 
DSMIV  :  Diagnostic and Statistical Manual of Mental  

Disorders, 4th ed. 
DTNBP1 :  Dystrobrevin-binding protein 1  
FEZ1  :  Fasciculation and elongation zeta-1 protein 
fMRI  :  functional magnetic resonance imaging 
GABA  :  Gamma aminobutyric acid  
GAD-67  :  Glutamate decarboxylase 67 
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HPS7  :  Hermansky-Pudlak syndrome type 7 
KO  :  Knock-out 
LI  :  Latent inhibition 
LIS1  :  Lissencephaly 1 protein 
LTP  :  Long term potentiation 
MPFC  :  Medial prefrontal cortex 
NDEL1  :  Nuclear distribution element-like 1 protein 
NMDA  :  N-methyl-D-aspartate 
NRG1  :  Neuregulin 1 
PCP  :  Phencyclidine 
PD  :  Postnatal day 
PDEB4  :  Phosphodiesterase 4B 
PFC  :  Prefrontal cortex 
PPI  :  Prepulse inhibition 
RGS4  :  Regulator of G-protein signaling 4 
SNP  : Single nucleotide polymorphism  
STG  :  Superior temporal gyrus 
THC  :  Tetrahydrocannabinol 
TTX  :  Tetrodotoxin 
VGluT-1 :  Vesicular glutamate transporter 1  
VH  :  Ventral hippocampus 
WCST  :  Wisconsin Card Sorting Test 
5CSRTT :  Five Choice Serial Reaction Time Task 
 
Introduction 
 Schizophrenia is a devastating brain disorder characterized by positive 
symptoms (e.g. delusions, hallucinations and formal thought disturbances), 
negative symptoms (e.g. social withdrawal, affective flattening and alogia) and 
cognitive deficits (e.g. attention, executive functions and working memory) [1]. 
The latter are getting more and more in the focus of research and are thought to 
be central to the social and behavioral disability of schizophrenic patients [2, 3]. 
According to the Diagnostic and Statistical Manual of Mental Disorders (4th 
edition; DSM-IV) of the American Psychiatric Association [4], the estimated 
lifetime prevalence of schizophrenia is between 0.5% and 1%. This estimation 
is found across all cultures worldwide and has remained unchanged since 1900 
[5]. The heterogeneity of symptoms of schizophrenia as well as the lack of 
clearly measurable disease specific pathology [6], together with the fact that 
manifestation of this complex disorder in humans is most reliably diagnosed 
through language make developing rodent model of schizophrenia a difficult 
and challenging undertaking.  
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 This chapter takes the reader to a time travel through the history of 
rodent models of schizophrenia, without intending to review all possible 
animal models of schizophrenia and their theoretical underpinnings. It is the 
attempt to illustrate the different stages and conceptual frameworks of the 
development of valid and reliable rodent models of schizophrenia. For 
primate models, the interested reader is referred to the review of Ellenbroek 
and Cools [7]. The difficulty of reliably modeling mental disorders, believed 
to be quite uniquely “human”, in simpler model systems such as mice, makes 
the formulation and fulfilling of validity criteria an imperative condition. The 
next section discusses criteria which have to be met in an animal model of 
mental disorders in general and of schizophrenia in particular. An overview is 
provided about schizophrenia symptoms which have a clear homology in 
rodents and thus are translatable to a simpler organism. 
 
1. Validity issues in animal models of psychiatric 
disorders 
 Animal models for psychiatric disorders are becoming an indispensable 
tool in investigating the mechanisms that underlie a human disease. 
Moreover, they are of great importance for the development of new treatment 
strategies. This is not only the case for animal models for physical disorders, 
such as diabetes mellitus and hypertension, it also holds true for mental 
disorders like depression and schizophrenia. But modeling mental disorders 
in rodents is more complex and challenging compared to modeling a physical 
condition with clear-cut pathophysiological mechanisms and well-defined 
diagnostic criteria. As Kornetsky and Markowitz [8] reported, animal models 
of physical disorders have the attribute of close similarity between the 
physiologic condition in animals and humans. But even in these areas, similar 
behaviors in various species may exist for different reasons, and therefore, 
have different meanings [9]. Nevertheless, modeling a highly cognitive 
condition in a cognitively lower organism has to be regarded as an 
experimental compromise. As McKinney and Moran [9] pointed out, an 
animal model can never be exactly the same as the condition being modeled. 
Accordingly, prevailing animal models do not attempt to represent a 
complete animal equivalent of the human condition. This is obvious when 
modeling such heterogeneous brain disorder as schizophrenia. Rather, animal 
models are developed to study specific causative or mechanistic aspects of 
the corresponding disease [10].  
 There are different levels on which an animal model may represent a disease: 
1. It may reproduce inducing factor(s); 2. It may mimic phenomenology and 3. It 
may show responsiveness to already existing treatments [11]. Thus, the degree 
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to which an animal model accurately mimics the real human condition varies 
according to the aspects that it intends to represent [11]. In this context, the 
concept of validity is of great importance. Initially, McKinney and Bunney [12] 
proposed minimal requirements an animal model has to meet: 1. similarity of 
inducing conditions; 2. similarity of behavioral states produced; 3. common 
underlying biological mechanisms; and 4. reversal by clinically effective 
treatment techniques [adapted from ref. 9, see also ref. 12]. Later, Willner [13] 
pointed out, that animal models should possess predictive, face and construct 
validity. Although this was originally stated in the framework of animal 
models for depression, it also holds true for other animal models of psychiatric 
disorders, including schizophrenia.  
 Predictive validity, in its broadest sense, concerns the ability of a model 
to make successful predictions or to forecast, for example, the behavior of the 
animal in a specific experimental situation. A model with high predictive 
validity allows to draw extrapolation of the effect of a given experimental 
manipulation from one species (e.g. rodents) to other species (e.g. humans), 
and from one setting (e.g. laboratory) to another one (e.g. “real life”) [14]. In 
a more narrow sense, predictive validity implies that treatments proven to be 
effective in humans have also to be effective in the animal model. This notion 
is quite similar to the concept of pharmacological isomorphism proposed by 
Matthysse [15]. For the purpose of this chapter, we use the term predictive 
validity in its narrow sense.  
 The second validity issue is that of face validity. Face validity implies, in 
its simplest definition, the similarity of symptomatology. This concept is 
similar to the criterion of behavioral isomorphism by Kornetsky and 
Markowitz [16] and the concept of symptom similarity by Matthysse [15]. 
Symptoms elicited in animal models with high face validity resemble those 
seen in humans.  
 The third aspect of validity which animal models have to fulfill is the 
concept of construct validity. It is believed to be the most important aspect 
in validating animal models of complex disorders such as schizophrenia [14]. 
This concept refers to the theoretical background or constructs underlying  
the disease process. Animal models with construct validity have a sound 
theoretical rationale. Thus they go in accordance with constructs 
characterizing schizophrenia patients. For example, animal models are based 
on the construct that schizophrenics have a deficient information processing.  
 According to Ellenbroek and Cools [7], predictive validity has the 
lowest, while construct validity has the highest hierarchy of validity issues. 
Concerning animal models of schizophrenia in particular, various researchers 
proposed specific and theoretically sound criteria, which have to be met       
in an animal model trying to mimic the disease’s pathophysiology, 
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symptomatology, etiology, and to pave the way for developing new treatment 
strategies. For example, Matthysse and Haber [17] defined standards which a 
model of schizophrenia has to satisfy. Although most of these standards were 
drug related, and thus fit perfectly well to a pharmacological animal model of 
schizophrenia, these criteria may be incorporated with other complementing 
standards addressing other issues, such as etiology and cognitive 
symptomatology. For instance, Ellenbroek and Cools [7], proposed criteria 
adapted from Willner [18] addressing aspects of predictive, face and 
construct validity. Reviewing these standards with their corresponding 
empirical background is beyond the scope of this chapter. The interested 
reader is referred to [7, 18].  
 After discussing standards guiding the development and assessment of 
animal models for psychiatric disorders, with a main focus on schizophrenia, 
how should a rodent model mimicking the schizophrenia symptomatology and 
possessing predictive, face and construct validity look like? Which symptoms 
do rodents show that may be translatable to disturbances seen in humans with 
schizophrenia? And how can these symptoms and behavioral traits be reliably 
measured? As mentioned earlier in this chapter, modeling schizophrenia is a 
great challenge for behavioral neuroscientists, not only due to the heterogeneity 
of symptoms, but also due to the simple fact, that rodents do not possess a 
crucial tool, which has a diagnostically indispensable value, that is verbal 
communication. As McKinney and Moran [9] stated, no animal analogies exist 
for the characteristics of auditory hallucinations, flatness of affect, thought 
alienation, thoughts spoken aloud, delusions of control, voices speaking to the 
patient to just name a few [see also ref. 9]. However, rodents have a wide 
behavioral repertoire, and their lack of human-like verbal communication 
should not discourage researchers from trying to model these symptoms.  
 The next section will focus on behavioral domains an animal model of 
schizophrenia has to show to be regarded as valid. We will illustrate the 
symptoms in schizophrenia patients with their corresponding behavioral traits 
in rodents and behavioral paradigms used to assess these traits.  
 
2. Behavioral domains affected in schizophrenia 
 In the context of modeling brain disorders in rodents, many people wonder: 
“How does a schizophrenic mouse look like?” In our opinion, and based on 
human phenomenological data, a rodent model for schizophrenia should not 
show complete cognitive disability. Despite the fact that schizophrenia is a 
burdening and devastating brain disorder, which compromises normal social 
interaction, patients do not have a general intellectual disability comparable to 
that seen in patients suffering from mental retardation. Thus, what has to be 
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modeled is not debility or apparently eccentric and bizarre behavior in each and 
every respect. Rather, subtle deficits in particular cognitive domains, ideally 
under specific conditions and experimental manipulations, should be present in 
a valid model of schizophrenia. In the last years, many researchers made very 
accurate attempts to relate rodent behaviors of potential relevance to clinical 
phenomena in schizophrenia [11, 19]. Table 1 summarizes the main domains or 
symptom clusters found in schizophrenia with their corresponding findings in 
humans and the behavioral aspects, which have to be proven in a rodent model 
of schizophrenia. Figure 1 illustrates some of the behavioral set-ups for testing 
and assessing positive (A) and negative symptoms (B) as well as cognitive 
functions (C, D) mentioned in Table 1. The following section will illustrate 
behavioral and cognitive domains implicated in schizophrenia, amenable to 
modeling in rodents.  
 

Table 1. Schizophrenia symptoms which might be mimicked in a rodent model. 
 

Domain Schizophrenia in humans Rodent phenotype 
 

Positive 
symptoms 

 

Hallucinations, delusions, thought 
disorders 

 

Lack of reliable readouts in rodents 

  

Psychomotor agitation 
 
 
 
 
 
 
 

Stereotypy 

 

Spontaneous hyperlocomotion 
Increase in PCP- or MK-801-induced 
hyperlocomotion 
Increase in amphetamine-induced 
hyperlocomotion 
Increase in stress-induced hyperlocomotion 
Reduced haloperidol-induced catalepsy 
 

Circling movements, repetitive behaviors 
 

Negative 
symptoms 

 

Social withdrawal 
 

Decreased preference to social novelty  
Decreased social interaction 
Decreased nesting in the home cage 
Decreased huddling in the home cage 

  

Affect flattening 
 

Anhedonia 

 

Lack of reliable readouts in rodents 
 

Decrease in sucrose preference 
 

Cognitive 
symptoms 

 

Working memory deficits 
 

Impaired performance in T-maze 
Impaired performance in 8-arm maze 

  

Deficit of attention 
 

Impaired latent inhibition 
Decreased sustained attention in 5CSRTT 
Increased distractibility in 5CSRTT 

  

Executive function deficits 
 

Increased reaction time in 5CSRTT 
Increased premature responses in 5CSRTT 
Decreased set-shifting ability 

  

Disturbance of sensorimotor gating 
 

Diminished PPI, retarded startle habituation 
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Figure 1. Experimental paradigms to address schizophrenia-like behavioral traits in 
mice. A. Hyperactivity in open field as evidence for psychomotor agitation. The 
behavior of a mouse, placed in a big circular or rectangle arena, is recorded by a 
computer, equipped with a video-tracking system. Total distance traveled and pike 
velocity serve as readouts of motor hyperactivity, which in turn are seen as indirect 
evidence for positive symptoms of schizophrenia. B. Tri-partite test for sociability and 
social memory in mice. In an experimental chamber with 3 compartments, the mouse 
has the option to stay (1) in close proximity with an unfamiliar mouse, kept in a small 
wire cage, (2) in the compartment with an empty cage or (3) in the central compartment. 
The proportion of time spent in interaction with the unfamiliar mouse is used as a 
readout for sociability. In order to evaluate social memory, the test mouse, right after 
sociability testing, is offered the choice between two mice – one that is familiar and one 
that is new. The proportion of time spent in interaction with the new mouse (normally 
higher as compared to the familiar mouse) is the readout for social memory. C. Prepulse 
inhibition of the startle response. Like many species, including Homo Sapiens, mice 
show a startle response to a sudden acoustic stimulus. To measure the amplitude of such 
a response, the mouse is placed in a small restriction cage on a platform, attached to a 
vibration sensor. The amplitude of oscillations, evoked by body muscle contractions, 
triggered by a 120dB white noise pulse, is recorded by a computer. The mouse responses 
are measured in two types of trials – with and without a weak stimulus (prepulse), 
applied 50-500msec before the pulse. The degree of response reduction in “prepulse 
trials” in comparison to “pulse only trials” is calculated. D. Five choice serial reaction 
time task as a test of attention. In order to get a reward, the mouse has to make a nose-
poke response into one of 5 holes where a light signal is randomly presented for a short 
period of time (0.8sec). The number of omitted signal presentations serves as a main 
readout for attention. In order to further characterize the attention of the mouse, 
additional trials with application of distracting stimuli are used. 
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2.1. Positive symptoms 
 As mentioned earlier in this chapter, there is no assessable rodent behavior 
equivalent to hallucinations and disorganized thoughts [9]. Thus, investigators 
have to rely on other overt behavioral traits indicative of positive symptoms. 
Interestingly, modeling positive symptoms in rodents, initially in rats, has a 
long tradition in the context of studying the effect of antipsychotic drugs. 
Hyperlocomotion is seen as a valid indicator for positive symptoms in rodents. 
Thus, several studies have used spontaneous hyperlocomotion and increased 
vertical (i.e. rearing) and horizontal motor activity in the open field as a 
measure for positive symptoms in rodents [20-24].  
 
2.2. Stereotypy 
 Stereotypy is a repetitive, unvarying and seemingly functionless behavior 
found in various psychiatric disorders. Repetitions can be manifest at different 
functional levels. For example, in the motor domain (tics and tremor), 
executive motor functions (rituals), cognitive domain in form of preoccupation 
with specific thoughts (rumination) and in planning and strategic domain, 
resulting in cognitive inflexibility [25]. Stereotypy has often been regarded as a 
hampering symptom of schizophrenia. It comprises different behavioral 
features, e. g. brief motor tics, mannerisms and complex ritualistic behavior 
[25]. These disturbances seem to be due to excess of subcortical dopaminergic 
activity [26]. Another phenomenologically similar symptom, i.e. 
perseverations, has been also implicated in schizophrenia. Perseverations are 
also repetitive hampering behaviors. However, they are often described in the 
context of mental states. Ridley [25] defines stereotypy as the excessive 
production of one type of motor act or mental state, whereas perseveration 
refers to a restriction of choices of action while the repetitive behavior is not 
excessive. We will not discuss modeling perseverations in rodents, as there are 
barley any data pointing to this feature. Stereotypy has been documented in 
various species, especially in captive animals [e.g. ref. 27]. This phenomenon is 
widely spread among laboratory animals [for review, see ref. 28]. In rats, 
administration of dopamine agonists (e.g. apomorphine) has been reported to 
induce stereotyped locomotion, sniffing, licking and gnawing [29]. Thus, 
rodents bear the ability of showing stereotyped behavior, moreover, this also 
depends on genetic and environmental factors [29].  
 
2.3. Negative symptoms: Social behavior 
 Social deficits are believed to be a hallmark of schizophrenia and belong to 
negative symptoms of the disease. Social functions including interacting and 
communicating with others, maintaining employment and having a functional 
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role in community are affected in various psychiatric disorders, however, they 
are characteristic for schizophrenia [30]. Social deficits are even apparent long 
before the disease onset. Moreover, it is widely recognized that social and 
cognitive functions are interrelated [for review, see ref. 31]. Even though 
rodents manifest a limited spectrum of social behaviors, they enable measuring 
functions like social interest, interaction and social preference. Furthermore, 
rodents emit ultrasonic vocalizations in various contexts [32], another trait of 
social behavior and communication, recently exploited for the demonstration of 
autistic symptoms in a mouse model of monogenic heritable autism [33]. Social 
traits have been often assessed in rodent models of schizophrenia. Another 
feature of negative symptoms is flattened affect and anhedonia. Whereas 
flattened affect is virtually not assessable in rodents, measuring anhedonia and 
reward sensitivity has a long tradition. A classic method of assessing anhedonia 
in rodents is sucrose preference [for review, see ref. 34]. 
 
2.4. Cognitive functions: Prepulse inhibition and latent 
inhibition 
 Prepulse inhibition (PPI) of the acoustic startle response is a valuable and 
traditional measurement widely used in schizophrenia research. It has been 
repeatedly reported that schizophrenia patients manifest deficits in PPI [for 
review, see ref. 35]. PPI is a measure for sensorimotor gating and pre-
attentive information processing [36]. Detailed description of this procedure 
as well as parametric issues have been reviewed elsewhere [37]. A wealth of 
studies have reported the effect of dopamimetics, NMDA antagonists and 
antipsychotics on PPI performance of rodents [38].  
 Another paradigm with great experimental tradition is latent inhibition 
(LI). Latent inhibition is defined as the poor evidence for learning a stimulus 
that previously was presented without any consequence, as compared to a 
novel or previously attended stimulus [39]. LI is believed to be a measure for 
attentional processes, which are severely disrupted in schizophrenia patients, 
although data of LI in some schizophrenia patients delivered also conflicting 
results [40]. Several dopaminergic agonists as well as glutamatergic 
compounds disrupt LI [41, 42]. It has also been demonstrated, that clozapine 
reverses the amphetamine-induced LI deficits in rats [43]. Various studies 
have used LI in the framework of establishing animal models of 
schizophrenia. Some of these will be discussed later in this chapter.  
 
2.5. Memory 
 Perhaps one of the most intensively studied affected cognitive domains in 
schizophrenia is memory. In particular, working memory has gained a 
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considerable amount of scientific attention. Deficits in memory processes 
have been consistently reported in individuals with schizophrenia [for review, 
see ref. 44]. Several studies have demonstrated altered activation of prefrontal 
cortical brain regions, substantially involved in executive functions and 
working memory [e.g. refs. 45, 46]. Notably, deficits in working memory are 
believed to be a behavioral and cognitive marker for schizophrenia, as some 
studies have demonstrated that working memory deficits are specific to 
schizophrenia, not to other mental disorders [47]. Working memory is, 
simply speaking, the ability to hold information in temporary storage to 
successfully complete the running task [48]. Again, rodents have a wide 
repertoire of behavioral traits, thus allowing assessment of memory functions. 
Due to space limitations, we will not review tasks used to assess memory in 
rodents. Several papers give an extensive and adequate overview of memory 
tasks, predominantly working memory, of rodents [49, 50].  
 Taken together, rodents possess various behavioral traits which are 
analogous to clinical domains implicated in schizophrenia. This provides the 
ground for developing rodent models of the disease. In the following 
sections, existing rodent models will be discussed and evaluated on the basis 
of their validity issues.  
 
3. “Past” 
  In this part we will discuss animal models which have been used in the 
past. The time categorization “past, present and future” should not be 
understood as a judgment of the scientific impact of these models. Rather, we 
are using this classification to illustrate the scientific trend and to describe the 
progress, based on clinical and basic research, made in the context of 
modeling schizophrenia in animals. For the purpose of this chapter, we adapt 
the definition of animal models made by Marcotte and colleagues [10]. Thus, 
an animal model is “an experimental manipulation that elicits behavioral and 
neurochemical changes that can be related to schizophrenia using the criteria 
for predictive, construct and face validity” [10]. Reliable and well 
characterized indicators of schizophrenia in humans such as deficient 
information processing and pre-attentive functions as measured by prepulse 
inhibition [51] and latent inhibition should not be considered animal models 
for schizophrenia in their own right. These are valid behavioral paradigms 
widely used in schizophrenia research and are therefore important single 
tools within a battery characterizing the behavioral phenotype of a potential 
animal model.  
 For simplicity, “past” animal models are here subdivided into two big 
groups: 1. Pharmacological models and 2. Neurodevelopmental models.  



 Ahmed El-Kordi et al. 220

3.1. Pharmacological animal models 
 Perhaps the most famous hypothesis on the pathophysiology of 
schizophrenia is the dopamine hypothesis of schizophrenia [52, 53]. In brief, 
the hypothesis states, that there is an excess of dopamine in the brains of 
schizophrenia patients [53]. This hypothesis was expanded and revised in the 
last years, also to account for negative and cognitive symptoms of 
schizophrenia [for review, see refs. 54, 55]. Nowadays, it is widely believed, 
that some deficits seen in schizophrenia are due to two dopamine related 
processes: Hyperactive dopamine system in mesocortical brain regions, 
accounting for positive symptoms, and hypoactive prefrontal dopamine 
system resulting in negative symptoms and cognitive deficits [55, 56].  
 Effects of amphetamine administration on non-schizophrenics [57] as 
well as reports describing schizophrenia-like symptoms elicited by 
amphetamine (so called “amphetamine psychosis”, [58]) were some hints 
directing to the formulation of the dopamine hypothesis of schizophrenia. It 
is thus not surprising that the first rodent models of schizophrenia were 
those using dopamimetics to elicit schizophrenia-like symptoms. 
Administration of amphetamine and related psychotomimetics in rodents 
reliably elicits hyperlocomotion and stereotypy [23], behavioral alterations 
that are widely believed to be schizophrenia relevant traits analogous to 
positive symptoms in humans [19]. As mentioned earlier in this chapter, the 
correspondence between rodent “positive symptoms” and positive symptoms 
in schizophrenia patients might be debatable. However, the reliable 
replications of this finding in rodents, as well as the involvement of the 
relevant neurotransmitter systems make this feature of dopamimetics 
administration very useful for comparison among species and different 
models [10].   
 Animal models using psychotomimetics have also another important 
feature: Dopamine agonists disrupt PPI. This is the case for humans [59] as 
well as for rodents [60]. Based on the finding, that schizophrenia patients 
have disrupted PPI [61, 62] and that disruptions in sensorimotor gating and 
information processing are believed to be some of the characteristics of the 
disorder, pharmacological rodent models of schizophrenia, at least those 
using dopamimetics, seem to have at least some construct validity. 
Interestingly, antipsychotic medication, such as clozapine, reverses PPI 
deficits in some schizophrenia patients [63] and in apomorphine-treated 
rodents [64]. To sum up, previous rodent models using psychotomimetics or 
dopamine agonists succeeded in eliciting some core features of schizophrenia 
in rodents. Despite fairly good predictive and face validity, the construct 
validity is still limited [10], due to ignoring the genetic basis of the disease 
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[e.g. ref. 65]. On the other hand, it is not surprising, that pharmacological 
models have good predictive validity as they elicit psychosis in healthy 
humans [57] and deteriorate symptoms in schizophrenia patients [66]. 
Nevertheless, the involvement of dopamine and its interactions with other 
neurotransmitter systems in the pathophysiology of schizophrenia is not yet 
resolved. Moreover, there are some treatment-resistant schizophrenia 
patients, who do not benefit from dopamine antagonists [67, 68]. Also the 
lack of responding of negative symptoms upon classic antipsychotic 
medication reduces the construct validity of dopamine models.  
 Not only dopamimetics attracted attention regarding their potential 
involvement in the pathophysiology of schizophrenia. The administration of 
the dissociative anesthetic phencyclidine (PCP) – and its analogue ketamine – 
in healthy subjects was reported to produce a syndrome closely resembling 
schizophrenia with positive symptoms (paranoia, hyperlocomotion and 
auditory hallucinations), negative symptoms (social withdrawal, affective 
flattening and anhedonia) and cognitive symptoms (e.g. impaired working 
memory) [69]. PCP and ketamine are noncompetitive NMDA glutamate 
receptor antagonists. Their schizophrenia resembling effect was first 
discovered during their initial use as anesthetics [70]. Clinical data showed 
decreased glutamate levels in the cerebrospinal fluid of schizophrenic 
patients [71]. Moreover deficits in PPI due to administration of NMDA 
antagonists are reversed by clozapine, an atypical antipsychotic [72, 73]. 
Based on the effect of PCP in healthy volunteers, it was proposed that 
schizophrenia may involve reduced NMDA receptor function [74, 75]. In 
rodents, PCP and related substances such as MK-801 produce a picture 
similar to that in humans. Intrastriatal injections of a selective NMDA 
receptor antagonist, AP5, in rats led to a selective impairment in working 
memory (T-maze) performance, while spatial memory (radial arm maze) was 
intact [76].  Also in the rat, administration of MK-801 and PCP significantly 
disrupted PPI [77]. Moreover, rats treated with PCP had deficits in social 
behavior, while the typical antipsychotic haloperidol reversed some of these 
deficits [78]. For a review on rodent glutamate models of schizophrenia, the 
reader is referred to [74].  
 Although the glutamate hypothesis of schizophrenia may bear many 
similarities with the clinical manifestation of schizophrenia [for a discussion 
see ref. 74] and possesses good predictive and face validities, again, as the 
case with the dopamine hypothesis, the construct validity is limited [10]. For 
example, some findings in PPI are highly dose dependant. In some cases, 
sub-anesthetic PCP and ketamine administration did not have any effect on 
PPI. In other cases, it even elicited an enhanced inhibition [79]. Indeed, there 
are various interactions between the glutamatergic and dopaminergic systems 
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[80] and both seem to be involved in the neurobiology of schizophrenia. But 
the way how one neurotransmitter system or another elicits/affects the wide 
spectrum of symptoms over the course of the disease remains unclear.  
 To conclude, pharmacological animal models addressing different 
neurotransmitter systems, involved in the pathophysiology of 
schizophrenia, are undoubtedly of great value for unraveling of disease and 
treatment mechanisms. Nevertheless, pharmacological models, directly 
manipulating specific neurotransmitter systems, could not account for some 
other features of schizophrenia, for example neuroanatomical abnormalities 
in patients [81] and relatives [82], or cognitive deficits in first-degree 
relatives [83, 84]. These and other features are out of the scope of direct 
pharmacological induction. Other models were developed to address aspects 
of disease dynamics and course. These models will be discussed in the next 
section. 
 
3.2. Neurodevelopmental models 
3.2.1. Clinical evidence and theoretical basis 
 As was shown in the section before, most conventional animal models 
have studied effects of direct manipulations of specific neurotransmitter 
systems, especially dopamine. This is due to the strong implications of 
dopamine in the disorder. However, it has become clear that models based on 
direct manipulations of the dopaminergic system have a limited heuristic 
(“serving to discover”) value [11]. Moreover, they do not address 
mechanisms involved in either cortical deficits [85] or the postpubertal onset, 
that also characterizes schizophrenia. Structural abnormalities in the brains of 
schizophrenia patients have been excessively documented and led to the 
assumption, that degenerative and/or neurodevelopmental processes are 
involved in the etiology of the disorder. For example, enlargement of the 
lateral and third ventricles [86], reduced volume of cortical grey matter [87] 
and smaller anterior hippocampi [86] were some widely reported findings. 
The reductions of grey matter do not seem to be a general deficit; rather it 
appears that they affect association cortices such as those located in the 
superior temporal gyrus, in the dorsal prefrontal cortex and in limbic regions 
including hippocampus and anterior cingulate [81, 88]. Importantly, many of 
these abnormalities were found in first-episode [89], never medicated 
subjects. Thus, the structural pathology seems to reflect a primary disease 
process [3]. 
 The hippocampus and the prefrontal cortex (PFC) proved to be 
imperative for the pathology of the disease, both due to structural 
abnormalities [81, 88, 90, 91] and partially corresponding cognitive defects 
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[92, 93], a core feature of the disease. For instance, reduced regional cerebral 
blood flow in the dorsolateral PFC (DLPFC) in chronic schizophrenia during 
performance of an established executive task, the WCST [85, 93] was 
reported. The discovery that the prefrontal cortex could regulate subcortical 
dopamine [94] offered a promising link between the suggested subcortical 
dopamine dysregulation and data assuming the involvement of the PFC in 
schizophrenia [93]. Other data also consistently reported cell loss in the 
hippocampus [95], while initial reports of hippocampal neuron misplacement 
in the superficial layers of the adjacent entorhinal cortex have not been 
replicated in various following studies [96]. However, PFC structural 
abnormalities were less consistently replicated, while hippocampal pathology 
was most reliably observed [for review, see ref. 81]. 
 There has been a considerable debate, whether the observed structural 
abnormalities and clinical manifestations are due to neurodegenerative 
processes or whether they are a result of neurodevelopmental deficit [97, 98]. 
The clinical deterioration [99] as well as the progressive cortical grey matter 
loss [100] may reflect the involvement of degenerative processes. On the 
other hand, ventricular enlargement and size do not seem to correlate with the 
duration of untreated illness [101]. Whereas gliosis in postmortem studies 
[102], evidence for most degenerative processes [103], is lacking, recent 
evidence suggests a role of apoptotic mechanisms in the disease process [104, 
105]. Interestingly, schizophrenia patients do not seem to carry an increased 
risk of Alzheimer disease [106]. It has also been reported, that intellectual 
and cognitive functions do not much further decline with age in 
schizophrenia [107]. Taking all these points into account, schizophrenia is a 
primarily neurodevelopmental disorder, with neurodegenerative processes 
contributing to pathophysiology and disease progression. 
 Neurodevelopmental models of schizophrenia test the hypothesis that 
schizophrenia is caused by a defect in brain development [108]. Some models 
attempt testing etiological theories, studying the role of maternal malnutrition 
[109, 110], viral infections during pregnancy [111] and obstetric 
complications [112]. Others address the impact of disrupted neuronal 
maturation and synaptogenesis [113] and the relevance of early stressful 
events [114]. Discussing all these models in detail is out of the scope of this 
chapter. Readers are referred to Lipska and Weinberger [11], for review.  
 In this chapter we will focus on another group of neurodevelopmental 
models with quite promising implications for schizophrenia: Lesion models. 
First, we will report on existing lesion models targeting different brain areas 
with implication in schizophrenia. Then, we will focus on the neonatal 
hippocampal lesion model, which possesses significant validity concerning 
modeling disease emergence, course, and core symptoms of schizophrenia.  
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3.2.2. Lesion models  
 Based on the pathology observed in specific brain regions in 
schizophrenic patients, it became obvious to investigate whether disrupting 
these neuronal and functional circuitries would mimic clinical manifestations 
seen in schizophrenia. This idea was operationalized by damaging 
corresponding brain regions in adult rodents, and studying the direct effect on 
behavior and cognition of this disruption. There is a great deal of research 
done in the adult (i.e. at postnatal day 42) rodent brain. While first attempts in 
inducing a lesion were crude and relatively tissue unspecific (e.g. aspiration 
lesions), newer approaches became more precise with less damage to 
adjacent tissue. For instance, a widely used method to disrupt specific brain 
sites is the stimulation of excitatory glutamate release or the administration of 
direct glutamate receptor agonists (e.g. kainic acid), and thus producing 
relatively selective lesions, damaging predominantly pericaryal sites [115]. 
Electrolytic lesion techniques, on the other hand, destroy neuronal cell bodies 
as well as axons. 
 In the 70ties, scientists developed methods for selectively lesioning 
central norepinephrine and dopamine containing neurons in the neonatal rat 
brain. This was done by using 6-hydroxydopamine, an approach, originally 
applied in animal models of Parkinson’s disease as well as in mimicking self-
injurious behavior in the context of the Lesh-Nyhan syndrome [116, 117].  
 Another approach addressed the transient, not permanent, inactivation of 
specific brain regions during a critical time window of brain development. 
Lipska and colleagues [118], used tetrodotoxin (TTX), a potent and specific 
blocker of the voltage-gated Na+-channels to inactivate the ventral 
hippocampus in neonatal rats. As its effect is completely reversible, this 
method does not result in permanent, vast damage of the brain.  
 
The prefrontal cortex (PFC) 
 It is not surprising, that a region like the PFC with its subdivisions is one 
of the most intensively studied brain sites in schizophrenia [44, 85, 93, 119]. 
As mentioned earlier, abnormalities in structure as well as metabolism were 
consistently reported in human studies. Also cognitive functions, which arise 
from this brain area (e.g. organization of behavior, behavior monitoring, 
executive attention, inhibition and facilitation) are often reported to be 
compromised in schizophrenia patients [44, 89]. In the rat, medial and lateral 
PFC are considered as homologues of the primate dorsal PFC and orbital 
PFC, respectively. The medial PFC (MPFC) is implicated in working 
memory tasks. It has been hypothesized that the MPFC is primarily engaged 
in the temporary storage and processing of information lasting from 
milliseconds to several seconds [120]. Lesions of the rat adult MPFC result in 
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various behavioral and neurochemical deficits also seen in schizophrenia, for 
example, increased responsiveness to dopamine agonists [121], decrease in 
haloperidol-induced catalepsy and initiation of stereotypic behavior [122], 
apomorphine-induced PPI deficits [123] as well as hypersensitivity to stress 
[124]. Fourteen days – but not 28 days – postoperatively, bilaterally ibotenic 
acid MPFC lesioned rats showed increased spontaneous locomotion as well 
as apomorphine-induced hyperactivity. Levels of noradrenalin in the 
cingulate cortex were reduced, while dopamine, DOPAC as well as 
homovanillic acid in the medial striatum were increased [124]. Also deficits 
in higher brain functions were apparent in MPFC lesioned animals. Ibotenic 
acid lesioned rats manifested symptoms resembling those of dysexecutive 
syndrome in humans. MPFC lesions resulted in disruption of decisional 
processes, as the performance of the lesioned rats was on a random level in a 
task addressing decision making [125]. In an analogue of the WCST, which 
is usually applied to assess executive functions in humans and widely used in 
schizophrenia research, the performance of electrolytically MPFC lesioned 
adult rats was impaired, while the LI effect was intact [126]. In a recent study 
comparing lateral and medial prefrontal cortical lesions in rats, lateral 
prefrontal lesions did not affect the behavior of the experimental group in any 
of the paradigms used in this study. On the other hand, an increase in PPI was 
reported in rats with medial prefrontal cortex lesions, while LI was not 
affected [127].  
 Lesions affecting the PFC with its subdivisions resemble somewhat the 
cognitive symptoms of schizophrenia. It was mentioned earlier, that the 
dopamine innervation in the MPFC is implicated in the regulatory inhibition 
of several dopamine terminal fields. Several lines of evidence propose that 
specifically the MPFC can influence subcortical dopamine [128-131].  
 The behavioral alterations seen in the studies discussed above go in 
concert with augmented mesolimbic and nigrostriatal dopamine activity [132-
135]. Treatments counteracting these effects (e.g. neuroleptics) reverse 
behavioral symptoms [132, 133]. Thus, lesions in the PFC have good 
predictive and face validity. However, the lack of evidence for a “lesion” 
underlying the behavioral and cognitive disturbances seen in schizophrenia 
presents a great obstacle for the construct validity. This is of course an aspect 
which also holds true for the following lesion models, addressing different 
brain regions.  
 
Thalamus 
 The thalamus is a composite of multiple nuclei that relay and filter 
sensory inputs, a function which involves multiple corticostriatothalamic 
loops modulated by the cerebral cortex [for review, see ref. 136]. Based on 
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human data, the thalamus and its nuclei moved into the scope of interest in 
schizophrenia research. Thalamic nuclei are involved in the regulation of PPI 
and sensorimotor gating [137], both are features affected in schizophrenia 
patients [35]. Furthermore, using magnetic resonance imaging, it was shown 
that lower relative glucose metabolism in the pulvinar was associated with 
more hallucinations and more positive symptoms, while lower relative 
glucose metabolism in the mediodorsal thalamic nucleus was associated with 
more negative symptoms in non-medicated patients [138]. Also other studies 
could replicate similar findings of reduced thalamic activity [139], pointing to 
deficits in filtering and information processing seen in schizophrenia patients 
[62]. Decreased activation within the whole thalamus, anterior nuclei and the 
medial dorsal nucleus were found using fMRI during performance of 
memory tasks in patients [140]. While functional findings seem to be 
consistent, structural findings are to a certain degree heterogeneous. Some 
post-mortem studies proved abnormalities in thalamic volumes in 
schizophrenia [141], while others failed to replicate this finding [142]. 
 Among other thalamolimbic sites, the habenular complex is believed to 
be a key component in various physiological functions. It builds the dorsal 
diencephalic conduction system with both the stria medullaris and fasciculus 
retroflexus [143, 144] and serves as a link between the limbic forebrain and 
the midbrain-extrapyramidal motor system. The habenula was reported to be 
involved in some psychiatric disorders [144] including schizophrenia [145, 
146]. Lesions of the habenula lead to a variety of behavioral alterations. 
Specifically, habenula-lesioned rats tested in a task measuring attention (Five 
choice serial reaction time task, 5CSRTT) demonstrated a time-dependant 
behavioral pattern. After the lesion, rats had an increase in premature, 
impulsive responding, which improved with time. Selective attention did not 
show deficits at the beginning, but deteriorated afterwards. Administration of 
amphetamine increased, while haloperidol decreased premature responding 
[147]. These findings serve as a link between attentional deficits in 
schizophrenia, limbic dopaminergic hyperactivity and potential structural 
abnormalities in the habenular complex. Additionally to thalamic structural 
abnormalities seen in schizophrenic patients [148], this finding is in some 
agreement with the deficit in attentional performance of affected individuals 
[149]. However, thalamus lesions often produce a syndrome of central pain 
and ataxia [for review, see ref. 150], symptoms not observed in 
schizophrenia. As with other lesion models, the construct validity is very 
limited.  
 In the context of subcortical lesion models, there are various studies 
looking at the effect of intracerebroventricular lesion using kainic acid [e.g. 
refs. 151, 152, 153]. Administration of kainic acid in the rat brain leads to an 
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immediate as well as delayed neuronal cell death in the hippocampus and 
other regions of the medial temporal lobe. It was originally used as an animal 
model of neurodegeneration, implying potential relevance of these 
mechanisms for the pathophysiology of schizophrenia, too [153]. 
Intracerebroventricularly administered kainic acid produces an increase in 
locomotor activity in a novel environment. More grooming was also reported 
at the beginning of testing in lesioned rats [152]. Additionally, increased 
dopamine receptor binding in the nucleus accumbens has been reported 
[151], a finding, which was also observed in adult lesions of the 
hippocampus, that will be discussed below.  
 The apparent destruction and artificiality of this lesion type hamper 
drawing a link to schizophrenia, despite the resemblance of some symptoms. 
Nevertheless, this model results quite often in seizures [e.g. ref. 151] and 
unnecessary suffering of the animals, and should be regarded with caution.  
 
Hippocampus 
 As mentioned earlier, the hippocampal formation gained a significant 
amount of experimental attention due to consistent findings in schizophrenia 
patients [86, 154] and because this brain site projects to the prefrontal cortex 
[155, 156] and participates in the regulation of the mesolimbic dopamine 
system [157]. In this section we will consider hippocampal lesions, again in 
the adult rat. Research has been focused predominantly on two parts of the 
hippocampal formation: Dorsal and ventral hippocampus (DH and VH, 
respectively) with both leading to different phenotypes. Ventral hippocampal 
lesions have been reported to result in differential neurochemical pattern in 
cortical and subcortical areas, resembling core symptoms of schizophrenia. 
This site has been chosen as lesion target because it directly projects to the 
prefrontal cortex [158] and corresponds to the anterior hippocampus in 
humans, the region which shows structural abnormalities in schizophrenic 
patients [86]. Both lesions of the DH and the VH enhance various dopamine-
mediated behaviors, e.g. spontaneous locomotion, amphetamine-induced 
hyperactivity and stereotypy [122, 159, 160], while the behavioral effects 
observed were site specific. For instance, ibotenic acid lesions of the DH 
induced a transient increase in spontaneous locomotion, but not in 
amphetamine-induced hyperactivity [159]. On the other hand, VH lesion 
permanently affects both exploratory activity and amphetamine-induced 
hyperactivity [160]. Indeed, spontaneous activity following hippocampal 
lesion has been reported to be site specific [161] with permanent increase 
after ventral or combined dorsal-ventral lesions, but only transient increase 
after dorsal lesions. One reason for this finding might be that major 
hippocampal striatal projections arise in the ventral hippocampus and 
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innervate ventral parts of the striatum [162]. Moreover, it has been proposed, 
that the dorsal hippocampus might affect striatal functions indirectly through 
its connections with the ventral part [163]. In a study comparing prefrontal 
cortical and both hippocampal (VH and DH) lesions, rats with either MPFC 
or VH lesions showed reduced haloperidol-induced catalepsy, while DH 
lesions did have no significant effect. Also in the same study, DH as well as 
VH ibotenic acid lesions demonstrated less frequent oral stereotypies than 
control animals [122]. Both dopamine antagonist-induced catalepsy and 
dopamine agonist-induced stereotypies are believed to be largely dependent 
on postsynaptic dopamine-mediated mechanisms in the striatum [122].  
 The results shown in studies using adult hippocampal lesions, especially 
ventral lesions, have great resemblance with schizophrenia symptoms, 
predominantly addressing positive symptoms and dopamine-mediated 
deficits. Thus, adult hippocampal lesion models have both face and predictive 
validity.   
 The most limiting shortcoming of all lesion studies in general is the lack 
of observed lesions in schizophrenia. In particular, brain injuries in the adult 
do not lead to schizophrenia. However, they may give rise to various 
dopamine-mediated symptoms, which are observed in schizophrenia and can 
be reversed by neuroleptics. Structural abnormalities as well as neurologic 
soft signs in schizophrenia patients led to the idea, that there is an early 
developmental injury that remains relatively silent until adulthood [85, 164]. 
In this context, schizophrenia represents a unique case, as it was shown, that 
the degree of functional compensation increases with the postinjury interval 
(also called “Kennard principle” [165]). Schizophrenia represents the 
opposite process with successful functional sparing during short postinjury 
intervals (i.e. before adulthood) and deficient sparing during long postinjury 
periods (i.e. after puberty, adulthood) resulting in the emergence of the 
already described schizophrenia symptoms. Following this rationale, Lipska 
and co-workers – among others – suggested, that the effects of early (i.e. 
neonatal) hippocampal damage in limbic dopamine systems would not be 
attenuated by maturation, instead, it would emerge with maturation (the so 
called “schizophrenia principle” instead of “Kennard principle”) [166]. The 
following section will therefore focus on a very influential animal model of 
schizophrenia: The neonatal ventral hippocampal lesion model.  
 
The neonatal hippocampal lesion  
 As described above, adult lesions enhanced our understanding 
concerning mesolimbic and corticostriatal dopaminergic pathways. However, 
their heuristic value in modeling a broad spectrum of schizophrenia 
symptoms as well as disease emergence and progression is somehow limited. 
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Following the procedure used in adult lesions, excitotoxic agents (e.g. 
ibotenic acid) were also applied in the neonatal lesion model. The main 
difference is the lesion time point. In this model, bilateral lesions to the 
ventral hippocampus were made on postnatal day 7 (PD 7), thus inducing an 
insult of the hippocampus, which disrupts the development of relevant 
cortical and subcortical circuitry in which the hippocampus participates. 
Again, the lesion targeted the ventral hippocampus, because it directly 
projects to the prefrontal cortex [158] and corresponds to the anterior 
hippocampus in humans, a region, whose relevance for schizophrenia was 
demonstrated [86].   
 The most intriguing aspect of this animal model is the postpubertal 
emergence of symptoms. Tested at PD 35, lesioned rats do not show 
significant behavioral aberrations. However, testing them at PD 56 (i.e. early 
adulthood), rats with VH lesion demonstrate symptoms similar to 
psychotomimetic models discussed earlier as well as to schizophrenia [166]. 
Providing that results of this model have been reviewed repeatedly and 
intensively elsewhere [10, 11, 108], we will focus on some predominantly 
behavioral features of this model with high face validity.  
 Similar to sensitization to psychostimulants, neonatally lesioned rats 
show at PD 56, but not at PD 35, increased activity as response to novelty as 
well as after amphetamine administration. These symptoms were reversed by 
haloperidol. At PD 70, neonatally lesioned rats display markedly increased 
activity after stress [166]. The changes in the reported behaviors are believed 
to be primarily related to increased mesolimbic and nigrostriatal dopamine. It 
has also been reported, that lesioned rats showed no differences in 
haloperidol-induced catalepsy when tested on PD 35, while apomorphine 
administration increased locomotor activity at this time point. Contrary to 
that, as young adults (PD 56), lesioned rats showed reduced catalepsy 
following haloperidol, while the apomorphine-induced hyperactivity was still 
apparent [167]. Interestingly, clozapine (as an atypical antipsychotic) as well 
as haloperidol (typical antipsychotic) could suppress hyperlocomotion [168], 
but clozapine was not effective for reversing social deficits [169].  
 Other studies demonstrated that neonatally ventral hippocampal lesioned 
rats have altered dopamine release in the striatum, nucleus accumbens and in 
the frontal cortex in response to mild repeated stress as well as after chronic 
haloperidol administration. This manifested itself in a modest reduction in 
baseline striatal dopamine release, which became more pronounced after 
chronic stress [170]. Contrary, chronic haloperidol treatment resulted in 
increased dopamine release in the same regions.  
 Concerning motivational and reward related behaviors, which are 
involved in the negative symptoms in schizophrenia, some studies reported 
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deficits in reward mechanisms [171], reduction in saccharine preference as 
well as deficit in amphetamine-induced conditioned place preference only in 
neonatal VH lesion, not in adult lesion [172]. Also there are various findings 
supporting the face validity of this model, as they show social deficits 
resembling those seen in schizophrenia.  
 The observed decrease in social interaction time [173] was increased by 
clozapine in some studies [174], but not in others [169]. It has also been 
shown, that social memory is impaired and that haloperidol was partially 
effective in attenuating this symptom [175]. It is intriguing, however, that 
social deficits were observed at both PD 35 and PD 65, although 
hyperactivity was only present after puberty [169]. Interestingly, deficits in 
spatial memory were also observed with no time delay. They were present at 
PD 25, 40 and 80 [176]. These findings resemble the clinical picture seen in 
schizophrenia, with negative symptoms, e.g. social withdrawal, and some 
cognitive deficits existing already long before the onset of positive 
symptoms.  
 Also, deficits in working memory and functions which require the 
functional integrity of the PFC have been demonstrated in this model. For 
example, in a study using T-maze, two related working memory tasks were 
applied: 1. The continuous delayed alternation and 2. The discrete paired-trial 
delayed alternation task [177]. Lesioned rats required longer time to learn the 
former, while working memory was shown to be compromised in the latter. 
Furthermore, deficits in sensorimotor gating and attentional processes have 
also been reported in neonatal VH lesioned rats [178, 179]. Consistent with 
other studies [180], there was no difference in startle response, but there were 
deficits in PPI which were reversed by atypical, but not typical, 
antipsychotics [179]. The reported behavioral phenotype seems to be 
mediated by genetic influence, which might attenuate or enhance the 
susceptibility to the VH lesion effects [181].  
 Interestingly, these symptoms could not be explained by the boost of 
gonadal hormones in puberty, as the absence of these by means of castration 
did not prevent the emergence of behavioral disturbances in adulthood. On 
the contrary, it enhanced those linked primarily to the mesolimbic dopamine 
system [182]. Furthermore, it has been shown that removal of PFC neurons in 
adult animals with neonatal lesions can restore some of the behavioral 
alterations [183]. This suggests that this behavioral phenotype is due to 
abnormal or dysregulated PFC activation resulting in increased subcortical 
firing upon dopaminergic subcortical stimulation.  
 Concerning molecular and electrophysiologic aspects, a considerable 
amount of research suggests that abnormal cortical interaction between the 
neurotransmitter systems dopamine, glutamate and GABA may give rise to 
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cortical dysfunction in the neonatally VH lesioned rats. Many of these 
findings have been observed in schizophrenic patients, e.g. reduced glutamate 
decarboxylase-67 (GAD-67) expression, reduced BDNF expression and 
changes in neuronal morphology  [for overview, see refs. 108, 184, 185].  
 Interestingly, it has been shown that neonatal VH lesions lead to 
prominent and widespread cell death even in brain areas distant from the 
lesion site, while cell death is restricted to the lesion area in the analogous 
adult model [186]. 
 Unlike pharmacological models, the neonatal VH lesion model affects 
other neuroanatomic and functional systems outside the hippocampus and 
elicits a unique time-dependent behavioral and physiological phenotype 
reminiscent of schizophrenia. As was mentioned before, this model possesses 
good predictive as well as face validity. Many symptoms are reversed by 
atypical antipsychotics resembling treatment effects observed in clinical 
populations. As was discussed earlier in this chapter, newer studies based on 
this model also apply transient, not permanent, “lesions”. Using tetrodotoxin 
makes the transient inactivation of the VH during a critical period of 
neurodevelopment possible [187]. The behavioral phenotype induced by this 
model is similar to that of the permanent lesion, however, the magnitude is 
smaller compared with those observed after the excitotoxic lesion. Moreover, 
the reversible hippocampal disconnection does not lead to significant social 
deficits as seen in the permanent model [118].  
 To sum up, adult and neonatal lesions discussed in this section produce 
symptoms relevant for schizophrenia, while the neonatal lesion model has 
more heuristic value and resembles the clinical course and temporal pattern 
as well as the symptoms of the disease. Table 2 illustrates the phenotype of 
both adult and neonatal lesion models and compares their main 
corresponding findings.  
 As it was portrayed in this section, lesion models, whether in adult animals 
or in the neonate, enhanced our understanding concerning putative temporal as 
well as physiologic mechanisms of relevant features of schizophrenia. They 
filled the gap, which was present in pharmacological models and illustrated a 
potential mechanism underlying the delayed emergence of psychotic 
symptoms. Compared to direct pharmacological manipulation models, lesion 
models accounted for many schizophrenia relevant symptoms. However, the 
most prominent shortcoming in these models is their artificial character in 
inducing a “lesion”. Recent developments are still based on the idea of early 
brain injuries, which might be induced by different toxins or other hazardous 
agents. These might act directly on the brain (neurotrauma, brain contusion, 
viral infections, malnutrition, etc.) or indirectly via psychological mechanisms 
(e.g. psychosocial stressors and psychotrauma). But this is not the only possibility 
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Table 2. Comparison between the phenotype of adult versus neonatal bilateral ventral 
hippocampal lesion in the rat. 
 

Domain Adult lesion 
(at postnatal day 42+) 

Neonatal lesion 
(at postnatal day 7) 

Hypersensitivity  
to stress 

Adult lesion does not lead to 
hypersensitivity to stress  
(i.e. no increased activity  

after saline injection or after  
swim stress) [160] 

 

Neonatal lesion leads to 
hypersensitivity to stress and 

resembles in this respect the adult 
lesion of the medial prefrontal 

cortex [124] 
 

Haloperidol-induced 
catalepsy 41% decrease of catalepsy 51% decrease of catalepsy [167] 

Apomorphine-induced 
hyperactivity Both lesions lead to apomorphine-induced hyperactivity [167, 172] 

Apomorphine-induced 
stereotypy Reduced stereotypic responses Potentiation of stereotypic responses 

[167] 
Memory No memory impairment Memory impairment [177] 

Reward sensitivity No deficit Deficit in reward sensitivity [172] 

Cellular and neuronal 
pattern of lesion 

Cell death is restricted to the 
ventral hippocampal area 

Widespread and prominent cell 
death, even in sites distant from  

the lesion area (striatum, 
nucl.accumbens, cortical areas 

surrounding the VH) [186] 
 
for inducing a lesion. Indeed, recent models are guided by the notion of 
“genetic lesion”. In other words, the observed phenotype in conventional adult 
and neonatal lesion models might be produced not by means of mechanical 
induction, but, due to dysfunctions in neuronal maturation, migration and/or 
differentiation. Providing that schizophrenia has a strong genetic background 
and due to the recent vast development and advance in genetic engineering and 
technology, present models focus on the effects of some candidate genes, 
which have been shown to be involved in the pathophysiology of schizophrenia 
in population studies. These models are the topic of the next section.  
 
4. “Present” 
4.1. Genetic models 
 Schizophrenia is a highly heritable disease. The population incidence is 
0.17-0.57 per 1000, and the point prevalence is 2.4-6.7 per 1000 reflecting 
the typical disabling chronic clinical course of the disease [188]. Using 
family, twin and adoption studies, it has been demonstrated, that the morbid 
risk of schizophrenia in relatives correlates with the degree of genes shared 
[189]. In contrast to lifetime morbid risk in general population of 1% [190], 
the incidence of schizophrenia is 6%-17% in first degree relatives             
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(e.g. parents, siblings) of an individual with schizophrenia. In monozygotic 
twins, who have 100% of their genes in common, the morbid risk increases to 
approx. 50%. Notably, even in this case, where the genetic background is 
identical, the risk to be affected is – fortunately – not fully determined. This 
fact gives credence to the role of non-genetic factors, e.g. environmental and 
social influences. Interestingly, the risk estimations as well as the emergence 
of schizophrenia seem to be universal [191] and fairly consistent across 
different racial groups [192].  
 The main focus of present schizophrenia research is set on the 
elucidation and determination of genetic factors increasing susceptibility to 
the disease. Studies in the last two decades have demonstrated that 
schizophrenia is not a monogenic, unifactorial disease. There is almost 
uniform agreement on the involvement of non-Mendelian mode of 
inheritance. The prevailing notion implies polygenic transmission with 
interacting environmental factors [189]. New research approaches aim at 
identifying genetic markers, which significantly co-exist with the disease in a 
relatively diagnosis-specific manner within affected families (i.e. genetic 
linkage studies) or within populations (i.e. genetic association studies) [193].  
 A great body of clinical and basic research evidence shed light on the 
putative role of some susceptibility genes for schizophrenia. Indeed, it has 
been an enormous amount of genetic linkage and whole genome scan studies 
accumulating for the last twenty years. Some of which has been evaluated in 
large meta-analysis studies [194, 195].  
 The vastly increasing advances in genomics and gene technologies 
facilitated the investigation of the genetic underpinnings of complex 
behavior. In contrast to the leading part of the rat in the past, the laboratory 
mouse settled into the center of scientific attention as being the most 
important model organism in the study of psychiatric genetics. This is not 
only due to the biological and physiological homology in wide parts of brain 
organization as well as the numerous features of behavioral repertoires mice 
and humans share, but also to practical issues (e.g. efficiency in breeding, 
economical maintenance, space saving due to small body size, etc.) that have 
contributed to the wide popularity of the laboratory mouse as a main 
modeling organism for molecular psychiatric research [196]. Besides, mouse 
and human genomes have been reported to share many similarities [197].  
 Improved and precise methods in gene targeting, conditional knock-out 
and transgenic technologies [198] as well as targeted mutations paved the 
way for studying and modeling complex issues like depression, circadian 
rhythm, narcolepsy, aggression, social interaction and stress-related 
behaviors [199, 200] in the mouse. Indeed, current methods open the 
opportunity for generating mutant mice carrying virtually any given gene of 
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interest [196]. This development was also supported by the increasing 
understanding of molecular and cellular mechanisms in concert with genetic 
influences in modulating sophisticated functions, e.g. cognition.  
 The availability of the Mouse Genome Database, which unites genomic 
and phenotypic information about the laboratory mouse and contains (up to 
September 2007) approximately 29.000 sequenced genes [201] and the vast 
sequencing of the mouse genome [202] accelerated the generation of diverse 
mouse models of psychiatric disorders, including schizophrenia, all over the 
world. However, despite the optimistic perspective evolved from current 
technical advances and the fast increasing efforts to complete the mosaic of 
the genetics of schizophrenia and mental disorders, developments in this field 
have soon posed various further problems. These could be divided in two 
groups: First, methodological considerations inherent in genetic modeling of 
mental disorders and addressing cognitive functions in mice and, second, the 
nature of clinical diagnosis of schizophrenia including the lack of objective 
and clear-cut markers of the disease. 
 In addition to disease heterogeneity and the lack of objective state-
independent markers, the plurivalent outcomes of genetic modifications as 
well as the imperfect relation between genes and behaviors underline the 
necessity of quantifiable, detectable and reliable disease markers. In this 
context, studies of biological markers of psychiatric disorders have yielded an 
overwhelming amount of ambiguous biological and physiological indicators, 
many of which are not disease-specific and tend to confound with other 
physiological parameters. Moreover, these often single findings have limited 
reproducibility both among and within patients [203]. Taking this into 
consideration, the definition of “endophenotypes” (i.e. intermediate 
phenotypes) presents a useful tool for diagnosing and studying the genetic 
mechanisms in mental disorders [204]. According to Gottesman and Gould 
[205], endophenotypes have to fulfill the following criteria to be called such: 
(1) The endophenotype is associated with illness in the population. (2) It is 
heritable. (3) It is state-independent (i.e. it is detectable in the affected 
individual whether or not the illness is active). (4) Endophenotype and illness 
co-segregate within families. (5) It is found in affected as well as in 
unaffected family members to a higher rate than in the general population. 
 In the previous sections some putative endophenotypes have been 
discussed. For example, sensorimotor gating (usually measured by means of 
prepulse inhibition) and working memory tasks are believed to be 
endophenotypic behavioral and cognitive domains, respectively. Additionally, 
hippocampal size and morphology as well as frontal lobe volume and activity 
have consistently been implicated in schizophrenia and fulfill the above 
mentioned criteria for endophenotypes [for review, see refs. 205, 206].  
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 Giving the fact, that genes affect cognitive functions and behavioral 
features [for example frontal functions, ref. 207], it is not surprising that 
various such genes have been discovered and found to be altered in 
schizophrenia patients [e. g. ref. 208]. As noted previously, such candidate 
genes have been successfully linked to the disease, even though they are not 
necessarily disease-specific. Their physiological roles and functions are 
pleiotropic, e.g. affecting different neuronal circuitry and interacting with 
various neurotransmitter systems.  
 The first genetic mouse models of schizophrenia were based on 
disrupting dopaminergic and glutamatergic neurotransmitter systems, 
continuing the study of dopamine and glutamate hypothesis of schizophrenia. 
Thus, these models were again set on the assumption that the schizophrenic 
phenotype arises from a disturbed neurotransmitter function. Since 
schizophrenia is not the result of disruption of a single neurotransmitter 
system, these models had essentially the same limitations as pharmacological 
models, even though many of them reliably mimic schizophrenia symptoms 
[6, 209, 210].  
 For the sake of brevity, we will not discuss all genes that have been 
implicated in schizophrenia. Instead, we will focus on six candidate genes           
(i. e. genes that have a neurobiologic role in signal transduction, neuronal 
maturation, neurite outgrowth and/or neurotransmission and are localized 
within putative disease-linked regions): Neuregulin1 (NRG1), Complexin 2 
(CPLX2), Disrupted-in-schizophrenia 1 (DISC1), Catechol-O-methyl transferase 
(COMT), Regulator of G-protein signaling 4 (RGS4) and Dystrobrevin-
binding protein 1 (DTNBP1). As noted previously, the list of candidate genes 
of schizophrenia is growing daily. However, associating a gene with the 
disease in a small number of studies does not automatically qualify it for 
being called “candidate gene”. In addition, not all genes linked with the 
disease seem to be biologically plausible, as they have no overt role in the 
pathophysiology.  
 Thus, the genes selected in this chapter unify some aspects: (1) They have 
been repeatedly and consistently reported to be involved in the disease. (2) 
They seem to have a biologically plausible overt role. Consequently, modeling 
them in mice might provide good construct validity. (3) Some of them have 
been implicated in cognition. (4) Studies in which they are disrupted delivered 
promising potential in terms of face and predictive validity.  
 In one case, complexin 2, evidence of being a schizophrenia candidate 
gene in humans or mouse models is somehow sparse. It may ultimately turn 
out to be a non disease-specific risk gene modulating the disease phenotype 
[211]. In this context, a great part of work in our lab is currently focusing    
on it.      As we do not attempt to give an overview of  the enormous and steadily 
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growing amount of literature on genetic mouse models of schizophrenia, we 
recommend to the reader recent reviews providing an overview of other 
promising genes [212-214]. 
 In the following section, the above mentioned genes will be discussed. 
First, their relevance for schizophrenia as well as their main physiological 
features and roles will be addressed. Then, evidence concerning their 
endophenotypes will be presented, where applicable. Finally, data are given 
on respective mouse models regarding the domains locomotor activity, 
stereotypy, social behavior, sensorimotor gating, latent inhibition, memory 
and effect of antipsychotic administration. Table 3 provides an overview of 
the behavioral phenotype of mice, mutant for the here presented candidate 
genes of schizophrenia.  
 
4.1.1. Neuregulin 1 (NRG1) 
 NRG1 was identified as being a susceptibility gene for schizophrenia in a 
genome-wide linkage scan study of 33 Icelandic families with schizophrenia 
[22]. The systematic study of the locus 8p21-22 revealed association between 
the disease and a multi-marker haplotype at the 5’ end of NRG1 gene [22]. 
This has been confirmed in other samples [215, 216], although allelic 
heterogeneity was present in many cases [217-219]. Several meta-analyses 
have supported the association between NRG1 and schizophrenia [220-222] 
and diverse studies have been recently reviewed elsewhere [223]. However, 
as often observed in genetic studies of mental illness, negative results 
claiming non-association have also been found [224-226]. Notably, it has 
recently been reported that NRG1 shows extreme population differences in 
allele and haplotype frequencies [227]. Taking this into account, conflicting 
results from different populations should not be surprising.  
 Neuregulin 1 belongs to the family of growth and differentiation factors. 
Through its interaction with the ErbB tyrosine kinase transmembrane 
receptors it induces differentiation and growth of neuronal, glial and other 
cell types. NRG1 gene is a huge, complex gene that spans more than 1.1 
megabase and produces diverse isoforms through alternative splicing. For an 
extensive discussion on the NRG1-ErbB signaling mechanisms, the reader is 
referred to [228, 229], for diverse physiological roles of NRG1 to [230, 231].  
 Further evidence points to NRG1 signaling involvement in PFC 
physiology and neurotransmission [232]. For instance, ErbB4, a crucial 
NRG1 receptor, is localized at GABAergic terminals of the PFC [233] which 
is, as we noted previously, one of the most studied brain sites involved in 
schizophrenia. Furthermore, a recent study has demonstrated, that altered 
NRG1/ErbB4 signaling results in NMDA receptor hypofunction in 
schizophrenia [234]. Additionally, ErbB4 is implicated in activity-dependent 
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maturation and plasticity of synaptic structure. Thus, genetic defects in 
NRG1/ErbB4 signaling might lead to glutamatergic hypofunction [235], 
another line of evidence strengthening a role for NRG1 as a susceptibility 
gene for schizophrenia.  
 Even though the NRG1 gene is one of the most promising candidate 
genes studied for schizophrenia, its cognitive and clinical correlates have 
received relatively little attention. A number of studies elucidate its putative 
involvement in cognitive dysfunction in schizophrenia. The study by Hall and 
colleagues [236] showed an association between a risk-allele within the 
NRG1 gene (SNP8NRG243177), which is part of the risk-associated 
haplotype “deCODE” [22, 237], and decreased activation in frontal and 
temporal brain regions, increased development of psychotic symptoms and 
lower premorbid IQ.  
 A recent MRI study proved the association between the Icelandic at-risk 
haplotype (HAPICE) with lower hippocampal volumes in schizophrenia 
patients and their non-affected relatives [216]. Hippocampal volume 
reductions have been widely replicated in schizophrenia patients and their 
unaffected family members, for example in twin studies [238, 239]. As 
mentioned previously, hippocampal volume and size are believed to be 
consistent endophenotypic markers for schizophrenia and other mental 
disorders. Interestingly, children who carry the at-risk variant of the NRG1 
gene have significantly larger grey and white matter volumes, independently 
of whether they were affected by childhood-onset-schizophrenia (COS) or 
not. However, COS risk allele carriers demonstrate a steeper rate of 
subsequent brain matter volume decline into adolescence [240]. These 
findings support a role for the NRG1 gene in defects of neurodevelopment in 
schizophrenia.  
 Considering mouse data, genetic inactivation of the NRG1 gene in mice 
is associated with abnormalities in several types of schizophrenia-relevant 
behavior. Thus, spontaneous locomotor activity in the open field is increased 
in NRG1 mutants [22, 241]. Moreover, the atypical antipsychotic clozapine 
reduces this hyperactivity [22]. NRG1 mutants also show a selective 
impairment in response to social novelty [242], which is similar to social 
deficit observed in schizophrenia patients. Some behavioral tests related to 
cognitive deficits in schizophrenia were altered in NRG1 mutant mice. 
Prepulse inhibition, which is believed to be a test for sensorimotor gating 
[37], is impaired in NRG1 mutant mice [22]. Latent inhibition, which – with 
certain limitations – might reflect selective attention [39], is also disrupted in 
NRG1 mutant mice [243]. Contrary, other cognitive processes such as spatial 
learning and working memory appear to be intact in NRG1 knock-out (KO) 
mice [242].  
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 Taken together, clinical evidence as well as data from mouse models on 
NRG1 support its candidacy as a susceptibility gene for schizophrenia. NRG1 
knockout mouse models deliver fairly good construct and face validity. 
Pharmacological interventions using antipsychotics have also proved to 
reverse the schizophrenia-like symptoms in this knockout mouse model and 
thus, predictive validity of this line of research is quite satisfying. However, 
the pleiotropic role of the NRG1 gene in neurodevelopment and neural 
plasticity complicate the understanding of its role in cognition and 
schizophrenia.  
 
4.1.2. Complexin 2 (CPLX2) 
 In contrast to the other candidate genes presented here, which have been 
repeatedly and intensively studied, complexins are just starting to move in the 
focus of scientific attention regarding schizophrenia. Complexins are 
presynaptic proteins, which play a key role in the modulation of neuronal 
exocytosis. They form a family of four small (134-160 residues) charged 
proteins, which are subdivided into two subfamilies: CPLX1/2 and CPLX3/4 
[244]. CPLX1 is specifically expressed in the central nervous system. 
CPLX2, on the other hand, was detected in other, non-neuronal tissue [245]. 
CPLX3/4 are predominantly expressed in the ribbon synapses of the retina 
[244].  
 Various studies reported decreased CPLX2 mRNA and protein levels in 
postmortem hippocampal tissue of schizophrenia patients [246, 247]. As 
discussed previously, there is no doubt about the central role of the 
hippocampal formation in schizophrenia. Cause and significance of these 
findings regarding CPLX2 is still unclear. CPLX2 may not play the role of a 
typical candidate gene for schizophrenia but rather be a contributor/modifier 
of disease progression/severity. As such, it obviously also plays a part in 
diseases as different as Alzheimer disease, alcoholism or Huntington’s 
Disease [211].  
 Few behavioral data exist on mice carrying a targeted deletion of the 
complexin 2 gene. For example, spatial learning and memory are not affected 
in CPLX2 mutant mice [248]. However, CPLX2 KO mice are more 
vulnerable to maternal deprivation stress in comparison to wild type control 
animals [248]. Two other studies have demonstrated electrophysiological 
alterations, which are not directly related to a schizophrenia phenotype. 
However, it has been shown that LTP in CA1 and CA3 in the hippocampus is 
reduced in CPLX2 KO [249]. Further characterization of schizophrenia 
related behavior of CPLX2 mutant mice is required. To conclude, complexin 
2 appears to be an interesting gene in the context of schizophrenia, albeit 
more in the sense of a non-specific disease modifier. 
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4.1.3. Disrupted-in-schizophrenia 1 (DISC1) 
 DISC1 gene is one of the most intensively studied candidate genes for 
schizophrenia. There is a great body of evidence pointing to its association 
with major psychiatric disorders [250], e.g. bipolar disorder, schizophrenia 
[251] and the autism spectrum [252]. DISC1 was first identified and located 
at the breakpoint of a balanced chromosomal translocation t(1;11)(q42.1; 
q14.3) in a large Scottish family which displayed a variety of psychiatric 
disorders [253]. The breakpoint at 1q was cloned and it was shown that it 
includes two genes, called DISC1 and DISC2 [254].  
 Several association and linkage studies in different populations [see also 
ref. 250 for review] supported its candidacy for the involvement in 
psychiatric disorders. Many studies have shown associations between allelic 
variations in DISC1 and risk to develop schizophrenia. For example, it has 
been reported that a single three-locus haplotype within the DISC1 gene was 
over-transmitted to individuals affected with schizophrenia in a family-based 
association study in a Finnish population [255]. In addition, over-
representation of five SNPs in the gene in schizophrenia patients has also 
been reported [256].  
 DISC1 is a complex gene, whose involvement in and implications for 
development and neuroplasticity are still poorly understood. It has 13 exons 
spanning over 200kb. The protein it encodes (consisting of 854 amino acids) 
is associated with various cytoskeletal proteins involved in centrosomal and 
microtubule function, cell migration, neurite outgrowth, membrane 
trafficking of receptors and possibly mitochondrial functioning [212, 257]. 
Additionally, a role in regulating adult neurogenesis has recently been 
reported [258]. In the human brain, DISC1 is expressed in cerebral cortex and 
hippocampus [259], both regions implicated in schizophrenia.  
 In the mouse brain, DISC1 is expressed from embryonic day 10 on to 
adult age, pointing to its role in neurodevelopment [260]. DISC1 interacts 
with many other proteins, including the nuclear distribution element-like 1 
(NDEL1) protein, the nuclear protein lissencephaly 1 (LIS1), the 
fasciculation and elongation protein zeta-1 (FEZ1) and phosphodiesterase 
4B (PDEB4). Interestingly, significantly reduced expression of  NDEL1, 
FEZ1 and LIS1 in the hippocampus and DLPFC of brains from 
schizophrenia patients has been reported, while DISC1 expression remained 
unaltered [261].  
 There is a strong body of clinical [262] as well as molecular evidence 
linking DISC1 with different cognitive and behavioral phenotypes relevant to 
schizophrenia [250 for review]. The molecular link emerged from the 
interaction of DISC1 with PDEB4 [263]. PDEB4 belongs to the family of 
phosphodiesterases which are orthologous to the Drosophila learning and 
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memory gene dunce [264]. Notably, phosphodiesterases play an imperative 
role in inactivating cAMP, which is a key signaling molecule implicated in 
learning and memory [for review, see refs. 265, 266].  
 Thus, alterations in this gene, as was shown from human studies, have 
deleterious effects on learning and memory. Mice carrying a point mutation 
leading to conversion from leucine to proline at residue 100 (L100P) of final 
DISC1 protein were shown to be abnormal in many types of schizophrenia 
related behavior tests [21]. Thus, DISC1 mutants show increase in locomotor 
activity in open field, deficit in prepulse inhibition and latent inhibition. 
Interestingly, all these alterations were sensitive to clozapine treatment [21]. 
DISC1 mutants also show deficit in working memory. However, social 
behavior of these mice was unimpaired [21].   
 Taken together, the DISC1 gene has proven to be a candidate gene for 
schizophrenia. DISC1 mutant mouse models demonstrate good predictive and 
partially also face validity. The construct validity is again a difficult issue, 
because schizophrenia is not a monogenic disorder. However, the 
involvement of DISC1 in the disease seems to be quite unequivocally 
accepted, although it is still unclear how alterations in the DISC1 gene can 
contribute to the emergence of the disorder.  
 
4.1.4. Catechol-O-methyl transferase (COMT) 
 The gene encoding the enzyme catechol-o-methyl transferase (COMT), 
located at the chromosomal region 22q11, has been implicated in 
schizophrenia, bipolar disorder, anorexia nervosa, anxiety and other mental 
disorders [267, 268]. Its putative involvement in schizophrenia is quite 
apparent, due to its key role in dopamine catabolism. COMT has also been 
intensively studied in the context of the microdeletion syndrome involving its 
chromosomal locus (velo-cardio-facial syndrome), in which a high 
prevalence of psychotic and affective symptoms has been reported [269]. 
Many studies have been conducted focusing on a functional polymorphism 
that substitutes a valine to methionine at codon 158. This constellation 
influences enzymatic activity and consequent dopamine metabolism. 
Homozygous carriers for the Met allele have the lowest activity, resulting in 
reduced dopamine degradation. This allele has been shown to be associated 
with PFC activation [270] and improved performance in frontal cortical tasks 
[271]. Conversely, the Val allele confers higher activity and has been 
relatively consistently linked to reduced performance in PFC-related tasks 
[271, 272].  
 As with the other previously mentioned genes, COMT studies have 
delivered mixed results. While some studies have supported the association 
between Val/Met polymorphism and schizophrenia [273, 274], other 
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studies found no association [275, 276]. Conflicting results emerged also 
from meta-analyses [277, 278] pointing to only a small effect of the COMT 
allelic variation on schizophrenia risk. Concerning the neurocognitive 
phenotype of the Val/Met polymorphism, there is a growing number of 
studies showing COMT involvement in PFC related functions [for review, 
see refs. 271, 279-282].  
 According to Craddock and colleagues [283], it cannot be ruled out, that 
a variation elsewhere in the COMT or neighbouring genes, such as ARVCF, 
is basis of the susceptibility to schizophrenia. Neither the mechanisms of how 
COMT regulates cognition nor its candidacy as a vulnerability gene have yet 
been clarified. The same conflicting pattern of evidence is found in mouse 
models of this gene. Mice lacking COMT did not show a prominent 
behavioral phenotype.  
 Thus, except for an increase in aggression, these mice show no changes 
in schizophrenia related types of behavior. The PPI and locomotor activity in 
open field are not affected in COMT mutants [20]. In conclusion, despite its 
apparent role in the physiology of the dopaminergic system and its potential 
implication in dopamine-mediated cognitive functions, the role of COMT in 
the pathophysiology of schizophrenia is still obscure. 
 
4.1.5. Dystrobrevin-binding protein 1 (DTNBP1) 
 A considerable body of evidence supports the involvement of the gene 
encoding dystrobrevin-binding protein 1 (DTNBP1) – synonym: Dysbindin1 – 
in the etiology of schizophrenia [284-286]. Nevertheless, some studies in 
diverse populations failed to find associations between schizophrenia and 
certain haplotypes of SNPs in the DTNBP1 gene [287-289]. DTNBP1 gene is 
located on chromosome 6p22.3 and encodes a 40-50 kDa protein that binds 
both α- and β-dystrobrevin. Both are members of the dystrophin glycoprotein 
complex [290], which is concentrated at postsynaptic densities in different 
brain areas.  
 DTNBP1 mRNA has been found to be expressed in diverse brain sites, 
including frontal and temporal cortices, nucleus accumbens, thalamus, 
amygdala and hippocampus. The reduction of DTNBP1 mRNA in multiple 
layers of the DLPFC in schizophrenia patients [291] as well as a selective 
decline in DTNBP1 expression presynaptically in the hippocampus support 
DTNBP1 as a candidate gene for schizophrenia [292]. Additionally, Talbot 
and colleagues  [292] have reported an inverse correlation of DTNBP1 
levels with the vesicular glutamate transporter 1 (VGluT-1) in the 
hippocampus of schizophrenia patients. This finding may support the 
involvement of this gene in schizophrenia. As noted earlier in this chapter, 
one of the original hypotheses on schizophrenia pathophysiology is the 
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glutamatergic hypothesis, pointing to a glutamatergic hypofunction as basis 
of clinical features [293].  
 Neuropsychological data underline the putative function of DTNBP1 in 
cognitive deficits reported in this disease. Several studies succeeded in 
identifying high-risk haplotypes in the DTNBP1 gene [e. g. 294, 295] as well 
as in linking these with specific clinical features of the disease. For example, 
carriers of a high-risk haplotype were more likely to manifest high levels of 
negative symptoms in an Irish study of high-density schizophrenia families 
[296]. Another study reported that a variation in DTNBP1 is associated with 
negative symptoms [297]. These findings are of great interest in light of 
previously discussed effects of glutamatergic antagonists on inducing 
negative symptoms in healthy individuals [69]. Taken together, these data 
suggest DTNBP1 to be involved in mechanisms related to affect and mood 
domains of schizophrenia.  
 Different studies have reported relations between variants in DTNBP1, 
poor premorbid functioning and childhood-onset-schizophrenia (COS) [298], 
higher cognitive decline [299] as well as deficits in early visual processing 
[300]. Moreover, DTNBP1 variants have been reported to be involved in 
frontal brain functions in healthy subjects [301].  
 Despite promising evidence from clinical and basic research, DTNBP1 
does not seem to be the ideal “schizophrenia candidate” gene. Disruptions in 
the dystrophin-associated protein complex result in Duchenne muscular 
dystrophy [302]. A murine spontaneous mutation in the DTNBP1 gene leads 
to Hermansky-Pudlak syndrome type 7 (HPS7), which is characterized by 
oculocutaneous albinism, prolonged bleeding and pulmonary fibrosis [303]. 
The sandy mouse (sdy) is a rodent model of HPS7. In this context, no 
schizophrenia-related behavioral features have been reported. This might be 
seen as a drawback for the candidacy of DTNBP1; however, considering 
conflicting human data as well as the complexity of schizophrenia 
pathophysiology and clinical manifestation, it should not be too surprising 
that alteration in this gene in a model organism like mice does not lead to an 
apparent phenotype, which satisfies validity criteria.  
 
4.1.6. Regulator of G-protein signaling 4 (RGS4) 
 RGS4, which is localized at the chromosomal locus 1q23, is a 
particularly interesting candidate gene for schizophrenia, as clinical and basic 
research data show its biological implication in the disease. Also, this gene 
appears to be a target of the physiological response to environmental stimuli 
(e.g. stress). Stress in turn is regarded as one crucial factor for the emergence 
of psychiatric disorders.  
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 According to Levitt and colleagues [304], there are principally three lines 
of evidence supporting the candidacy of RGS4: First, genetic studies showing 
the association between schizophrenia and non-functional polymorphisms in 
the RGS4 gene [305-307]; second, decreased RGS4 expression in cortical 
regions in schizophrenia patients in a disease-specific pattern [308] and third, 
the differential regulation of RGS4 in the brain and its responsiveness to 
chronic stress [304, 309].  
 Although many studies have succeeded in associating RGS4 with 
schizophrenia [306] other studies conducted in different populations could 
not fully support this association [310-312]. Possible reasons for these 
conflicting results might be diagnostic differences between samples, 
heterogeneous and small sample sizes and/or locus heterogeneity. However, 
the biological and cellular role and function of RGS4 gene make it a very 
attractive and promising candidate. RGS4 was one of the earliest studied 
members of the RGS (regulators of G-protein signaling) family, which has 
been shown to be a highly diverse protein family. Regulator of G-protein 
signaling control the duration and regulate the timing of intracellular 
signaling of many G-protein mediated receptors [305]. The expression of the 
RGS gene family is widespread through the human body. Many of them 
show a distinct expression pattern in the rodent brain [313].  
 RGS4 mRNA has its highest levels of expression in frontal cortical 
regions, while subcortical sites (e. g. thalamus, striatum) manifest the lowest 
expression levels in normal postmortem human brain samples [314]. The 
regional density pattern in rodents seems to differ from that observed in 
humans [313]. It has been reported that RGS4 is linked to dopamine receptor 
D2 functions [315, 316] and inhibits signaling of metabotrobic glutamate 
receptors [317].  
 Concerning implication in neurocognitive functions, altered expression 
of RGS4 mRNA in the superior temporal gyrus (STG) in brains of 
schizophrenic patients has been documented [318]. The STG is believed to be 
a key region for speech and communication. Furthermore, it is connected to 
limbic regions, associated with schizophrenia pathology, and has been 
reported to be involved in the emergence of auditory hallucinations [319]. 
Another study demonstrated the impact of a variation at a RGS4 SNP, 
associated previously with psychosis (rs951436), on frontoparietal and 
frontotemporal regions during a working memory task and on grey matter 
structural connectivity as well as on white matter volume in healthy 
volunteers [320].  
 Concerning mouse behavioral data, RGS4 deficient mice did not display 
deficits in PPI [321]. RGS4 mutants also failed to show abnormalities in 
locomotor activity in open field, working memory in T-maze or Pavlovian 
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fear conditioning [321]. Again, as noted previously, genetic variation in a 
specific gene in humans does not inevitably lead to comparable behavioral 
and clinical manifestations in mice. Nevertheless, the potential contribution 
of this gene to the evolvement of the schizophrenic phenotype is worthwhile 
further investigating. Regarding validity issues of the RGS4 mouse model, 
the construct validity might be considered satisfying due to aspects 
mentioned above. However, further research is needed for clarifying face and 
predictive validity issues.  
 Table 3 contains an overview summarizing the behavioral phenotype of 
mice mutant for the here discussed genes. As noted previously, we have only 
included studies yielding positive results regarding schizophrenia-related 
symptoms. There is an enormous amount of studies addressing various 
genetic alterations in the mentioned genes. However, the number of 
schizophrenia-relevant phenotypes is still limited.  
 
4.2. Present genetic animal models: Promises and problems 
 Based on human data and experimental results with rodents, evidence is 
available for a role in schizophrenia of all the genes discussed here, be it as 
disease co-causing or as modifying factor. This holds true despite of the 
somewhat discouraging recent reports, raising doubts as to the significance of 
any of the candidate genes for schizophrenia [322]. Especially, strongest 
evidence remains for NRG1 and DTNBP1 [323-325].  
 The previous sections tried to illustrate different approaches in modeling 
schizophrenia in rodents. By means of clinical as well as basic research it has 
become apparent, that schizophrenia is not a monofactorial mental disorder, 
which affects a single physiologic system or specific brain region with its 
interconnected functional circuits. Rather it is a complex and polygenetic 
disease, which might be triggered by different environmental influences. 
Twin studies have taught us, that heritability has a crucial impact on the 
evolution of the disease. However, it is not sufficient for triggering 
schizophrenia since heritability even in monocygotic twins amounts to only 
50% [238, 239]. Logically, the other 50% stem from environmental 
influences. Although research in this category is still nascent, we have to put 
all efforts into creating models that unify multiple causative factors, genetic 
and environmental, to give rise to the disease. 
 
5. “Future” 
 As noted previously, the prevailing notion is that an early developmental 
deficit alone may not be sufficient to cause the disease. However, an early 
predisposing factor may increase disease vulnerability. On basis of this 
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increased vulnerability – might it be due to genetic predisposition or early 
brain injury – the illness is believed to be triggered by later life events (e.g. 
severe stress caused by extreme social isolation, psychotrauma, neurotrauma, 
drug abuse to just name a few). This interaction of (genetic) vulnerability and 
additional triggering events has been called the “two-hit” hypothesis of 
schizophrenia [326, 327]. The basic requirement is believed to be a perhaps 
minimally dysfunctional genetic background, affecting neuronal development 
and plasticity, which is fully compensated for in the absence of additional 
triggers.  
 There is in fact a growing number of studies combining two or more 
predisposing and triggering factors. For example, the effects of neonatal 
ventral hippocampal lesion is modified according to genetic strain [181]. 
Repeated PCP administration induced a more pronounced hyperlocomotion 
pattern in rats with neonatal ventral hippocampal lesion [328]. Furthermore, a 
recent study using different behavioral tasks has demonstrated that 
heterozygous NRG1 mutant mice are more sensitive to the effects of delta-9-
tetrahydrocannabinol (THC) administration [329]. Surprisingly, NRG1 
mutant mice acutely treated with THC had an enhanced PPI compared with 
wild type mice. The locomotion suppressant effect of THC was also more 
pronounced in the NRG1 mutant mice. Despite these rather atypical findings, 
a rodent model combining two different vulnerability factors seems to be a 
promising approach for more adequately mimicking the etiology and 
pathogenesis of schizophrenia. Table 4 gives an overview on the various 
rodent models discussed in this chapter.   
 In recent work, the onset of schizophrenia-associated cortical grey matter 
loss in the parietal lobe [100] was modeled by inducing a small standardized 
unilateral parietal cold-lesion through the intact skull of 28 day old mice. 
This lesion, triggering from the outside as yet unknown internal processes 
that lead to progressive brain atrophy in schizophrenia, led to a similar type 
of cortical grey matter loss in mice, when applied at the vulnerable age 
around puberty. Applied at later age, no such changes were observed 
anymore [330]. Presently, we are combining this model of subtle progressive 
brain atrophy with genetic and other environmental factors in order to create 
a “several hit model” of schizophrenia. 
 The prevailing amount of studies containing multiple vulnerability 
factors does not intensively focus on assessing the behavioral domains 
affected in schizophrenia. Moreover, various studies use locomotion as the 
only behavioral schizophrenia-relevant phenotype. This is not only the case 
in “multiple-hit” studies. It also holds true for monofactorial designs. Since 
diagnosing schizophrenia in man relies primarily, if not exclusively, on      
the behavioral phenotype,  an assessment procedure         which addresses relevant 
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domains also in rodents is indispensable. One potentially promising approach 
is adapting the diagnostic practice of mental disorders in humans to rodents. 
Compared with physical diseases, mental disorders lack thus far specific 
cellular indicators. Thus, the process of diagnosis is heavily based on 
objective and communicable classification systems. The most famous and 
widely used diagnosis system for mental health professionals is the 
Diagnostic and Statistical Manual of Mental Disorders (DSM) of the 
American Psychiatric Association [4]. The DSM, since 1994 in its 4th 
revision, is a categorical classification system for various mental disorders. It 
enables making a diagnosis of the mental functioning of patients by means of 
using different branches of clinical information. The DSM-IV includes 
criteria for diagnosing a mental disorder. Symptoms listed there are grouped 
into clusters. Patients do not have to fulfill all points in all criteria to be given 
the corresponding diagnosis. Rather, these categories have to be seen as 
prototypes for the disease and patients showing a high degree of 
approximation with a given prototype get the corresponding diagnosis.  
DSM-IV criteria for schizophrenia are summarized in Table 5. For example, 
according to DSM-IV criteria for schizophrenia, it is necessary to show at 
least two symptoms of criterion A for the period of one month (or less if 
successfully treated). Additionally, the patient has to meet criteria B, C and 
D, while other potential confounding disorders have to be excluded (criteria 
E and F). However, only one symptom in criterion A is required, if delusions 
are bizarre or hallucinations consist of a monologue commenting the 
behavior of the patient. Despite these objective classification systems, 
making a diagnosis of schizophrenia in humans is often challenged by 
various pitfalls. Nevertheless, intensive efforts are made on validating 
diagnostic methods, e.g. by continuous updates and revisions of DSM and 
similar classification systems.  
 Similarly to diagnostic practice in humans, such an objective 
classification system is desperately needed in rodent models of 
schizophrenia. As was shown in this chapter, rodents demonstrate various 
behavioral features analogous to humans. Thus, the formulation of objective 
diagnostic criteria for “rodent schizophrenia” seems to have a factual basis.  
 In the following section, we offer a preliminary step towards defining 
communicable criteria for the diagnosis of schizophrenia in rodent models. 
As stated previously, the diagnostic process should account for the mainly 
behavioral phenotype of the disease. For the sake of simplicity, we will call 
these criteria “rodent DSM criteria”, pointing to our intention of having 
analogous conditions to human diagnostic standards. The key principle which 
is implicated in these criteria is that the diagnosis is made on the basis of 
constellation of specific symptoms, rather than of the presence of single 
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features of the disease. In analogy with the human diagnostic manual, a 
rodent diagnostic system has to include the combination of sufficient disease-
related symptoms in different behavioral domains. It has to be stated at this 
point, that the formulation of such diagnostic criteria is dependent on current 
knowledge of disease symptomatology and underlying mechanisms. The state 
of knowledge is target of steadily growing developments and achievements in 
science. Thus, the criteria we propose here for rodents will be as much 
subject to future revisions as the DSM criteria in humans. 
  
Table 5. Diagnostic criteria for schizophrenia according to DSM-IV (American-
Psychiatric-Association 2000). 
 

A Characteristic symptoms: Two (or more) of the following, each present for a significant 
portion of time during a 1-month period (or less if successfully treated):  
 

1. delusions  
2. hallucinations  
3. disorganized speech (e.g., frequent derailment or incoherence)  
4. grossly disorganized or catatonic behavior 
5. negative symptoms, i.e., affective flattening, alogia, or avolition  

 

Note: Only one Criterion A symptom is required if delusions are bizarre or 
hallucinations consist of a voice keeping up a running commentary on the person's 
behavior or thoughts, or two or more voices conversing with each other.  

B Social/occupational dysfunction: For a significant portion of the time since the onset 
of the disturbance, one or more major areas of functioning such as work, interpersonal 
relations, or self-care are markedly below the level achieved prior to the onset (or when 
the onset is in childhood or adolescence, failure to achieve expected level of 
interpersonal, academic, or occupational achievement).  

C Duration: Continuous signs of the disturbance persist for at least 6 months. This 6-
month period must include at least 1 month of symptoms (or less if successfully 
treated) that meet Criterion A (i.e., active-phase symptoms) and may include periods of 
prodromal or residual symptoms. During these prodromal or residual periods, the signs 
of the disturbance may be manifested by only negative symptoms or two or more 
symptoms listed in Criterion A present in an attenuated form (e.g., odd beliefs, unusual 
perceptual experiences). 

D Schizoaffective and Mood Disorder exclusion: Schizoaffective Disorder and Mood 
Disorder With Psychotic Features have been ruled out because either (1) no Major 
Depressive, Manic, or Mixed Episodes have occurred concurrently with the active-
phase symptoms; or (2) if mood episodes have occurred during active-phase symptoms, 
their total duration has been brief relative to the duration of the active and residual 
periods.  

E Substance/general medical condition exclusion: The disturbance is not due to the 
direct physiological effects of a substance (e.g., a drug of abuse, a medication) or a 
general medical condition.  

F Relationship to a Pervasive Developmental Disorder: If there is a history of Autistic 
Disorder or another Pervasive Developmental Disorder, the additional diagnosis of 
Schizophrenia is made only if prominent delusions or hallucinations are also present 
for at least a month (or less if successfully treated). 
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5.1. DSM criteria for rodent schizophrenia 
 As discussed at the beginning of this chapter, animal models of psychiatric 
disorders have to meet some validity requirements to be regarded as scientifically 
beneficial. Consequently, we are convinced that good construct validity of a 
potential model should be regarded as the first criterion, delivering category A 
which has to be met in a diagnostic system for rodent schizophrenia (Table 6). 
Thus, a potential experimental intervention should meet this key prerequisite. For 
example, animal models based on the “two-hit” hypothesis implicating 
combinations of candidate genes and environmental factors fulfill this 
requirement at best. However, the assessment of construct validity heavily 
depends on the growing understanding of the disease. Thus, this point has to be 
evaluated according to the contemporary disease knowledge.  
 Furthermore, we suggest to group different schizophrenia symptoms into 
classes according to domains (compare also Table 1). This approach 
addresses the face validity issue and puts positive and negative symptoms 
together in category B. As mentioned previously, there are almost no reliable 
behavioral features in rodents, which are homologous to human positive 
symptoms (e.g. hallucinations and delusions). Nevertheless, it is widely 
believed, that hyperlocomotion/hyperactivity and stereotypy are to some 
extent related to positive symptomatology. One important feature of negative 
symptoms is social withdrawal, which can be assessed in rodents. Similarly, 
some aspects of affective loss/anhedonia can be modeled. Consequently, a 
potential rodent model of schizophrenia should fulfill at least one of the 
characteristic features listed in category B.  
 As cognitive symptoms are believed to be a core feature of the disease 
[2], we suggest to include them in rodent DSM, even though very 
surprisingly they were not addressed (forgotten?) in the current version      
(4th ed.) of human DSM. Cognitive functions have been intensively studied in 
rodents, with various well-established and reliable tests available. Based on 
that, we include readouts for working memory, attention, executive functions 
and sensorimotor gating in category C. A potential “schizophrenic” rodent 
should show deficits in at least two characteristic features listed in this 
category. It has to be noted here, that rodents showing a global cognitive 
deficit with very low learning ability have to be excluded. Schizophrenia is 
not comparable with mental retardation or debility. 
 Concerning predictive validity, we suggest to include the reversal of 
symptoms by antipsychotics as part of an optional, supporting category D. 
We feel that it should be optional since not all schizophrenic patients benefit 
from antipsychotic medication [68]. However, a putative rodent model 
showing reversal of symptoms after antipsychotic medication should be 
regarded as most reliable. 
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Table 6. Rodent DSM-like criteria for modelling schizophrenia. 
 

Validity 
aspects 

Category Domain Characteristic features Rodent phenotype 

Construct 
validity 

A  The means of modeling applied in rodents should stay in 
conceptual correspondence with human disease  

B Positive 
symptoms 
 
 
 
 
 
 
 

Negative 
symptoms 
 
 
 

Psychomotor 
agitation 
 
 
 
 
 
Stereotypy 
 
Anhedonia 
 
Social 
withdrawal 

Spontaneous hyperlocomotion 
Increase in PCP- and MK801-induced 
hyperlocomotion 
Increase in amphetamine induced 
hyperlocomotion 
Increase in stress induced 
hyperlocomotion 
Circling movements 
Repetitive behaviors 
Decrease in sucrose preference 
 
Decreased preference to social novelty
Decreased social interaction 
Decreased or disturbed nesting in the 
home cage 
Decreased huddling in the home cage 
 

Face 
validity 

C Cognitive 
symptoms 
 
 
 
 
 
 
 

Working 
memory deficits 
 
Deficit of attention
 
 
Executive 
function deficits 
 
 
 
Deficit of 
sensorimotor 
gating 

Impaired performance in T-maze 
Impaired performance in 8-arm maze 
 
Impaired latent inhibition 
Decreased sustained attention in 
5CSRTT 
Increased distractibility in 5CSRTT 
Increased reaction time in 5CSRTT 
Increased premature responses in 
5CSRTT 
Decreased set-shifting ability 
Diminished PPI 
Deficit of startle habituation 

  Note: A global cognitive deficient phenotype with very low learning 
ability has to be excluded. 

                                                           Optional, supporting categories 

Predictive 
validity 

D  Improvement of some deficits from categories B and C 
after treatment with known antipsychotic drugs 

 E Non-
behavioral 
traits  

Findings in neuroimaging, neuropathology, pathophysiology 
and gene expression comparable to schizophrenia patients 
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 In contrast to diagnostic criteria in humans, we propose several 
additional invasive assessment methods for detecting morphological, cellular 
and physiological abnormalities shown in schizophrenic patients. Even 
though these findings are not consistent in all affected human individuals, 
they might ultimately help to formulate and detect subtypes of the disease in 
humans as well as rodents. These diagnostic means are considered in the 
second optional, supporting category E.  
 The here proposed criteria should be regarded as an attempt to guide the 
modeling of such complex biological disease phenomena as schizophrenia. 
The steadily growing advances in translational neuroscience and biological 
psychiatry will hopefully help to revise and modify the above mentioned 
categories for classification of rodent schizophrenia. Rigorous scientific 
efforts are desperately required in order to fulfill the substantial need for 
valid animal models of schizophrenia. We are convinced that further 
developments in this field will lead to deeper understanding of the underlying 
disease mechanisms as well as to advances in therapeutic and preventive 
approaches. 
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Schizophrenia is a devastating disease that affects

approximately 1% of the population across cultures.

Its neurobiological underpinnings are still unknown.

Accordingly, animal models of schizophrenia often lack

construct validity. As concordance rate in monozy-

gotic twins amounts to only 50%, environmental risk

factors (e.g. neurotrauma, drug abuse, psychotrauma)

likely act as necessary ‘second hit’ to trigger/drive

the disease process in a genetically predisposed indi-

vidual. Valid animal models would have to consider

this genetic–environmental interaction. Based on this

concept, we designed an experimental approach for

modeling a schizophrenia-like phenotype in mice. As

dysfunction in synaptic transmission plays a key role in

schizophrenia, and complexin2 (CPLX2) gene expression

is reduced in hippocampus of schizophrenic patients, we

developed a mouse model with Cplx2 null mutation

as genetic risk factor and a mild parietal neurotrauma,

applied during puberty, as environmental ‘second hit’.

Several months after lesion, Cplx2 null mutants showed

reduced pre-pulse inhibition, deficit of spatial learning

and loss of inhibition after MK-801 challenge. These

abnormalities were largely absent in lesioned wild-type

mice and non-lesioned Cplx2 null mutants. Forced alter-

nation in T-maze, object recognition, social interaction

and elevated plus maze tests were unaltered in all

groups. The previously reported mild motor phenotype

of Cplx2 null mutants was accentuated upon lesion. MRI

volumetrical analysis showed a decrease of hippocampal

volume exclusively in lesioned Cplx2 null mutants. These

findings provide suggestive evidence for the ‘second hit’

hypothesis of schizophrenia and may offer new tools for

the development of advanced treatment strategies.
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Schizophrenia is a frequent, debilitating, complex disease
phenotype, characterized by positive, negative and cognitive
symptoms (American Psychiatric Association 2000; van Os &
Kapur 2009; Wong & Van Tol 2003) with still obscure etiology
(Sawa & Snyder, 2002). As it is debatable which constructs
are central in the pathophysiology of schizophrenia, animal
models with convincing construct validity (e.g. Willner
1986) have been sparse. In contrast, models with face
validity, where immature rodents are exposed to lesions
or pharmacological interventions, have been used for many
years (for review see, e.g. Lipska 2004).

A genetic root of schizophrenia is indisputable but
concordance rate in monozygotic twins is only 50%
(Gottesman & Shields 1976), pointing to additional, epige-
netic/environmental risk factors (Anderson et al. 1998; Bayer
et al. 1999). The ‘second hit hypothesis’ proposes a non-
genetic risk factor (‘environmental or second hit’) triggering
schizophrenia in predisposed individuals (‘genetic or first hit’).
Consequently, recent animal models unite genetic with envi-
ronmental factors (for review see, e.g. Ayhan et al. 2009).
Based on this ‘second hit hypothesis’, we designed an experi-
mental approach for modeling schizophrenia which combines
a genetic [Complexin2 (Cplx2) null mutation] and an environ-
mental factor (mild parietal cortical lesion during puberty) to
induce schizophrenia-like features in mice.

Schizophrenia is seen as a ‘disease of the synapse’
(Harrison & Weinberger 2005) bringing synaptic molecules
into research focus. Among these are complexins (CPLX),
presynaptic proteins that modulate neuronal exocytosis (for
review see Brose 2008). They form a family of four small
(134–160 residues) charged proteins, subdivided into two
subfamilies: Cplx1/2 expressed in central nervous system

592 doi: 10.1111/j.1601-183X.2010.00590.x



Cplx2 null mutation and neurotrauma: a two-hit schizophrenia model

and Cplx3/4 mainly in retinal ribbon synapses (McMahon
et al. 1995; Reim et al. 2005). In schizophrenic post-
mortem brains, hippocampal CPLX2/CPLX2 expression is
decreased (Harrison & Eastwood 1998; Sawada et al. 2002).
Association of single nucleotide polymorphisms in CPLX2
with schizophrenia was shown in a Korean population, adding
this gene to potential risk genes (Lee et al. 2005). In Cplx2−/−

mice, a mild behavioral phenotype consists of slight motor
deficit and, inconsistently, impaired learning in Morris water
maze (Glynn et al. 2003, 2007; Yamauchi et al. 2005).

Neurotrauma is one potential risk factor for schizophrenia
(Malaspina et al. 2001; McAllister 1998), and particularly
lesions affecting the right parietal lobe have been associated
with schizophrenia-like psychosis (Sachdev et al. 2001;
Zhang & Sachdev 2003). As in a pivotal longitudinal study
on patients with childhood onset schizophrenia, again the
parietal cortex evolved as starting point of cortical gray matter
loss (Thompson et al. 2001), we developed a mouse model,
where a small standardized lesion is set during puberty
onto the right parietal cortex. This mild cryolesion is applied
stereotactically through the intact skull (no fractures) and
does not cause any obvious immediate symptoms. It leaves
only a very tiny, barely visible scar but initiates a bilateral
neurodegenerative process very similar to that occurring
endogenously in schizophrenia for as yet unknown reasons
(Sargin et al. 2009; Sirén et al. 2006). Importantly, mice
lesioned at a later age or in another location of the brain do not
develop comparable global brain atrophy/neurodegeneration
(Sirén et al. 2006). The lesion alone does not create a
schizophrenic phenotype even though mild features of it are
showed with careful behavioral/morphological testing, e.g.
hyperactivity, cognitive dysfunction upon aging and global
brain atrophy (Sargin et al. 2009; Sirén et al. 2006).

By combining Cplx2 null mutation with neurotrauma,
we provide further experimental proof-of-principle that a
genetic predisposition (affecting neurodevelopment) plus an
environmental risk factor (inducing neurodegeneration) can
give rise to prominent schizophrenia-like alterations in mouse
behavior and brain morphology.

Materials and methods

Animals
All experiments were permitted by the local Animal Care and Use
Committee.

CPLX2 mutant mice of mixed 129Sv-C57Bl/6 background were
generated by homologous recombination in embryonic stem cells
as described previously (Reim et al. 2001). Behavioral experiments
were performed after 10 backcrosses to the C57BL/6NCrl (Charles
River Laboratories, Sulzfeld, Germany) mouse strain and employed
age-matched male wild-type (WT or Cplx+/+; n = 53) and Cplx2
null mutant [knockout (KO) or Cplx2−/−; n = 65] littermates. Two
cohorts of mice were used: ‘cohort 1’ – WT n = 25, KO n = 36;
‘cohort 2’ (mice were born 6 weeks later) – WT n = 28, KO n = 29.
Mice were housed at 4–5 per cage in a room with 12 h light/dark
cycle (lights on at 0900 h) and ad libitum access to food/water
(except for the forced alternation in T-maze period; see below). The
order of testing was as follows: elevated plus maze, open field,
rotarod, grip strength, hind-limb clasping, social interaction, sucrose
preference, pre-pulse inhibition, novel object recognition test, forced
alternation in the T-maze and Morris water maze, pharmacological
challenge with MK-801. All mice were used for all behavioral tests

with the following exceptions: (1) for the pharmacological challenge
with MK-801, a subset of mice (n = 12) of cohort 1 was used;
(2) forced alternation in T-maze was only performed by cohort
2; (3) water maze was applied on cohort 1 and on a randomly
selected subset of mice (n = 5–8) from cohort 2. Finally, a subset
of mice (n = 11–12, balanced between cohorts) was examined by
magnetic resonance imaging (MRI) volumetry. The order of testing
was designed according to increasing invasiveness to minimize a
possible influence of experimental history (McIlwain et al. 2001).
Age of mice at the beginning of testing was 16 weeks, i.e. 3 months
after surgery (see below). Inter-test interval was at least 1–2 days
(for timetable and illustration of the barely visible scar remaining from
the cryolesion see Fig. 1a). Behavioral tests were performed in a blind
fashion during the light phase of the day from 1000 until 1700 h.

Surgery
At the age of 28 days (mouse puberty), mice were anaesthetized
with an intraperitoneal injection of 0.25% tribromoethanol (Avertin)
(0.125 mg/g). The parietal skull was exposed through a scalp
incision and a freezing lesion was placed on the right parietal
cortex (coordinates from bregma: 1.5 mm posterior, 1.5 mm lateral;
Franklin & Paxinos 1997). A cone-shaped copper cylinder with flat
round tip diameter of 1 mm was cooled with liquid nitrogen (−183◦C).
Its tip was stereotactically placed in direct contact with the exposed
parietal skull and kept in a place for 60 seconds. Sham-operated
animals went through the same procedure without cooling the metal
cone. After that, the scalp was sutured and mice were kept on a
heating plate (37◦C) until waking-up. The number of animals which
was assigned to either lesion or sham-lesion was balanced between
genotypes within each cohort.

Behavioral testing

Elevated plus maze
In this test of anxiety, mice were placed in the central platform, facing
an open arm of the plus maze (made of gray plastic with a 5 × 5 cm
central platform, 30 × 5 cm open arms and 30 × 5 × 15 cm closed
arms; illumination 120 lx). The behavior was recorded for 5 min by an
overhead video camera and a PC equipped with ‘Viewer 2’ software
(Biobserve GmbH, Bonn, Germany) to calculate the time spent in
open or closed arms, distance traveled, number of arm visits and
velocity. The proportion of time spent in open arms was used to
estimate open arm aversion (fear equivalent).

Open field
Spontaneous activity in the open field was tested in a gray Perspex
arena (120 cm in diameter, 25 cm high; illumination 120 lx). Mice
were placed in the center and allowed to explore the open field for
7 min. The behavior was recorded by a PC-linked overhead video
camera. ‘Viewer 2’ software was used to calculate velocity, distance
traveled and time spent in central, intermediate or peripheral zones
of the open field.

Rotarod
The rotarod test examines motor function, balance and coordination.
It comprised a rotating drum (Ugo Basile, Comerio, Varese, Italy),
which was accelerated from 4 to 40 r.p.m. over 5 min. Mice were
placed individually on the drum and the latency of falling off the drum
was recorded using a stop-watch. To assess motor learning, the
rotarod test was repeated 24 h later.

Grip strength
A grip strength meter (TSE GmbH, Bad Homburg, Germany) was
used to assess forelimb grip strength. Mice were lifted and held by
their tail so that their forepaws could grasp a wire grid. The mice were
then gently pulled backward by the tail with their posture parallel to
the surface of the table until they released the grid. The peak force
applied by the forelimbs of the mouse was recorded in Newton (N).
Each mouse performed the test three times (with 30-min interval),
and the greatest value measured was used for statistical analysis.
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Hind-limb clasping measurement
To measure hind-limb clasping, mice were suspended from the tail
for 1 min to elicit the clasping phenotype, which was scored on a
scale from 0 to 1, where 0 represented no clasping, 1 represented
hind paw or all paws clasping.

Social interaction
Sociability and social memory were tested as described earlier
(Radyushkin et al. 2009). The social testing arena was a rectangular,
three-chambered box. Each chamber was 20 × 40 × 22 cm in size.
Dividing walls were made from clear Plexiglas, with rectangular
openings (35 × 35 mm) allowing access into each chamber. The
chambers of the arena were cleaned, and fresh paper chip bedding
was added between trials. The test mouse was first placed in the
middle chamber and allowed to explore for 5 min. The openings
into the two-side chambers were obstructed by plastic boxes during
this habituation phase. After the habituation period, an unfamiliar
C57BL/6NCrl male mouse (stranger 1) without prior contact with the
subject mouse was placed in one of the side chambers. The location
of stranger 1 in the left vs. right side chamber was systematically
alternated between trials. The stranger mouse was enclosed in a
small (60 × 60 × 100 mm), rectangular wire cage, which allowed
nose contact through the bars but prevented fighting. The animals
serving as strangers had previously been habituated to placement
in the small cage. An identical empty wire cage was placed in the
opposite chamber. A heavy cup was placed on the top of each
of the small wire cages to prevent climbing by the test mice.
Both openings to the side chambers were then unblocked, and the
subject mouse was allowed to explore the entire social test arena
for a 10-min session. The amount of time spent in each chamber
and the number of entries into each chamber were recorded by
the video-tracking system ‘Viewer 2’ (Biobserve GmbH). An entry
was defined as all four paws in one chamber. At the end of
the first 10-min trial, each mouse was tested in a second 10-min
session to quantify social preference for a new stranger. A second,
unfamiliar mouse (stranger 2) was placed into the previously empty
wire cage. The test mouse had a choice between the first, already
explored mouse (familiar stranger 1), and the novel unfamiliar mouse
(new stranger 2). As described above, measures were taken of
the amount of time spent in each chamber and the number of
transitions between chambers of the apparatus during the second
10-min session. Based on the amount of time spent in each chamber,
a ‘sociability index’ and a ‘social memory index’ (with a value of 0
meaning no preference) were calculated according to the following
formulas:

Sociability index =
{[

Timestranger

(Timestranger + Timeempty)

]
× 100

}
− 50

Memory index =
{[

Timenovel mouse

(Timenovel mouse + Timefamiliar mouse)

]
×100

}
− 50.

Sucrose preference
The sucrose preference test was performed as described earlier
(Jamain et al. 2008) using a two-bottle procedure, during which mice
had free access to both water and a sucrose solution. Animals
were first habituated for 48 h to consume water from the two small
(100 ml) bottles. After habituation, mice were deprived of water, and
the sucrose preference was measured during the next 3 days. The
first 2 days served as a habituation to sucrose solution. The results
of day 3 were used for the evaluation of sucrose preference. Each
day, group-housed mice were placed individually into small plastic
cages and two bottles were presented to them for 60 min – one
with tap water and one with a 2% sucrose solution. Consumption
of water or sucrose solution was measured by weighing the bottles
before and after the session. Bottles were counterbalanced across
the left and the right sides of the cage, and their position was
alternated from test to test. Sucrose preference (%) was calculated as
follows: preference = [sucrose solution intake (ml)/total fluid intake
(ml)] × 100.

Pre-pulse inhibition test
In this test of sensorimotor gating, individual mice were placed in
small metal cages (90 × 40 × 40 mm) to restrict major movements
and exploratory behavior. The cages were equipped with a movable
platform floor attached to a sensor that records vertical movements
of the floor. The cages were placed in four sound-attenuating isolation
cabinets (TSE GmbH, Bad Homburg, Germany). Startle reflexes
were evoked by acoustic stimuli delivered from a loudspeaker
that was suspended above the cage and connected to an acoustic
generator. The startle reaction to an acoustic stimulus, which evokes
a movement of the platform and a transient force resulting from this
movement of the platform, was recorded with a computer during a
recording window of 260 milliseconds (beginning with the onset of
pre-pulse) and stored for further evaluation. The recording window
was defined from the onset of the acoustic stimulus. An experimental
session consisted of a 2-min habituation to 65 dB background white
noise (continuous throughout the session), followed by a baseline
recording for 1 min at background noise. After baseline recording,
six pulse-alone trials using startle stimuli of 120 dB intensity and 40
milliseconds duration were applied in order to decrease the influence
of within-session habituation. These data were not included in the
analysis of the pre-pulse inhibition. For tests of pre-pulse inhibition,
the 120 dB/40 milliseconds startle pulse was applied either alone
or preceded by a pre-pulse stimulus of 70, 75 or 80 dB intensity
and 20 milliseconds duration. An interval of 100 milliseconds with
background white noise was employed between each pre-pulse
and pulse stimulus. The trials were presented in a pseudorandom
order with an interval ranging from 8 to 22 seconds. The amplitude
of the startle response (expressed in arbitrary units) was defined
as the difference between the maximum force detected during a
recording window and the force measured immediately before the
stimulus onset. Amplitudes were averaged for each individual animal,
separately for both types of trials (i.e. stimulus alone or stimulus
preceded by a pre-pulse). Pre-pulse inhibition was calculated as the
percentage of the startle response using the following formula:

%pre-pulse inhibition

= 100 −
[

(startle amplitude after pre-pulse and pulse)

(startle amplitude after pulse only)

]
× 100].

Novel object recognition test
As a test for recognition memory, the novel object recognition test
consisted of a training phase and a testing phase. First, mice were
habituated to the experimental apparatus for 10 min in the absence
of any objects. The experimental apparatus was a rectangular open
field (40 × 40 × 40 cm) made of gray plastic. During the training
phase, mice were placed in the experimental apparatus with one
object and allowed to explore for 10 min. The object was thoroughly
cleaned between trials to make sure no olfactory cues were present.
Retention was tested immediately after training and 1 h later.
During these retention tests, the mouse explored the experimental
apparatus for 10 min in the presence of one familiar andone novel
object. An independent set of objects was used for training and
testing of each retention interval. The location of the object was
counterbalanced so that one-half of the animals in each group saw
the novel object on the left side of the apparatus, and the other half
saw the novel object on the right side of the apparatus. A mouse was
scored as exploring an object when its head was oriented toward the
object within a distance of 1 cm or closer. Preference index, a ratio
of the amount of time spent exploring the new object over the total
time spent exploring both objects during the retention test was used
as a measure of recognition memory.

Forced alternation in T-maze
This test is used for the assessment of major deficits in working
memory. The gray plastic floors of the T-maze were 5 cm wide. The
stem of the T-maze was 35 cm long with a guillotine door located
20 cm before the arm entries. Closure of this door forms the start
box. The cross-piece of the T-maze was 70 cm long, and at each
end, there was a water well 2 cm in diameter and 0.75 cm deep. The
clear Perspex walls of the maze were 15 cm high. For performance
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Figure 1: Experimental design (a) and effects of Cplx2−/− genotype alone and in combination with juvenile parietal

neurotrauma (barely visible scar indicated by an arrow in a representative coronal MRI section in (a) as ‘second hit’ on

readouts of general activity (b, c), anxiety (b, d), motor strength (e–g) and pathological reflexes (h). The mild activity/motor
phenotype of Cplx2−/− mice is slightly accentuated upon lesion, obvious through increased incidence of pathological reflexes.
Abbreviations used in (a): OP = cryolesion; behavior 1 = battery of tests including elevated plus maze, open field, rotarod, grip strength,
hind-limb clasping, pre-pulse inhibition, social interaction, novel object recognition, forced alternation; behavior 2 = battery of tests
including water maze and challenge with MK-801. Abbreviations used in (b–h): KO = knockout; WT = wild-type; S = sham; L = lesion;
n = 26–32 per group; mean ± SEM presented; *P < 0.05; **P < 0.001.
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of this test, mice were kept water deprived with 1 h access to water
per day. Habituation to the T-maze was performed over 3 days with
1 daily 5 min session during which drops of water were scattered
throughout the maze. Animals were allowed to explore freely to
reach the point where, at the end of habituation, they would reliably
run down the stem of the maze to find water rewards in both
arms. Following habituation, the animals received a total of 20 daily
sessions of training. During each training session, two trials were
presented with an inter-trial interval (ITI) of approximately 10 min.
Each trial consisted of twos runs. In the first run (‘sample run’), liquid
rewards (0.1 ml 4% sucrose solution) were placed in each well, and
a wooden barrier was used to restrict access to one of the arms. As
a consequence, the animal was forced to enter a pre-selected arm
on each ‘sample run’ and then allowed to drink the reward there.
The animal was then picked up and confined in the start box for a
specific delay. Two delays were used: 10 sessions with no delay,
followed by 10 sessions with 20 seconds delay. During the second
run (‘test run’), the door to the start box was opened and the animal
offered a free choice between the two arms of the T-maze. The
criteria for selecting an arm consisted of the mouse placing a back
foot in one of the arms. No retracing by the mouse was permitted.
If the mouse had alternated (i.e. had entered the arm not previously
visited on the ‘sample run’), it was allowed to drink reward before
being returned to its cage. If the other arm was chosen (i.e. the
same arm as visited on the ‘sample run’), the mouse was confined
to that arm for approximately 10 seconds and then returned to its
cage. Left and right arms were used as ‘sample’ and ‘test’ arms
in a counterbalanced manner. Data from five sessions were pooled
together, and the percentage of correct runs was calculated and
presented in graphs.

Morris water maze
Spatial learning and memory was assessed in a water maze (Morris
1984). A large circular tank (diameter 1.2 m, depth 0.4 m) was filled
with opaque water (25 ± 1◦C, depth 0.3 m) and the escape platform
(10 × 10 cm) was submerged 1 cm below the surface. The swim
patterns were monitored by a computer and the video-tracking
system ‘Viewer 2’. The escape latency, swim speed, path length and
trajectory of swimming were recorded for each mouse. During the
first 2 days, mice were trained to swim to a clearly visible platform
(visible platform task) that was marked with a 15-cm high black
flag and placed pseudo-randomly in different locations across trials
(non-spatial training). The extra-maze cues were hidden during these
trials. After 2 days of visible platform training, hidden platform training
(spatial training) was performed. For 8 days, mice were trained to
find a hidden platform (i.e. the flag was removed) that was located
at the center of one of the four quadrants of the pool. The location
of the platform was fixed throughout testing. Mice had to navigate
using extra-maze cues that were placed on the walls of the testing
room. Every day, mice went through four trials with an inter-trial
interval of 5 min. The mice were placed into the pool facing the side
wall randomly at one of four start locations and allowed to swim until
they find the platform, or for a maximum of 90 seconds. Any mouse
that failed to find the platform within 90 seconds was guided to the
platform. The animal then remained on the platform for 20 seconds
before being removed from the pool. The next day after completion
of the hidden platform training, a probe trial was conducted in order to
determine whether mice used a spatial strategy to find the platform
or not. The platform was removed from the pool and the mice were
allowed to swim freely for 90 seconds. The percentage of time spent
in each quadrant of the pool as well as the number of times the mice
crossed the former position of the hidden platform were recorded.

Measurement of MK-801 induced hyperactivity
in the open field
Baseline motor activity of each mouse in open field was registered for
20 min as described above. Then mice were injected intraperitoneally
with MK-801 (Sigma–Aldrich Chemie GmbH, Munich, Germany) in a
volume of 10 ml/kg body weight and tested for 120 min. We chose a
dose of 0.3 mg/kg, because our pilot experiments showed that this
was the lowest dose causing detectable and consistent hyperactivity

in non-mutant C57BL/6N mice. Right after injection, the mouse was
placed into an open field and its movements were recorded for
120 min. Cumulative distance traveled over 4-min intervals was used
as readout of activity.

MRI volumetry
Upon completion of the behavioral analysis, mice (aged 11–12
months, Cplx2−/− sham n = 12; Cplx2−/− lesion as well as WT
sham/lesion n = 11) were anesthetized in a chamber with 5%
isofluorane, intubated and kept under anesthesia with 1–1.5%
isofluorane in O2 and room air (1:1.5). In vivo brain volumetry was
performed by MRI at a field strength of 2.35 T (Bruker Biospin,
Ettlingen, Germany) using a T1-weighted three-dimensional FLASH
sequence as described (Natt et al. 2002), reaching an isotropic
resolution of 117 μm. Total brain volume (excluding olfactory bulb,
cerebellum and brainstem) and, separately, the size of lateral and
third ventricles, cerebellum, hippocampus and brainstem were
determined by manually drawing respective regions-of-interest on
up to 50 contiguous horizontal MRI sections. The experimenter
performing volumetrical analyses was not aware of any group
assignment of individual mice (‘completely blinded’).

Statistical analysis
Unless stated otherwise, the data given in figures and text are
expressed as mean ± SEM. Data were compared by either three-
way analysis of variance (ANOVA) for repeated measures followed by
post hoc subgroup tests (two-way ANOVAs for repeated measures for
defined subgroups or, as non-parametric test, Mann–Whitney U-test
to make the results even more robust against small deviations from
normality) or two-way ANOVA where appropriate. As an interaction
between genotype and lesion was our prior hypothesis, an interaction
term was usually included in the models. Irrespective of the
significance of the interaction effect, the data were further explored
by separate analysis of the lesion effect within the two genotypes
and of the genotype effect within the two treatment (lesion) groups.
Significance obtained through this post hoc procedure was regarded
as suggestive evidence for a ‘second hit’ in the absence of a
significant genotype × lesion interaction. For analysis, SPSS v.14
software (SPSS Inc., Chicago, IL, USA) was used. Data of clasping
measures were analyzed by Chi-square test. A P-value below
0.05 was considered to be significant. Multiple testing adjustment
(Bonferroni) was applied, where indicated.

Results

Accentuation of the Cplx2−/− motor phenotype upon

standardized parietal cortical neurotrauma

We first compared basic behavioral functions such as
locomotor activity, anxiety and motor performance in Cplx2
null mutant vs. WT mice with or without standardized
neurotrauma.

In the open field (evaluated for 7 min), Cplx2−/− in
comparison with WT mice spent less time in central and
intermediate zones but more in the periphery, independently
of neurotrauma (two-way ANOVAs (with Bonferroni correction)
for each zone: significant effect of genotype, no effect of
lesion and no interaction effect; for center: F1,109 = 19.25,
P < 0.0001; for intermediate: F1,109 = 40.27, P < 0.0001;
for periphery: F1,109 = 37.49, P < 0.0001; Fig. 1b). This
behavior was associated with reduced distance traveled of
the Cplx2−/−, i.e. a somewhat lower motor activity (two-
way ANOVA: significant effect of genotype, F1,112 = 21.93,
P < 0.001; no effects of lesion and interaction; Fig. 1c).
Additional analysis of long-term open field activity obtained
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during the MK-801 challenge test (total distance traveled
during the 20 min baseline evaluation before administration
of MK-801) essentially confirmed these results (see below
MK-801 test and Fig. 3a). The two-way ANOVA showed a
significant effect of genotype (F1,44 = 14.62, P < 0.0001)
and no effect of lesion or interaction. Anxiety as potential
explanation of the open field pattern may be excluded,
because comparable levels of anxiety in all groups were
found in elevated plus maze with no significant effects of
genotype or lesion on the time spent in different zones
(even though the amount of time spent in open arms was
surprisingly large in this series of experiments, making it
difficult to decisively interpret this experiment) (Fig. 1d).

In agreement with an altered motor phenotype, Cplx2−/−

mice, independently of lesion, showed a significant decrease
of their falling latency in the rotarod test for motor balance
and coordination (two-way ANOVA: significant effect of
genotype, F1,113 = 21.91, P < 0.0001; no effects of lesion
and no interaction effect; Fig. 1e). A potential interfering
effect of body weight with this readout could be excluded
because there was no weight difference between the
groups (Fig. 1f). In addition, grip strength measurements
yielded no significant differences (Fig. 1g). In contrast,
only in Cplx2−/− mice, neurotrauma led to a significant
increase in the proportion of animals with abnormal hind-limb
clasping reflex, indicating a ‘second hit’ effect of lesion on
motor functions (P = 0.035, Chi-square test; Fig. 1h). Social
interaction and sucrose preference test for anhedonia did not
yield differences between the groups (data not shown).

Cognitive testing suggests ‘second hit’ effects

in lesioned Cplx2−/− mice

Neither forced alternation in T-maze nor novel object
recognition tests showed any differences in performance
between the groups (Fig. 2a–d). Both the tests are relatively
insensitive, requiring strong deficits to show appreciable
effects. In contrast, Morris water maze, a sensitive
test for hippocampus-dependent learning and memory,
showed a significant effect of trials (three-way ANOVA for
repeated measures, F7,546 = 40.305, P < 0.001) as well as a
significantly longer escape latency, particularly of Cplx2−/−

mice (effect of genotype, F1,78 = 29.570, P < 0.001) with
neither effect of lesion (F1,78 = 3.335, P = 0.72) nor of
interaction (F1,78 = 2.779, P = 0.1). The plot is suggestive
of a selective performance deficit of lesioned null mutants at
late stages of training. Interestingly, this suggestive deficit
of lesioned Cplx2−/− mice only is evident in trials 6–8,
reflecting a learning impairment in the period of spatial
memory formation (Fig. 2e) (Janus 2004; Wolfer et al. 1998).

Importantly, the results of the probe trial, particularly in
the absence of differences at the beginning of training,
provide even better support for our ‘dual hit hypothesis’.
Here, only lesioned Cplx2−/− mice showed a decrease in
preference for the target quadrant (Mann–Whitney U-test,
P = 0.0071; Fig. 2f). To exclude a potential influence of the
Cplx2−/− motor deficit on swimming speed (and therefore on
escape latency), we analyzed the distance traveled by each
mouse until reaching the platform, a parameter independent
of swimming performance. The pattern of results was similar

to the findings regarding escape latency (data not shown).
Analysis of an alternative readout for spatial memory, i.e. the
number of crossings of the platform site in the probe trial,
yielded again the clearest defect in lesioned Cplx2−/− mice
(Mann–Whitney U-test, P = 0.0356; data not shown).

Pre-pulse inhibition analysis showed a significant effect of
stimulus intensity (three-way ANOVA for repeated measures,
F2,220 = 136.292, P < 0.001) but no effect of genotype,
lesion or interaction. There was a tendency for lesion
(P = 0.1). Guided by our hypothesis of a ‘dual hit’ effect
(genotype plus lesion), we compared in two separate two-
way ANOVAs for repeated measures (including two groups of
the same genotype each) the effect of lesion vs. sham and
obtained nominal significance exclusively for the combination
of mutant genotype and lesion: (1) KO sham vs. KO lesion:
significant effect of lesion, F1,61 = 4.71, P = 0.03; (2) WT
sham vs. WT lesion: no effect of lesion, F1,49 = 0.01,
P = 0.91 (Fig. 2g). The startle response amplitude was
increased upon lesion only in Cplx2−/− (Mann–Whitney
U-test, P = 0.0007) but not in WT mice (Mann–Whitney
U-test, P = 0.19, Fig. 2h). Taken together, these data provide
suggestive evidence for the ‘second hit’ hypothesis regarding
higher brain functions.

Increased sensitivity to MK-801 treatment

in lesioned Cplx2−/− mice only

Using three-way ANOVA for repeated measures to evaluate
MK-801 results, we obtained a significant effect of time
(F29,1276 = 48.418, P < 0.001) as well as a significant
genotype × lesion interaction effect (F1,44 = 4.09, P = 0.049)
but no significant effect of genotype or lesion. These results
allowed us to go on with a post hoc test using two
separate two-way ANOVAs analyzing the effect of genotype
in the lesion vs. sham paradigm separately. Although sham-
operated Cplx2−/− mice showed no differences in MK-801
induced hyperlocomotion in comparison to sham-operated
WT mice (Fig. 3b), there was a clear ‘second hit’ effect
detectable in lesioned Cplx2−/− mice. This group showed
a relative increase in hyperlocomotion in comparison with
lesioned WT mice (two-way ANOVA for repeated measures:
significant effect of genotype, F1,22 = 5.79, P = 0.024;
significant effect of interaction, F29,638 = 3.29, P < 0.0001;
Fig. 3c). When looking at sham vs. lesion groups of each
genotype separately, it becomes obvious that MK-801 leads
to reduced hyperactivity in lesioned wild-types while in
lesioned mutants, this effect is absent, explaining the relative
hyperactivity (‘loss of inhibition’) seen in Fig. 3.

Decrease of total hippocampal volume exclusively

in lesioned Cplx2−/− mice

MRI volumetrical analyses failed to uncover significant
differences between genotypes, independent of lesion,
regarding whole brain, lateral and third ventricles, brainstem
and cerebellum. The results on total brain matter (total brain
circumference minus cerebellum, olfactory bulb, brain stem
and ventricles) are shown in Fig. 3d. In agreement with our
previously published data (Sirén et al., 2006) there is a strong
tendency of a reduction in brain matter in lesioned wild-type
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Figure 2: Effects of Cplx2−/− genotype alone and in combination with juvenile parietal neurotrauma as ‘second hit’ on

readouts of cognitive performance (a–f) and sensorimotor gating (g, h). Whereas the relatively insensitive tests, forced
alternation in T-maze (a, b) and object recognition (c, d), do not show differences between the groups, there is a remarkable deficit in
spatial learning and memory in Morris water maze as well as in PPI, particularly pronounced upon dual hit (e–h). Abbreviations: MWM
= Morris water maze; PPI = pre-pulse inhibition; KO = knockout; WT = wild-type; S = sham; L = lesion; n = 17–22 per group; mean
± SEM presented; *P < 0.05; **P < 0.01). Note that data similar to those shown in (e), obtained with a different cohort of mice, have
been included in a human genetic paper, dealing with the modifier role of CPLX2 on cognition in schizophrenia (Begemann et al. 2010).
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Figure 3: Effects of Cplx2−/− genotype alone and in combination with juvenile parietal neurotrauma as ‘second hit’ on

pharmacological challenge with the NMDA antagonist MK-801 (a–c), on total brain matter (d) and on hippocampal volume (e,

f). Cplx2−/− mice, regardless of lesion, show decreased activity during baseline evaluation (20 min) before administration of MK-801
(a). Only lesioned Cplx2−/− mice exhibit relative hyperactivity upon MK-801 (b, c). There is a strong tendency of a reduction in brain
matter in lesioned wild-type as compared with non-lesioned wild-type mice. In contrast, non-lesioned Cplx2−/− mice show a tendency
of decreased brain matter that is not further reduced by lesion (d). Exclusively lesioned Cplx2−/− mice have a decreased hippocampal
volume (e, f). Abbreviations: KO = knockout; WT = wild-type; S = sham; L = lesion; n = 11–12 per group; mean ± SEM presented;
*P < 0.05; **P < 0.0001.

as compared with non-lesioned wild-type mice. In contrast,
non-lesioned Cplx2−/− mice show a tendency of decreased
brain matter that is not further reduced by lesion. However,
using a two-way ANOVA, we obtained a significant effect of
lesion (F1,41 = 4.76, P < 0.03) on total hippocampal volume
(Fig. 3e,f). Post hoc tests showed that the hippocampal
volume was significantly reduced exclusively in lesioned
Cplx2−/− (Mann–Whitney U-test, P = 0.045, Fig. 3e) but
not in lesioned WT mice (Mann–Whitney U-test, P = 0.69).

Discussion

We report here that the exposure of juvenile mice, carrying a
null mutation of Cplx2, to a small parietal cortical lesion leads
to the development of a phenotype relevant to schizophrenia.
Cplx2 encodes a synaptic protein crucial for neurotransmitter
release and may represent a probable schizophrenia risk
gene. Mild parietal neurotrauma around puberty is one
of the several potential environmental factors, acting as
‘second hit’. The phenotype resulting from the combination
of these two ‘hits’ includes alterations in sensorimotor gating,
selective deficiency in learning and memory functions,

a slight accentuation of the genotype-associated motor
symptoms, loss of inhibition/relative hyperactivity upon
NMDA receptor antagonism and a reduction in total
hippocampal volume. Although the phenotype effects are
mostly small and statistical support for a genotype × lesion
interaction is suggestive rather than conclusive despite large
group sizes, chance effects are very unlikely because all
observed effects point in the same direction.

A mild behavioral phenotype in Cplx2−/− mice has
been reported earlier, comparable with the sham-operated
Cplx2−/− group in the present work, comprising mainly a
motor deficit in rotarod and open field and, inconsistently,
a somewhat impaired learning curve in Morris water
maze (Glynn et al. 2003, 2007; Yamauchi et al. 2005).
In more schizophrenia-relevant tests, such as pre-pulse
inhibition (PPI) of the startle response and pharmacological
challenge with the NMDA receptor antagonist MK-801, the
mutant genotype alone, i.e. sham-operated Cplx2−/− mice,
showed no alterations as compared with WT mice. As an
environmental ‘second hit’, we applied a small standardized
right parietal cortical neurotrauma to juvenile mice (Sargin
et al., 2009; Sirén et al., 2006). Again, consequences of
this mild trauma alone, i.e. in the absence of a modifying
genotype, are minor (Sargin et al., 2009; Sirén et al., 2006).
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This was also the case for lesioned WT mice in the present
study, reflected by a tendency of reduced startle amplitude
and number of visits to the former platform location in the
Morris water maze probe trial.

The most clear-cut results, collectively resembling phe-
notypic changes relevant to schizophrenia, were obtained
with the experimental group that combined effects of the
genetic factor (null mutation of the Cplx2 gene) and the envi-
ronmental factor (cryolesion as experimental neurotrauma)
in the sense of a ‘second hit’: (1) deficit in PPI, a widely
accepted readout of sensorimotor gating, frequently found
in schizophrenic patients (Braff & Geyer 1990; Swerdlow
& Geyer 1998), emerged in Cplx2−/− mice only upon neu-
rotrauma. (2) Similarly, the most prominent phenotype in
learning and memory functions was observed upon dual hit.
Although crude learning and memory tests, i.e. forced alter-
nation in T-maze and novel object recognition, did not yield
differences between the groups, only Morris water maze
performance showed the predicted deficit in lesioned null
mutant Cplx2 mice. (3) Lesioned Cplx2−/− mice displayed an
exacerbation of their motor phenotype, reflected by a signifi-
cantly higher incidence of abnormal hind-limb clasping. Even
though pathological motor reflexes do not belong to the core
symptoms of schizophrenia, they are among the so-called
‘neurological soft signs’ of the disease (Chan & Gottes-
man 2008; Heinrichs & Buchanan 1988). (4) Only lesioned
Cplx2−/− mice responded to the NMDA receptor antagonist
MK-801 with a relative hyperactivity (‘loss of inhibition’) in
the open field. This pharmacological challenge is regarded as
another schizophrenia-related readout (Carlsson et al., 1999;
Geyer & Markou, 1995; O’Neill & Bolger 1989). In fact, NMDA
receptor antagonists such as phencyclidine or ketamine
induce transient schizophrenia-like cognitive dysfunctions
and perceptual alterations in healthy volunteers (Adler et al.
1999; Lahti et al. 2001; Malhotra et al. 1996), and exacerbate
symptoms of schizophrenia in patients (Lahti et al. 2001; Mal-
hotra et al. 1997). Among others, these findings gave rise to
the NMDA receptor hypofunction hypothesis of schizophre-
nia (e.g. reviewed by Gunduz-Bruce 2009; Olney et al. 1999).
This hypothesis proposes that NMDA receptor blockade dis-
rupts NMDA receptor-mediated stimulation of GABAergic,
serotonergic and noradrenergic inhibitory neurons, leading to
‘loss of inhibition’ in major excitatory pathways (Coyle 2004;
Olney et al. 1999). (5) A significant increase of the baseline
startle response was only found in Cplx2−/− mice after juve-
nile lesion. Although there is accumulating evidence (Csomor
et al. 2008; Yee et al. 2005) assuming a dependency of %PPI
from baseline startle response, there is a wealth of literature
that argues against such a dependency (Blumenthal et al.
2004; Ison et al. 1997; Yee et al. 2004). Whether baseline
startle response determines %PPI or not, together with the
relative hyperactivity to a subthreshold dose of MK-801 in
the open field, the significant increase in the baseline startle
amplitude in Cplx2−/− mice after juvenile lesion additionally
supports the idea of ‘loss of inhibition’ in these animals.
In fact, compounds assumed to produce positive-like symp-
toms in mice (e.g. MK-801, PCP) have also been reported
to increase the baseline startle response (Geyer et al. 1984;
Karl et al. 2010). (6) Finally, the reduction in hippocampal vol-
ume, a typical finding in schizophrenia (Hyde & Weinberger

1990; Shenton et al. 2001) is found exclusively in the dual
hit group. Only readouts of negative symptoms (social with-
drawal, anhedonia) were not observed in any of the groups.
It should clearly be noted; however, that even the leading
disease classification system (DSM-IV-TR, American Psychi-
atric Association 2000) does not require the presence of all
symptom complexes for diagnosing schizophrenia.

In an experimental attempt similar to the one presented
here, Inoue and colleagues had combined early maternal
stress with Cplx2 null mutation, in order to investigate the
gene × environment interaction hypothesis of schizophrenia
(Yamauchi et al. 2005). They found that after early maternal
deprivation, Cplx2 null mutant mice developed a decrease
in hippocampal long-term potentiation (LTP) and a spatial
learning deficit in Morris water maze. Other schizophrenia
typical readouts, supporting the validity of the model for this
disease, however, were not reported in this study.

Taken together, the model of a gene × environment inter-
action presented here results in the development of three
of four lead symptom complexes of schizophrenia: posi-
tive symptoms, cognitive symptoms and brain morphology
changes. The findings (1) suggest that the combination of a
Cplx2−/− mutation with juvenile parietal neurotrauma may
represent a novel animal model for schizophrenia with higher
construct validity than most related models tested so far and
(2) provide experimental support for the ‘second hit’ hypoth-
esis of schizophrenia etiology. Although the mechanisms
underlying the gene × environment interactions observed
here are unclear at present, this novel mouse model offers an
important conceptual basis for further studies on the biolog-
ical processes involved in these interactions that ultimately
cause schizophrenia-related brain dysfunctions.

Likely, there are many different other ways of combining
genetic and environmental risk in mice to create phenotypic
changes relevant for schizophrenia (for review, see, e.g.
Ayhan et al. 2009). This is obviously what happens
in the human population and explains why no major
disease genes have been identified in schizophrenia. The
gene × environment approach; however, will be pivotal
for understanding the pathophysiology of the disease.
Different gene × environment interactions, resulting in a
schizophrenia-like phenotype, will ultimately have to be
compared to allow extracting common denominators of
disease onset/progression.
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4. EFFECT OF EPO ON HIGHER BRAIN FUNCTIONS IN MICE 
 
4.1. OVERVIEW OF PROJECT II 
Since the introduction of the hematopoietic growth factor erythropoietin (EPO) to 

clinical use – over 20 years ago – to treat patients suffering from anemic conditions, 

reports have been accumulating stating improvement of cognitive performance of the 

treated individuals. Initially, this improvement was attributed to anemia correction with 

subsequently enhanced tissue oxygenation also in the central nervous system 

(Jelkmann, 2005). However, after discovering that EPO and its receptor (EPOR) are 

produced by and act on cells of the nervous system (Masuda et al., 1993; Masuda et 

al., 1994) several reports on neuroprotective and neuroregenerative effects of EPO in 

rodent models of neurological diseases followed (for review, see Brines and Cerami, 

2005; Juul, 2004; Sirén et al., 2009). Importantly, many recent human studies in 

schizophrenia and multiple sclerosis convincingly demonstrated EPO effects on 

cognition (Ehrenreich, Fischer et al., 2007; Ehrenreich, Hinze-Selch et al., 2007). 

Finally, the hematopoiesis-independent effect of EPO on the nervous system has 

been proven by slight modification of the EPO molecule, rendering it non-

hematopoietic but still tissue-protective (Sirén et al., 2009). 

 

Our previous work in healthy young mice treated for 3 weeks with EPO revealed 

improvement of hippocampal memory. At the time of improved memory, an increase 

in short-term and long-term potentiation was documented in hippocampal slices 

(Adamcio et al., 2008). Along the same lines, application of a single high intravenous 

dose of EPO in healthy human subjects enhanced the hippocampal response during 

memory retrieval measured by functional magnetic resonance imaging one week 

later (Miskowiak et al., 2007). However, some preclinical studies using disease 

models failed to show effects of EPO treatment on cognition in their respective 

healthy control groups (Mala et al., 2005; Mogensen et al., 2008). This might be 

explained by the use of tests (e.g. T-maze, 8-arm radial maze), well suited to 

measure pathology but less sensitive for detecting fine improvements in cognitive 

performance in healthy individuals.  

 

To further delineate EPO-mediated improvement of cognition in healthy mice, where 

no disease-associated variables interfere, we aimed in project II at investigating the 

spectrum of cognitive functions potentially influenced by EPO. Therefore, we 
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employed a sensitive assay for sequentially detecting cognitive performance, the Five 

Choice Serial Reaction Time Task (5CSRTT), originally developed for rats by Carli 

and colleagues  (Carli et al., 1983) and adapted for mice by Humby and co-workers 

(Humby, 2005). The 5CSRTT has been used to study attention and executive 

functions in different rodent models of neuropsychiatric diseases, including attention 

deficit / hyperactivity disorder (ADHD) (Blondeau and Dellu-Hagedorn, 2007), 

schizophrenia (Lecourtier and Kelly, 2005) and impulsivity disorders (Isles et al., 

2004; Robbins, 2002). With 5CSRTT, we systematically investigated the effect of 

EPO on different types of learning, memory and attention in healthy young mice.  

In this study, 45 C57BL/6NCrl male mice (randomly assigned to one of three groups: 

EPO, placebo or “no-inject”, 15 mice/group) were treated for 3 weeks with EPO 

(5000IU/kg) versus placebo intraperitoneally every other day, beginning at postnatal 

day 28. After termination of treatment, mice were started on the 5CSRTT, with daily 

training and testing extending to about 3 months. Overall, a significantly higher 

proportion of EPO treated mice finished the task, i.e. reached the criteria of 

adequately reacting to a 1.0sec flash light out of five arbitrarily appearing choices. 

During acquisition of this capability, i.e. over almost all sequential training phases, 

learning readouts (magazine training, operant and discriminant learning, stability of 

performance) were superior in EPO versus control mice. 
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Abstract
Background: Executive functions, learning and attention are imperative facets of cognitive
performance, affected in many neuropsychiatric disorders. Recently, we have shown that
recombinant human erythropoietin improves cognitive functions in patients with chronic
schizophrenia, and that it leads in healthy mice to enhanced hippocampal long-term potentiation,
an electrophysiological correlate of learning and memory. To create an experimental basis for
further mechanistic insight into erythropoietin-modulated cognitive processes, we employed the
Five Choice Serial Reaction Time Task. This procedure allows the study of the effects of
erythropoietin on discrete processes of learning and attention in a sequential fashion.

Results: Male mice were treated for 3 weeks with erythropoietin (5,000 IU/kg) versus placebo
intraperitoneally every other day, beginning at postnatal day 28. After termination of treatment,
mice were started on the Five Choice Serial Reaction Time Task, with daily training and testing
extending to about 3 months.

Overall, a significantly higher proportion of erythropoietin-treated mice finished the task, that is,
reached the criteria of adequately reacting to a 1.0 sec flash light out of five arbitrarily appearing
choices. During acquisition of this capability, that is, over almost all sequential training phases,
learning readouts (magazine training, operant and discriminant learning, stability of performance)
were superior in erythropoietin-treated versus control mice.

Conclusion: Early erythropoietin treatment leads to lasting improvement of cognitive
performance in healthy mice. This finding should be exploited in novel treatment strategies for
brain diseases.

Background
The haematopoietic growth factor erythropoietin (EPO)
has been in clinical use for over 20 years to treat patients
with anaemic conditions, ranging from renal failure to
cancer. Upon introduction of EPO to the clinic, it was

observed that cognitive performance of treated individu-
als also improved. This improvement was essentially
attributed to anaemia correction with subsequently
enhanced tissue oxygenation also in the brain [1]. Much
later, EPO and its receptor were found to be produced by
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and act on cells of the nervous system [2,3]. Many reports
on neuroprotective and neuroregenerative effects of EPO
in rodent models of neurological diseases followed [4]
(for review see [5,6]). Our recent human studies in schiz-
ophrenia and multiple sclerosis revealed profound EPO
effects on cognitive performance [7,8]. The separation of
haematopoietic and neuroprotective properties upon
slight modification of the EPO molecule ultimately
proved the haematopoiesis-independent effect of EPO on
the nervous system [6].

To investigate, in the absence of interfering disease varia-
bles, the physiological role of the brain EPO system
regarding cognition, we performed a series of studies in
healthy young mice where we found hippocampal mem-
ory, measured by classical fear conditioning, improved
after 3 weeks of EPO treatment. At the time of improved
memory, an increase in short-term and long-term poten-
tiation was documented in hippocampal slices [9]. Along
the same lines, application of a single high intravenous
dose of EPO in healthy human volunteers enhanced the
hippocampal response during memory retrieval measured
by functional magnetic resonance imaging one week later
[10]. It should, however, be also mentioned that preclini-
cal studies using disease models failed to show effects of
EPO treatment on cognition in their respective healthy
control groups (for example, [11,12]). This is most likely
explained by the application of tests (for example, T-
maze, 8-arm radial maze), well suited to measure pathol-
ogy but less sensitive for assessing subtle improvements in
cognitive performance in healthy individuals.

Since the development of new therapies, targeting cogni-
tive performance is of major interest for clinical neuro-
science, and EPO might here be a promising candidate;
thus the spectrum of cognitive functions potentially influ-
enced by EPO has to be better defined. For this purpose,
we employed the Five Choice Serial Reaction Time Task
(5CSRTT), originally developed for rats by Carli and col-
leagues [13] and adapted for mice by Humby and co-
workers [14]. The 5CSRTT has been used to analyse atten-
tion and executive functions in different rodent models of
neuropsychiatric diseases, including attention-deficit/
hyperactivity disorder [15], schizophrenia [16] and
impulsivity disorders [17] (for review, see [18]). With
5CSRTT, we systematically studied the effect of EPO on
different types of learning, memory and attention in
healthy young mice. We note that obtaining cognitive
results in healthy young individuals cannot automatically
be translated to disease situations or aged mice. Neverthe-
less, this approach is the simplest first step to providing a
foundation for mechanistic insight. We report here that
early EPO treatment indeed improves most of the sequen-
tial learning and memory components of a complex long-
term cognitive task, ultimately leading to better and more
stable cognitive achievements.

Results
Erythropoietin increases overall performance in 5CSRTT
First, we compared the overall performance of EPO, pla-
cebo, or no-inject groups in 5CSRTT. Kaplan-Meier analy-
sis revealed that the proportion of mice that finished
training in the 5CSRTT (that is, reached criteria of stably
responding to a 1.0-sec stimulus duration on three con-
secutive days) up to day 94 after cessation of treatment
was significantly higher in the EPO-treated group as com-
pared with placebo and no-inject groups (Log-Rank test, P
= 0.02). There were no differences between placebo and
no-inject groups (Figure 1). Taken as a group, EPO-treated
mice learn faster.

Erythropoietin accelerates associative, operant and 
discriminant learning in 5CSRTT
Since different types of learning determine performance
in the 5CSRTT, we asked whether the superiority of EPO-
treated mice is reflected in initial learning parameters.
Indeed, the number of head entries during habituation
and magazine training appeared higher throughout all
phases (M1–M4) in EPO-treated mice compared with the

Kaplan-Meier presentation of overall group performance in miceFigure 1
Kaplan-Meier presentation of overall group perform-
ance in mice. Curves represent group performance (n = 
13–15 per group). They indicate the cumulative probability of 
members of each group not to finish the task (that is, not to 
reach performance criteria in the 1.0-sec stimulus duration 
phase). EPO-treated mice are superior, that is, have a lower 
probability not to finish the task as compared with no-inject 
and placebo groups. On day 59 after cessation of treatment, 
the first mouse reached criteria in the 1.0-sec phase. This 
mouse belonged to the EPO group. Day 94 is the time point 
on which > 60% of one experimental group (here the EPO 
group) had finished the task.
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placebo group (Figure 2A). A significant difference
between groups in phases M1 and M4 of magazine train-
ing by Kruskal-Wallis test (P < 0.05 for each) could be
attributed to superior performance of the EPO versus pla-
cebo group following post hoc analysis (Dunn's multiple
comparison test, P < 0.01). During the operant learning
phase (S1), EPO-treated mice made more nose pokes
(ANOVA: F(1,41) = 8.81, P = 0.005) on days 2 and 3 (post
hoc P < 0.001 and P < 0.01, respectively) (Figure 2B).
Additionally, there was a significant group effect in the
discriminant learning phase (S2), with EPO-treated mice
demonstrating higher choice accuracy (ANOVA: F(1,41) =
5.35, P = 0.026) (Figure 2C).

We wondered whether the improvement in operant and
discriminant learning parameters would continue in face
of more complex conditions and thus enhanced cognitive

challenge during the 5CSRTT training. In fact, the 5CSRTT
procedure is much more complex than the preceding
shaping phases and consists of more parallel stimuli in
addition to stimulus duration (for example, number of
stimulus lights, more restricted time-out period). We ana-
lysed accuracy in the consecutive stimulus duration
phases: 16 sec, 8 sec and 4 sec. The percentage of correct
responses over the first 3 days of each phase served as rea-
dout of initial learning capabilities in the 5CSRTT training
(Figure 2D, E and 2F). EPO-treated mice performed better
in 16-sec and 8-sec phases (ANOVA F(1,41) = 7.21; P = 0.01
and F(1,39) = 4.87; P = 0.03, respectively, Figure 2D and
2E), but no longer in the following ones, from 4 sec (Fig-
ure 2F) to 2 sec, 1.8 sec, 1.4 sec, 1.2 sec and 1.0 sec (data
not shown). Overall accuracy increased over consecutive
phases until reaching a plateau at 4 sec for both groups,
which then stayed essentially stable over the following

Analysis of distinct sequential learning phasesFigure 2
Analysis of distinct sequential learning phases. (A) Number of head entries as indicators of associative learning in maga-
zine training (M1–4) show an overall significant effect of EPO treatment compared with placebo. (B) Number of nose pokes in 
the operant learning phase (S1) as well as (C) percentage of correct nose pokes in the discriminant learning phase (S2) were 
higher in the EPO-treated compared with the control group (placebo plus no-inject). (D, E) Initial cognitive performance in 
the 5CSRTT was better upon EPO treatment in the 16-sec and 8-sec stimulus duration phases, but no longer in the 4-sec 
phase (F); n = 14–28 per group; data presented as mean ± S.E.M.; all significance values refer to post hoc tests which were only 
significant if ANOVA was also significant; in (E), only ANOVA was significant (P = 0.03).
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shorter-duration phases (data not shown). There was no
consistent difference in accuracy (nor amount of omis-
sions) during the attentional challenge phase of 0.8 sec
(F(1,18) = 0.49, P = 0.5 and F(1,18) = 1.45, P = 0.24, respec-
tively).

Erythropoietin improves task adaptation and stabilizes 
performance in 5CSRTT
We next analysed the number of training days required to
reach performance criteria in 5CSRTT for each stimulus
duration, that is, acquisition days (Figure 3A). There was
a significant effect of stimulus duration on the number of
training days needed, independent of treatment (F(7,126) =
8.24, P < 0.0001). Starting immediately from 2 sec, mice
required more days to reach criteria compared with previ-
ous phases. To further address the phenomenon of an
abrupt increase of training days in the 2-sec phase (inde-
pendently of treatment), we analysed omissions more
closely. In fact, omissions in all training phases from 16
sec to 1 sec were comparable between the two experimen-
tal groups, and rates were low up to the switch from the 4-
sec to the 2-sec phase (for illustration, data of the respec-
tive first training day of each stimulus duration are given
as an example: range of omissions on day 1 of 16 sec: 6.55
± 4.28 EPO versus 5.83 ± 4.17 control; on day 1 of 8 sec:
9.45 ± 13.09 EPO versus 8.93 ± 8.99 control; on day 1 of
4 sec: 16.90 ± 9.94 EPO versus 16.90 ± 9.81 control; on
day 1 of 2 sec: 29.78 ± 12.86 EPO versus 35.89 ± 10.27
control; on day 1 of 1.8 sec 22.11 ± 7.46 EPO versus 21.96
± 8.75 control; on day 1 of 1.4 sec: 27.00 ± 7.58 EPO ver-
sus 28.93 ± 11.12 control; on day 1 of 1.2 sec: 24.67 ±
8.21 EPO versus 24.1 ± 8.77 control; on day 1 of 1.0 sec:

24.7 ± 5.72 EPO versus 29.06 ± 10.29 control). It turned
out that from the 4-sec phase to the 2-sec phase, omis-
sions promptly doubled and stayed at a high level up to
the end of 5CSRTT training (1 sec), independent of treat-
ment group. This may explain the prominent increase in
training day requirement starting from 2 sec.

We next averaged omitted trials in each of the six 10-trial
blocks over the first 10 days of this 2-sec phase (Figure
3B). There was no significant overall effect of treatment;
however, there was a significant interaction between trial
block and treatment (F(5,130) = 2.37, P = 0.04). Post hoc
analysis revealed that EPO-treated mice had significantly
fewer omissions in the first trial block compared with con-
trols (P < 0.05), pointing to a faster adaptation to the task.

As fluctuations in performance may increase the number
of days needed for reaching performance criteria, we ana-
lysed the magnitude of fluctuation ('relapsing back from
already achieved criteria') in the 2-sec phase. Here, the
control group had significantly more relapses compared
with the EPO group, pointing to more stable performance
upon EPO (Chi2 test, P = 0.04) (Figure 3C). To further
explore the effect of EPO on stability of performance, we
analysed total omissions after reaching criteria (1.0 sec)
over additional 4 days. EPO-treated mice were superior (P
= 0.04) as compared with the control group (Figure 3D).

Erythropoietin does not affect locomotor activity in 
5CSRTT
To clarify whether increased locomotion has contributed
to the superior performance of EPO-treated mice in

Analysis of selected readouts of cognitive performance in high-performer miceFigure 3
Analysis of selected readouts of cognitive performance in high-performer mice. (A) Number of acquisition days 
required for reaching performance criteria at each stimulus duration phase shows no group differences but a sharp increase in 
the transition from 4 sec to 2 sec. (B) The EPO-treated group showed faster task adaptation: The proportion of omissions in 
the first of six 10-trial blocks collapsed across the first 10 days of the 2-sec phase was significantly lower. Post hoc test. (C) The 
EPO-treated group showed higher stability of performance: the proportion of mice that relapsed from already reached per-
formance criteria in the 2-sec stimulus duration phase was smaller. Chi2 test. (D) EPO improves performance stability even in 
the 1-sec phase: Proportion of total omissions over 4 days after reaching performance criteria was significantly lower in the 
EPO group. Mann-Whitney test. N = 7–28; data presented as mean ± S.E.M.
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phases with 16-sec and 8-sec stimulus duration, we ana-
lysed the average of reward latency (that is, the time
between responding correctly and collecting reward) as
well as the 'latency correct' (that is, the time between stim-
ulus presentation and responding correctly) in the corre-
sponding phases. There were no differences between
groups in either reward latency or in 'latency correct' in
any phase of the 5CSRTT training (data not shown).

Discussion
In the present study, a 3-week high-dose EPO treatment of
healthy young mice increased the probability of these ani-
mals finishing training in the 5CSRTT. While there were
no differences in the number of total days needed to ter-
minate the task among ultimately successful individual
mice, regardless of group assignment, the proportion per
group was different, with more successful mice in the
EPO-treated cohort. EPO-treated mice showed superior
performance in associative, operant and discriminant
learning as well as in initial 5CSRTT training phases.
Moreover, EPO-treated mice demonstrated better task
adaptation and higher performance stability. In contrast,
with the number of mice remaining in the task, there were
no clear effects with this particular EPO treatment sched-
ule (terminated more than 3 months before) on atten-
tional performance, as defined by response to the 0.8-sec
stimulus duration.

To gain an overall impression of the progress in cognitive
training of our mouse groups, we employed the survival
analysis of Kaplan-Meier. This methodological approach
was crucial for our purposes as it describes, over a long
testing period, the development of group performance in
a higher cognitive task, the 5CSRTT. By applying standard
statistical methods only, the clear superiority of the EPO

group would not have been detectable. In fact, the Kaplan-
Meier results inspired us to dissect out potential learning
processes contributing to the superior group performance
of EPO-treated mice. The success of this statistical
approach would suggest the usefulness of this method for
future group analysis in the 5CSRTT.

While clear benefits of EPO treatment could easily be
demonstrated throughout all initial learning phases
including the 5CSRTT training up to 8-sec stimulus dura-
tion, we did not find differences in accuracy in phases
with stimulus durations of 4 sec and below. This might be
due to a ceiling effect, as both groups had reached almost
maximal performance at this stage. Nevertheless, also in
these more progressed phases, EPO superiority was visible
when analysing more subtle readouts of cognitive per-
formance, for example, stability and task adaptation.

A particularly difficult 5CSRTT training step for mice is the
switching from the 4-sec to the 2-sec stimulus duration
phase. In this challenging phase, EPO-treated mice had
consistently lower omission rates when entering the task,
indicating immediate task adaptation. This improvement
just failed to translate into significant differences in acqui-
sition days. Interestingly, a previous study on galanin
transgenic mice, a model for impaired learning capacity,
reported for this critical 2-sec phase more than doubling
of required training days compared with controls, due to
more omissions [19]. In contrast to the improved task
adaptation shown in the present study, reflected by less
omissions in the first trial block, galanin transgenic mice
exhibited more omissions in the last two trial blocks,
pointing to deficiency of sustained attention [19]. In con-
trast to all other studies employing 5CSRTT, we have addi-
tionally analysed parameters representing stability of

Experimental designFigure 4
Experimental design. Following 3 weeks of EPO (5,000 IU/kg body weight intraperitoneal) versus placebo (diluent control) 
treatment or handling only (no-inject group), 7-week-old mice go through habituation/magazine training (M1–M4) and shaping 
phases (S1–S2) before starting training in the 5CSRTT. Here they move from 16 sec to the respective next phase with lower 
stimulus duration (8 sec and so on) upon reaching fixed criteria. Having reached criteria in the 1.0-sec phase, their attention is 
challenged by further shortening stimulus duration (0.8 sec).
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performance. The analysis of relapse frequency (that is,
dropping down from a once-acquired performance level)
in the challenging 2-sec stimulus duration phase with its
increasing attentional challenge again revealed a more
consistent performance by the EPO group.

An important limitation of the current study (and of
5CSRTT in general) has to be addressed: the strong selec-
tion bias of mice with higher cognitive abilities means
that mice that do not learn crucial steps of the task are
excluded from further testing (which is frequently not
mentioned in respective publications). This gradual
decrease of numbers in advanced training phases renders
statistical analysis increasingly difficult. For instance, in
the current study, there would not have been enough mice
in the placebo and the no-inject group for separate analy-
sis in the attentional phase with stimulus duration of 0.8
sec, despite starting out with 15 mice per group. A total of
45 mice to be run simultaneously in this task already
reaches the limits of a generous set-up of five chambers
and more than a full working day of the investigator. Since
performance of placebo and no-inject groups did not dif-
fer much in the early phases, pooling of both groups to
obtain a 'control cohort' was possible.

Conclusion
The findings of the present study, that is, improved
sequential learning and memory components of a com-
plex long-term cognitive task upon EPO treatment, will
provide the basis for further work targeting molecular fac-
ets of these critical phases. Such studies will include quan-
titative and qualitative evaluation of neurogenesis and
synapse formation in respective brain regions, for exam-
ple, cingulate cortex and hippocampus. In the latter, we
recently detected increased long-term potentiation after
EPO treatment [9]. In addition, future work will have to
assess whether the effects of EPO obtained here are
restricted to the use of very young and healthy animals, or
would be similarly strong in older mice and/or disease
conditions. Further untangling of molecular mechanisms
of EPO action on higher cognitive functions may then
ultimately open new avenues for prevention strategies and
therapeutic interventions in neuropsychiatric diseases.

Methods
Animals
Forty-five male C57BL/6NCrl mice (Charles River,
Sulzfeld, Germany), 3 weeks old upon arrival, were
housed in groups of five in standard plastic cages, with
food and water ad libitum. The temperature in the colony
room was maintained at 20–22°C, the light-dark cycle at
12 h (light on at 0400 hrs). After 7 days of acclimatising
to the new environment, injections were started at the age
of 28 days and were always performed in the first half of
the light phase. Behavioural experiments were conducted

by an investigator, blinded to treatment condition, during
the second half of the light phase (between 1000 hrs and
1500 hrs). All experiments were approved by the local
Animal Care and Use Committee in accordance with the
German Animal Protection Law.

Injection protocol
Mice were randomly assigned to one of three groups: EPO,
placebo or 'no-inject' (to uncover potential effects of
repeated injection stress), each consisting of 15 mice.
Mice were intraperitoneally injected every other day for 21
days (11 injections in total) either with EPO (5,000 IU/kg,
Epoetin-alpha, Janssen-Cilag, Neuss, Germany) or with
placebo (diluent buffer) in a volume of 0.01 ml/g body
weight. Mice from the no-inject group were just weighed
every other day (in order to keep handling similar to the
injected mice) with no additional manipulations. Train-
ing started 1 day after cessation of injections.

5CSRTT apparatus
Mice were trained in an operant chamber (height 18 cm,
width 15.5 cm, depth 20 cm, Med Associates Inc, St.
Albans, USA), enclosed in a sound-attenuating box and
connected to a Fujitsu Siemens PC. One wall of the oper-
ant chamber had a curved shape and carried an array of
five stimulus holes. The stimulus holes were 1.2 cm in
diameter and contained an LED stimulus light (depth 1
cm) in the rear. Infrared photocell pairs were located at 4
mm from the entrance of the stimulus holes and detected
nose pokes of mice into the holes. The wall opposite to
the stimulus holes contained a magazine cup, also with a
photocell detector of head entries, in which liquid reward
(4% sucrose solution) was delivered always simultane-
ously with illumination of the magazine. The house light
was located 32 cm above the magazine.

Habituation and magazine training
Two days before starting training, mice were habituated to
the liquid reward of 4% sucrose solution in their home
cages overnight. The day before starting magazine train-
ing, sucrose bottles were removed and mice were water-
deprived. Water deprivation was applied during the whole
experimental period. Immediately after finishing the daily
test sessions, mice were given water in individual cages for
20 min. Magazine training consisted of four consecutive
phases (M1–M4), one phase per day, each lasting for 15
min, with all stimulus holes closed. In the first phase
(M1), liquid reward was delivered (10 μl) upon initiation
of the training session. In the second phase of magazine
training (M2), the number of potential rewards was
increased, with a fixed interval of 118 sec between reward
presentations. A head entry into the magazine was
required to collect the reward. In the third phase (M3), the
fixed interval was replaced by a head entry-dependent
interval of 100 sec to obtain reward. In the last phase
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(M4), this interval was further reduced to 50 sec, ideally
yielding a consistently increasing number of head entries.
Head entries into the magazine together with reward con-
sumption were taken as indicators for associating the
magazine with reward delivery (see experimental design
Figure 4).

Shaping phases (operant and discriminant learning)
During shaping, mice were trained to perform a nose poke
into an illuminated stimulus hole in order to obtain
reward. The shaping procedure consisted of two phases
(each extending over several days, dependent on individ-
ual performance, and with a daily session duration of 30
min) where mice were taught to associate nose poking
into an illuminated hole with reward (phase S1), and then
trained to discriminate between those nose pokes that
lead to reward (illuminated holes) and those that do not
(unlit holes) (phase S2) (Figure 4). Throughout shaping
all stimulus holes were open. During S1, all stimulus
lights were on. Any nose poke in a stimulus hole was
rewarded. The inter-trial interval (time from pick-up of
reward to next stimulus hole illumination) was set to 8
sec. During S2, presentation of lit and unlit holes was con-
ducted in a pseudorandom manner. Mice were only
rewarded upon nose poking into a lit stimulus hole. Per-
forming a nose poke in an unlit hole led to switch-off of
the house light for 5 sec. Mice in S1 were moved to the
next training phase once they had reached 35–40 nose
pokes each on three consecutive days. S2 was terminated
when mice had arrived at a stable performance of ≥ 70%
correct responses. Starting from analysis of shaping
phases, placebo and no-inject groups were pooled, since
they no longer differed in any of the high-performing
tasks beyond habituation.

5CSRTT training
The training session started with illumination of maga-
zine light and presentation of 4% sucrose solution. Head
entry started the trial. At 8 sec after head entry, light (ini-
tially set to 16 sec) was randomly presented in one of the
five stimulus holes. A correct response, that is, nose pok-
ing into the lit hole, led to reward (6 μl) and next trial start
after 8 sec. Nose poking in an unlit stimulus hole, that is,
an incorrect response, led to extinguishing the house light
for 5 sec (time-out) and no reward. Further nose pokes
during time-out extended that period for additional 5 sec
each. If a mouse did not respond by nose poking into any
of the holes during stimulus presentation, an omission
was counted. As a consequence, no reward was presented.
Also omissions provoked time-out. A training session was
terminated after 30 min or upon performing 60 trials,
whichever came first. Mice were trained in the phase with
16-sec stimulus duration until they reached clearly
defined performance criteria (≥ 75% accuracy (correct
responses/correct + incorrect responses * 100), ≤ 20%

omissions and at least 50 trials performed over three con-
secutive days). Eight such phases followed with gradually
declining stimulus duration up to 1.0 sec (16, 8, 4, 2, 1.8,
1.4, 1.2, and 1.0 sec).

In the first phases, mice had time to respond as long as the
stimulus light was on. For phases with stimulus duration
below 5 sec, the response time (so-called limited hold)
was added up to 5 sec. Having 'finished the task' meant
having reached the above performance criteria for the 1.0
sec phase. Training sessions were performed every day,
including weekends. As soon as > 60% of the mice in one
of the three experimental groups had finished the task by
reaching performance criteria in the 1.0 sec phase, regular
5CSRTT training was stopped for all groups (day 94; Fig-
ure 1) and only high performers of all groups were carried
on with attention testing, that is, stimulus duration below
1.0 sec (0.8 sec). This resulted in EPO n = 10 versus con-
trol n = 10 (placebo n = 4 plus no-inject n = 6).

Overview on parameters of task acquisition
The following parameters were employed: (1) proportion
of mice that finished the task in all experimental groups;
(2) number of days until reaching performance criteria in
all phases (acquisition days); (3) proportion of omis-
sions, that is, number of omitted per total number of per-
formed trials within one training session; (4) number of
head entries during a magazine training session; (5)
number of nose pokes during an operant learning session;
(6) accuracy, that is, percentage of correct responses calcu-
lated as number of correct responses/correct + incorrect
responses*100; (7) sustained attention, that is, atten-
tional performance, expressed as omissions as a function
of time in session, evaluated over the first 10 days in the
2-sec phase (the most challenging training step). Data are
expressed in 10-trial blocks collapsed across all 10 days;
(8) newly introduced parameter: Stability of performance/
relapses, that is, the ability to maintain a high performance
with respect to omissions and accuracy for three consecu-
tive days. Mice that reached the above mentioned criteria
without keeping them for the required 3 days were consid-
ered relapsing. An additional measure of performance sta-
bility in high performers were omissions in the 1.0-sec
stimulus duration phase, as determined for 4 days after
reaching criteria.

Statistical analysis
Statistical analysis was performed using the statistical pro-
grams SPSS for windows, release 16 (SPSS Inc., Chicago,
USA) and GraphPad Prism version 4.00 for Windows,
(GraphPad Software, San Diego, USA). We applied two-
way ANOVA repeated measures, Kruskal-Wallis test, chi2-
test and Mann-Whitney test where indicated. Bonferroni
and Dunn's multiple comparison tests were used for post
hoc analysis. Threshold for significance was P < 0.05. Sur-
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vival analysis/Kaplan-Meier curves [20] were introduced
to demonstrate the proportion of mice per group finish-
ing the 5CSRTT training up to the 1.0-sec stimulus dura-
tion (task goal). Mice that did not reach the goal until day
94 were censored.
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5. EFFECT OF OVER-EXPRESSION OF EPOR IN THE FOREBRAIN 

AND HIPPOCAMPUS OF MICE ON COGNITIVE PERFORMANCE  

 
5.1. OVERVIEW OF PROJECT III 
Cognitive deficits are the core of many neuropsychiatric diseases. It has been shown 

in project II and in other studies that EPO improves cognitive performance in health 

and disease (Adamcio et al., 2008; Ehrenreich, Fischer et al., 2007; Ehrenreich, 

Hinze-Selch et al., 2007; El-Kordi, Radyushkin and Ehrenreich, 2009). In project III 

we aimed at gaining more mechanistic insight into the cellular contribution to these 

EPO effects on higher cognition in mice. For this purpose, we chose to target a 

particular subpopulation of neurons known to be involved in cognition. We developed 

a transgenic mouse model expressing EPO receptor (EPOR) under the α-

calcium/calmodulin-dependent protein kinase II (α-CaMKII) promoter, i.e. in pyramidal 

neurons of cortex and hippocampus. For that, we used a mutant form of the receptor  

with a point mutation at nucleotide 484 causing a substitution of arginine to cysteine 

at codon 129 of N terminus (R129C) leading to disulfide-linked homodimerization of 

EPOR and rendering it constitutively active. By over-expressing cEPOR, which has 

been shown to activate EPO-induced signaling without the requirement of its ligand 

(Fu et al., 2009; Moucadel and Constantinescu, 2005), in principal neurons of cortex 

and hippocampus, we achieved a reliable and permanent EPO-induced stimulation of 

a cell type, known to be involved in long-term potentiation and higher brain functions. 

Wildtype and transgenic mice were analyzed using a wide spectrum of behavioral 

tasks. Expression of cEPOR in cortical and hippocampal pyramidal neurons of 

transgenic mice resulted in better performance in Morris water maze compared to 

their wild type littermates. Moreover, transgenic mice showed increased cognitive 

flexibility, improved social memory and superior attentional capacities in 5CSRTT. 

Using electrophysiological techniques, we found that transgenic mice had enhanced 

synaptic plasticity (long-term potentiation, LTP). However, the superior cognitive 

performance was accompanied by signs of increased impulsivity under cognitive 

challenge and mild hyperactivity. 

Taken together, selective EPOR activity in pyramidal neurons of hippocampus and 

cortex prominently affects cognitive performance. These findings will help elucidate 

the cellular/molecular mechanisms involved in cognitive effects of the brain EPO 

system and ultimately open new avenues for treatment of neurological and 

psychiatric diseases. 
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5.2. ORIGINAL PUBLICATION 
 

Sargin D, El-Kordi A*, Agarwal A, Müller M, Wojcik SM, Hassouna I, Nave K-A 

and Ehrenreich H (2010). Expression of constitutively active erythropoietin 

receptor in cortical neurons boosts higher cognitive functions in mice. Submitted. 
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ABSTRACT 
 

Erythropoietin (EPO) and its receptor (EPOR) are expressed in the 
developing brain and their transcription is upregulated in adult neurons and 
glia upon injury or neurodegeneration. We have shown neuroprotective 
effects and improved cognition in patients with neuropsychiatric diseases 
treated with EPO. However, the critical EPO targets in brain are unknown, 
and separation of direct and indirect effects has remained difficult, given the 
role of EPO in hematopoiesis and brain oxygen supply. Here we 
demonstrate that mice with transgenic expression of a constitutively active 
EPOR isoform (cEPOR) in pyramidal neurons of cortex and hippocampus 
exhibit enhancement of spatial learning, cognitive flexibility, social memory, 
and attentional capacities, accompanied by increased impulsivity. Superior 
cognitive performance is associated with augmented long-term potentiation 
of cEPOR expressing neurons in hippocampal slices. That endogenous 
EPOR activity stimulates plasticity of cortical neurons is unexpected, but 
functionally complements anti-apoptotic actions of EPO in the recovery from 
brain injury. 
 
 
 

INTRODUCTION 
 
The hematopoietic growth factor erythropoietin (EPO) expands erythrocytes by 

preventing apoptosis of erythroblasts in the bone marrow. Recombinant human 

EPO (rhEPO) is a clinically safe drug, applied for the treatment of anemia 

worldwide. The surprising clinical observation that rhEPO improves cognitive 

functions has always been attributed to the increase in hemoglobin levels and thus 

enhanced tissue oxygenation (e.g. Grimm et al. , 1990 ;Hengemihle et al. , 1996 

;Kramer et al. , 1996 ;Pickett et al. , 1999), (for review, see Ehrenreich et al. , 2008 

;Jelkmann, 2005, 1992). Even after the discovery of EPO and EPO receptor 

(EPOR) in the brain (Masuda et al. , 1993 ;Masuda et al. , 1994), it took years until 

direct EPO effects on the central nervous system were first explored by in vivo 
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experiments (Sadamoto et al. , 1998). In the following, EPO turned out to have 

potent antiapoptotic, antioxidative and anti-inflammatory properties in the brain (for 

review, see e.g. Brines and Cerami, 2005 ;Siren et al. , 2009). Downstream 

signaling pathways of EPO in cells of the nervous system were extensively 

explored, showing an involvement of signal transducers and activators of 

transcription (STATs), phosphatidylinositol-3 kinase (PI3K)/AKT, RAS/extracellular 

signal-regulated kinase (ERK1/2), nuclear factor kappa B (NF-kappa B) and calcium 

(Byts et al. , 2008 ;Digicaylioglu and Lipton, 2001 ;Siren et al. , 2001). A large 

number of preclinical studies followed, devoted to the employment of EPO as a 

neuroprotective agent (for review, see Sargin et al. , 2010). Recent clinical trials on 

patients with schizophrenia (Ehrenreich et al. , 2007b ;Wustenberg et al. , 2010) or 

chronic progressive multiple sclerosis (Ehrenreich et al. , 2007a) as well as a trial 

involving extremely preterm infants (Neubauer et al. , 2010), which all demonstrated 

improved cognitive outcome upon EPO treatment, strongly suggested that this 

growth factor should be considered as a candidate neuroprotective drug 

counteracting cognitive decline. Nevertheless, the relevant mechanisms of action 

remained unclear and difficult to formally separate from blood oxygenation effects. 

 

As compared to neuroprotection studies in disease models (for review, see Sargin 

et al. , 2010), work on the function of the EPO system in normal brain is scarce. 

Based on the prominent effects of EPO on cognition, we hypothesized that an 

important physiological role of EPO in postnatal life or adulthood might be the 

modulation of neuroplasticity and of higher cognitive functions. We showed 

previously that in healthy young mice high-dose EPO treatment over 3 weeks 

enhanced hippocampal long-term potentiation (LTP) and memory (Adamcio et al. , 

2008), as well as executive and attentional functions (El-Kordi et al. , 2009). A 

recent functional magnetic resonance imaging (fMRI) study on healthy volunteers 

reported enhancement of the hippocampal response during memory retrieval after 

only one high dose of EPO (Miskowiak et al. , 2007). In all of these cases, EPO was 

applied peripherally, penetrated an intact blood-brain-barrier (Banks et al. , 2004 

;Brines et al. , 2000 ;Ehrenreich et al. , 2004), and likely bound to all major classes 

of brain cells expressing EPOR, making it impossible to delineate the cell type(s) 

responsible for enhanced cognition. 
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To explore whether EPO-EPOR signaling in cortical neurons has a direct impact on 

cognitive functions in the non-injured brain, we chose a transgenic strategy. To be 

independent of rhEPO and to genetically define the neuronal target cells, we 

expressed a constitutively active form, EPORR129C in the postnatal mouse forebrain, 

using a transgene driven by the α-calcium/calmodulin-dependent protein kinase II (α-

CaMKII) promoter. The substitution in EPORR129C (cEPOR) confers growth factor-

independent survival and tumorigenicity to hematopoietic Ba/F3 cells that are 

normally dependent on interleukin-3 for growth and survival (Longmore et al. , 1994 

;Yoshimura et al. , 1990). The constitutive activity results from the formation of a 

disulfide-linked receptor homodimer, mimicking the EPO-bound form (Watowich et 

al. , 1992). Expression of cEPOR thus activates EPOR signaling without requirement 

of a ligand (Fu et al. , 2009 ;Moucadel and Constantinescu, 2005).  

 

We show here that cEPOR expression in pyramidal neurons of cortex and 

hippocampus of transgenic (TG) mice prominently enhances higher cognitive 

performance. Superior cognition is correlated with enhanced paired pulse facilitation 

and long-term potentiation at the Schaffer collateral CA1 synapse, indicative of 

increased short- and long-term plasticity. Cognitive augmentation in this genetic 

model is different from that observed in mice receiving rhEPO injections and comes 

at the price of higher impulsivity and reduced behavioral control under strong 

cognitive challenge. We conclude that EPO-EPOR signaling stimulates neuronal 

plasticity independent of any hematopoietic effects and in addition to its 

neuroprotective actions.  

 

 

 

RESULTS 
 
Transgenic cEPOR expression in cortical and hippocampal neurons 
To systematically investigate the role of the EPO system in learning, memory and 

attention, we generated a TG mouse line expressing a constitutively active form of 

EPOR (cEPOR) under control of the α-CaMKII promoter (Fig.1A), which restricts 

expression of cEPOR to forebrain pyramidal neurons of postnatal mice. A 
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hemagglutinin (HA) tag at the amino terminus of cEPOR allowed monitoring of 

transgene expression. Of 3 independent lines produced, we analyzed 2 (TG1 and 

TG2) in detail, which showed a similar spatio-temporal expression pattern of the 

mutant receptor (Fig.1B and Fig.S1). In fact, cEPOR expression was enriched in 

cortex and hippocampus (Fig.1B and C) but not in cerebellum and peripheral tissues 

(Fig.1C). Western blot analysis demonstrated the presence of a 64kDa mutant 

receptor in the brains of TG animals that was regulated developmentally over time 

and augmented in early postnatal days (Fig.1D). Mice lacked any signs of 

neuropathology, were long-lived, and reproduced well. Animals in both lines showed 

normal growth and development, body weight, mating behavior and gross brain 

morphology, virtually identical to that of WT mice (Fig.S2). Moreover, hematocrit 

levels were comparable between WT and TG mice (WT mice: 45.00±0.3162%, N=5; 

TG mice: 46.00±1.080%, p=0.36; N=4). Thus, behavioral differences would not be 

secondary to developmental changes of the brain or hyperoxygenation.  

 

Slight hyperactivity but normal basic behavior of cEPOR TG mice  

We first assessed basic behavioral functions, such as locomotor and exploratory 

activity, anxiety, and motor performance, in cEPOR TG mice in comparison to WT 

littermates. In the elevated plus maze, there was the expected significant effect of 

arms (2-way ANOVA, F(2,90)=66.70; p<0.0001), but neither a genotype (p=0.9997) 

nor an interaction effect (p=0.4748), indicating comparable anxiety levels between 

TG and WT mice (Fig.2A). In the open field test, mice did not differ with respect to 

the time spent in zones (2-way ANOVA, effect of genotype p=0.9996) (Fig.2B). 

However, TG mice showed increased velocity (Mann-Whitney U-test, p=0.003) 

(Fig.2B inset) as well as distance travelled (data not shown). There were no 

differences between groups in exploratory activity, locomotor coordination, motor 

learning and acoustic startle response (Fig.2C-E).  

 
Enhanced spatial learning and cognitive flexibility  

The novel object recognition test as a relatively crude readout of basic cognition did 

not reveal any differences between groups (data not shown). However, Morris water 

maze, a sensitive test for hippocampus-dependent learning/memory processes 

(Morris, 1984), yielded a significant effect of days (2-way ANOVA for repeated 

measures F(7,203)=24.66; p<0.0001) as well as a significant effect of genotype (2-
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way ANOVA for repeated measures, F(1,29)=8.863; p=0.006) and no interaction 

effect (p=0.87) (Fig.2F). To exclude hyperactivity as a potential confounding variable, 

we evaluated the distance travelled for locating the hidden platform – a parameter 

independent of swimming speed. Again, there was a significant effect of genotype 

(2-way ANOVA for repeated measures, F(1,29)=6.791; p=0.014) (Fig.2G) indicating 

enhanced hippocampus-dependent learning and memory function in cEPOR TG 

mice. The similar performance level of both groups on day 8 of the hidden platform 

paradigm (p=0.8) allowed us to further assess cognitive flexibility of cEPOR TG mice 

using the reversal paradigm. Again, 2-way ANOVA for repeated measures revealed 

a significant effect of days (F(7,196)=55.71, p<0.0001), significant effect of genotype 

(F(1,28)=5.090, p=0.03) and a significant interaction effect (F(7,196)=3.649, 

p=0.001). Post-hoc analysis indicated a significant difference on day 1 (Bonferroni 

post-hoc test, p<0.001). To further delineate performance of both groups on this 

critical day 1, we applied a 2-way ANOVA for repeated measures over the 4 trials of 

this day. Both groups significantly improved over time (F(3,84)=12.71, p<0.0001), 

however there was a significant genotype effect (F(1,28)=9.632, p=0.004), pointing 

to faster adaptation of cEPOR TG mice to the new platform position (Fig.2H and 

inset).  

 

Enhanced synaptic plasticity of the hippocampus 

We hypothesized that the improvements of hippocampal learning are associated with 

a higher degree of synaptic plasticity. To assess changes in synaptic function and 

plasticity at the Schaffer collateral-CA1 synapse, extracellular field potential 

recordings were performed in stratum radiatum of the CA1 subfield of acute 

hippocampal tissue slices. Basal synaptic function and neuronal excitability were 

judged on the basis of input-output curves and synaptic plasticity was tested by 

paired-pulse stimulation and long-term potentiation (LTP)-inducing trains of tetanic 

stimuli. The amplitude and slope of orthodromically evoked field excitatory 

postsynaptic potentials (fEPSPs) did not differ significantly among WT and TG mice, 

and the normalized input-output curves (10-150µA stimuli) were only slightly right-

shifted for cEPOR mice at low stimulation intensities (≤ 70µA, data not shown). On 

average, half maximum response amplitudes were obtained with 30µA and 50µA 

stimuli in WT (n=14 slices) and TG mice (n=12 slices), respectively. 
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Clear differences were observed, however, in response to twin-pulse stimulation. In 

cEPOR TG mice, paired-pulse facilitation with interpulse durations of up to 150ms 

was significantly increased as compared to WT mice (Fig.3A,B). At the shortest 

interpulse interval tested (25ms), the fEPSP amplitudes increased by 59.3±15.5% 

and 127.9±22.7% for WT (n=13 slices) and TG mice (n=12), respectively, and fEPSP 

slopes increased by 113.6±20.2% and 268.2±45.4%. 

 

LTP-inducing stimuli (3 trains of 100Hz, each lasting for 1s) also resulted in a more 

pronounced potentiation of fEPSPs in cEPOR mice, during both the early and the 

late phase of LTP (Fig.3C,D). Immediately after tetanic stimulation, i.e. the phase 

being referred to as post-tetanic potentiation (PTP), fEPSP amplitudes were 

increased by 68.6±9.4% and 190.5±22.4% for WT and TG mice, respectively, and 

fEPSP slopes increased by 133.3±16.0% and 283.3±47.9% (Fig.3D). This initial 

post-tetanic potentiation decayed over the course of 3-5min and the evoked 

responses stabilized. One hour after LTP induction, fEPSP amplitudes were still 

increased by 38.4±7.4% and 116.7±18.7% and fEPSP slopes were elevated by 

51.0±13.2% and 140.7±32.5% (Fig.3D).  

  

Social memory, attention and higher cognitive capacities 

Would EPO-EPOR signaling also affect higher cortical functions that cannot be 

easily correlated with electrophysiological readouts? We first addressed social 

functions in cEPOR TG mice. While there were no differences in social interaction 

and social approach (data not shown), cEPOR TG mice showed enhanced social 

memory (Fig.2I). This behavior was not due to increased exploratory activity, since 

performance in the hole board test did not differ between groups (Fig.2C). 

Additionally, no differences in olfaction were detected between groups (data not 

shown) indicating that this finding reflects improved memory function in the area of 

social interaction.  

 

We next assessed attention and behavioral control in these mice using the 5-choice 

serial reaction time task (5-CSRTT) (Fig.4A). In this test, mice are trained on an 

everyday basis over many months to adequately respond to a short (≤1.4sec) light 

stimulus. Light stimuli appear pseudorandomly in one of five equally distant stimulus 

holes. Mice are only rewarded if they make a nose poke in the location, where the 
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light shows up. To be considered correct, responses have to occur in a short limited 

time window after stimulus presentation. After reaching stable performance, this 

trained behavior is challenged via different interfering manipulations (e.g. sound 

distracters, changing stimulus durations etc). 

 

Training under baseline conditions for 21 days revealed enhanced attentional 

abilities in cEPOR mice demonstrated by significantly lower reaction times (2-way 

ANOVA for repeated measures, effect of genotype F(1,16)=6.649, p=0.005, Fig.4B). 

Post-hoc analysis indicated a significant difference in the first trial block (i.e. the first 

ten trials collapsed over 21 days) (p<0.001). This pattern remained robust even in 

face of higher cognitive challenges in INT2 (effect of genotype F(1,12)=8.09, 

p=0.015; effect of ITI F(3,36)=15.62, p<0.0001; effect of interaction F(3,36)=3.757), 

p=0.02, Fig.4C). Post-hoc evaluation revealed significantly lower reaction times in 

cEPOR TG mice in ITI5 and ITI6 (p<0.01 and p<0.05, respectively). Furthermore, 

cEPOR TG mice tended to show less premature responses in INT2 compared to WT 

littermates (effect of genotype F(1,14)=6.658, p=0.02, Fig.4D). Since progression 

until 'Recovery4' is performance-dependent, unifying various aspects of learning and 

cognitive control, we analyzed the proportion of mice finishing this phase until 

experimental day 250. Survival analysis showed a significant difference between 

groups (p=0.03), indicating overall faster task progression in cEPOR TG mice 

(Fig.4E). 

 
Resistance to behavioral distracters 

Having obtained a consistently superior performance of TG mice in the whole series 

of consecutive 5-CSRTT attentional challenges, we exposed the mice to interfering 

acoustic stimuli. In the intervention phase 5 (INT5), mice were randomly confronted 

either with trials, where a sound distracter was simultaneously applied with a short 

light stimulus, or with trials lacking such distracting auditory stimulus. The effect of 

the sound distracter on attentional accuracy was investigated. In cEPOR TG mice, 

the sound distracter did not affect attentional accuracy (Wilcoxon test, p=0.94) in 

contrast to WT littermates where sound distraction led to a decrease in accuracy 

(p=0.01, Fig.4F). Reaction times showed here only borderline significance (effect of 

genotype p=0.057). Sound distraction led to a similar increase in reaction times in 

both groups (effect of sound F(1,14)=6.572, p=0.023, Fig.4G). 

 8



 
Increased impulsivity and reduced behavioral control under challenge 

Experimental cEPOR transgene expression was not ubiquitous in all EPO 

responsive cells in the brain, but restricted to forebrain pyramidal neurons, 

suggesting that a natural balance of stimulatory and inhibitory circuits may have 

been perturbed. We therefore wondered whether overall superior cognitive 

performance would come at a 'price' and searched for subtle behavioral defects. 

Indeed, an interesting behavioral abnormality was impulsivity. Under conditions of 

long inter-trial intervals (11sec) cEPOR TG mice tended to have more omissions 

compared to WT littermates (Mann-Whitney U-test, p=0.02, Fig.5A). In contrast to 

their resistance towards attentional distractions, cEPOR TG mice had more 

premature responses in the task where they were confronted with sound distracters, 

i.e. responses that occurred before the light-coupled sound appeared (Mann-

Whitney U-test, p=0.03, Fig.5B). To address whether signs of increased impulsivity 

are also detectable in simpler readouts of this behavioral feature, we performed the 

marble burying test. Indeed, cEPOR TG mice buried more marbles compared to WT 

littermates (Mann-Whitney U-test, p=0.047, Fig.5C). Thus, confining enhanced 

EPOR activity to glutamatergic cortical projection neurons in the reported experiment 

may have specific disadvantages, and it will be interesting to compare the here 

obtained behavioral pattern with the in vivo effects of enhanced EPO-EPOR 

signaling in other neuronal subpopulations.  

 

 

  

DISCUSSION 
 
In order to investigate how the EPO system influences cognitive performance and 

synaptic plasticity, and to experimentally prove that previously reported effects of 

rhEPO on cognition in patients are independent of brain oxygen supply, we created a 

novel mouse model with constitutive EPOR signaling in cortical neurons that are 

defined by α-CaMKII promoter activity. This way, we were able to specifically mimic 

EPO system function independent of any ligand in pyramidal neurons of cortex and 

hippocampus, i.e. regions pivotal for learning and memory processes. In other 
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words, we 'over-accentuated' the endogenous action of the EPO system in specific 

cortical and hippocampal layers, particularly the CA1 subregion (Morishita et al. , 

1997), to delineate the contribution of these neuronal subpopulations to the EPO 

effects on cognition. We found that selective constitutive expression of EPOR in 

forebrain neurons leads to a phenotype with superior performance in higher cognitive 

tasks. Behaviorally, this phenotype is accompanied by slightly increased activity and 

impulsivity. Electrophysiologically, both short- and long-term plasticity at the Schaffer 

collateral CA1 synapses are significantly increased in cEPOR expressing TG mice.  

 

We performed a detailed and comprehensive behavioral-cognitive analysis of 

cEPOR TG mice to demonstrate that increased EPO signaling in cortex and 

hippocampus enhances a whole array of learning and memory processes, as well as 

cognitive flexibility and attentional capacities, reflected by shorter reaction times and 

reduced distractibility through competing irrelevant auditory stimuli. Very similar 

higher cognitive tasks were found improved in human patients upon several months 

of weekly high-dose intravenous EPO treatment (Ehrenreich et al. , 2007a 

;Ehrenreich et al. , 2007b ;Wustenberg et al. , 2010), pointing to specific targets of 

EPO action on cognition that are common to both mice and humans. Augmented 

EPOR signaling in cEPOR TG mice also improved social memory, which is partly 

dependent on hippocampal functions (Kogan et al. , 2000). We note that a recent 

study reported on better facial recognition performance in patients with major 

depression following high-dose EPO application (Miskowiak et al. , 2009), supporting 

social cognition as another selective target of EPO effects across species. 

 

It is important to point out that there are clear differences between EPO effects on 

higher cognition upon systemic administration to healthy mice (El-Kordi et al. , 2009) 

as compared to the selective and specific stimulation of the EPO system in forebrain 

pyramidal neurons reported here. In contrast to mice receiving intraperitoneal EPO 

injections (El-Kordi et al. , 2009), the cEPOR TG mice did not show improved 

performance in the (still relatively basic) initial 5-CSRTT training phases. Their 

superiority, however, was pronounced in the highest cognitive challenge tasks, 

demanding tremendous attentional capacities. 
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Surprisingly, under cognitively most challenging conditions, cEPOR TG mice 

demonstrated more premature responses as readout of impaired behavioral impulse 

control (Chudasama et al. , 2003). The slightly hyperactive and impulsive phenotype 

of cEPOR TG mice was further confirmed by a simple additional assay – the marble 

burying test. Behavioral consequences of this kind were not noted upon high-dose 

EPO treatment where the cellular target is defined by the almost ubiquitous presence 

of EPOR throughout the brain. A potential explanation for the cEPOR TG phenotype 

of impulsivity and hyperactivity might be the continuous stimulation of the EPO 

system exclusively in cortical projection neurons. Since the frontal cortex has 

reciprocal projections to subcortical and basal brain regions (e.g. Kuroda et al. , 1998 

;Rotaru et al. , 2005 ;Uylings et al. , 2003), responsible for locomotion, motivation 

and impulsivity (for review, see e.g. Berridge and Kringelbach, 2008 ;Chambers et al. 

, 2003 ;Takakusaki et al. , 2004), the excitation of frontal pyramidal neurons might 

lead to a relative deficit in the simultaneous inhibitory regulation of these areas, 

consistent with a disturbance of the homeostatic balance within neuronal networks, 

resulting in impulsivity and hyperactivity of TG mice. This hypothesis is presently 

under systematic investigation in our laboratory through selected cEPOR expression 

in subpopulations of inhibitory interneurons. 

 

EPO and EPOR are expressed at very high levels in the developing central nervous 

system (Digicaylioglu et al. , 1995 ;Knabe et al. , 2004 ;Knabe et al. , 2005 ;Liu et al. 

, 1996 ;Liu et al. , 1994). In contrast, their expression is markedly reduced 

postnatally and remains low in the normal adult brain (Ehrenreich et al. , 2005). Both 

genes are upregulated under disease conditions in various different cell types in the 

brain, possibly to exert neuroprotective effects (Bernaudin et al. , 1999 ;Bernaudin et 

al. , 2002). Our present data indicate that EPO-EPOR signaling serves a role in 

neuroplasticity, independent of and in addition to its anti-apoptotic neuroprotective 

tasks. Since the steady-state level of both receptor and ligand is nevertheless low in 

the uninjured brain, we suggest that this function may also be disease-relevant. We 

propose a model in which EPO-EPOR induction under disease conditions not only 

prevents neuronal cell death, but also triggers the enhanced neuronal plasticity that 

is required to functionally compensate for lost neuronal functions. It is intriguing that 

this could indicate the strategy of the neocortex, which is known to provide striking 

functional compensations after injury. This study, together with our previous work, 
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also supports a physiological role for EPO in cognitive processes. All this should be 

exploited to define novel strategies to therapeutically enhance brain plasticity and 

cognitive performance in disease conditions. 
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MATERIALS AND METHODS 
 

Generation and characterization of transgenic (TG) mice 

EPORR129C (cEPOR) bears a single point mutation at nucleotide 484, i.e. in the 

exoplasmic domain, causing a substitution of cysteine for arginine at codon 129 of 

the N terminus (R129C). The cDNA sequence of cEPOR, containing a hemagglutinin 

(HA; YPYDVPDY) tag inserted five residues downstream of the signal peptidase 

cleavage site (Constantinescu et al. , 2001), was excised with PacI and SalI from the 

pMX-HA-cEPOR plasmid. The HA-cEPOR cDNA was inserted into pNN265 plasmid, 

with a modified multiple cloning site, that carries a 5' hybrid intron and a 3' intron plus 

poly-A signal from SV40 through PacI and SalI sites. Finally, the entire DNA fragment 

of HA-cEPOR, flanked by a hybrid intron at the 5’ end and a polyadenylation signal 

from SV40 at the 3’ end was cut out from pNN265 vector using NotI and placed 

downstream of the 8.5kb α-CaMKII promoter.  

The TG founders were produced by pronuclear injection of the linearized DNA into 

C57BL6/N ('TG1') or FvB/N ('TG2') zygotes. The analysis of line TG1 mice was 

performed after (N=4-6) backcrosses with C57BL6/N wildtype mice. The TG1 line 

was used (because of its clean C57BL6/N background) for the behavioral 

experiments presented here. The analysis of line TG2 mice was performed after 

backcrossing (N=8-9) to C57BL6/N mice.  

The genotype of transgenic offspring was analyzed by PCR of tail genomic DNA 

using primers specific for the 3’ end of the α-CaMKII promoter sequence  

(5’-GGGAGGTAGGAAGAGCGATG-3’) and the 5’ end of the HA-cEPOR cDNA 

sequence (5’-CACCCTGAGTTTGTCCATCC-3’) yielding a 769 bp product. PCR 

amplification of the tail DNA was carried out with the following conditions: 2min, 94°C 

(1 cycle); 30s 94°C, 30s 60°C, 1min, 72°C (35 cycles), followed by final extension at 

72°C for 10min. 

 

Immunofluorescence  

Wildtype and TG male HA-cEPOR mice were transcardially perfused under deep 

anesthesia with saline followed by 4% paraformaldehyde in 0.1M sodium phosphate 

buffer (PBS) (pH 7.4). Brains were removed from the skulls, postfixed in 4% PFA 

overnight at 4˚C and subsequently cryoprotected in 30% sucrose/PBS solution. After 
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being frozen on dry ice, coronal cryosections (30µm) were collected, washed briefly 

with PBS and incubated for 40min at room temperature (RT) with 0.1% glycine 

(Merck, Darmstadt, Germany), 0.1% Triton X-100 in PBS. Sections were then 

immersed for 1h at RT in blocking solution [5% normal horse serum (NHS), 0.1% 

Triton X-100 in PBS] and incubated with mouse monoclonal anti-HA (1:500, 

Covance, Hiss Diagnostics, Freiburg, Germany) diluted in 3% NHS, 0.1% Triton X-

100/PBS overnight at 4°C. After washing with PBS, sections were treated with anti-

mouse Cy3-coupled secondary antibody (1:1000, Jackson ImmunoResearch 

Laboratories-Dianova, Hamburg, Germany) for 1h at RT. Following PBS washes, 

sections were mounted on Super Frost microscopic slides, air dried and coverslipped 

using Aqua-Poly/Mount (Polysciences, Eppelheim, Germany). Sections were imaged 

with a fluorescence stereomicroscope (Leica MZ16 FA, Wetzlar, Germany). 

 

Protein extraction and immunoblotting 

Wildtype and TG HA-cEPOR male mice were sacrificed by cervical dislocation. The 

tissue samples were dissected and immediately frozen on dry ice. For 

immunoblotting, tissue samples including hippocampus, cortex, cerebellum, liver and 

kidney, were homogenized in lysis buffer (50mM Tris HCL (pH 8.3), 150mM NaCl, 

40mM NaF, 5mM EDTA, 5mM EGTA, 1mM Na3VO4, 1% Igepal, 0.1% 

Natriumdesoxycholat, 0.1% SDS] containing 1mM phenylmethysulfonylfluoride, 

10µg/ml aprotinin and 0.1mg/ml leupeptin) using an Ultra-turrax homogenizer 

(Kinematica, Luzern, Switzerland). The lysates were centrifuged (1200rpm) for 

45min at 4°C. The supernatant was collected and mixed with 3 volumes of Laemmli 

buffer [250 mM Tris HCL (pH 8.3), 8% SDS, 40% glycerol, 20% 2-mercaptoethanol, 

0.04% pyronin Y], and boiled for 10min at 70°C for immunoblotting. The protein 

samples were run on NuPAGE 4-12% Bis-Tris Gel (Invitrogen, Karlsruhe, Germany) 

for 1h at 200V and transferred to a nitrocellulose membrane. After blocking with 5% 

milk in Tween 20-Tris-buffered saline (TTBS) for 1h at RT, membranes were 

incubated in primary antibodies for mouse rat monoclonal anti-HA (1:500, Roche, 

Mannheim, Germany) with mouse monoclonal anti-GAPDH (1:10000, Assay 

Designs/Stressgen, Ann Arbor, MI, USA) as an internal control. Immunoreactive 

bands were visualized using secondary antibodies coupled to horseradish 

peroxidase by enhanced chemoluminescence (Amersham, Freiburg, Germany).  
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RNA isolation and expression analysis by reverse transcriptase PCR (RT-PCR) 

Brains of E12, E17, P0, P14 and adult (2 months old) TG male HA-cEPOR mice 

were rapidly frozen after being sacrificed. Tissue was homogenized in Trizol using 

an Ultra-turrax homogenizer (Kinematica, Luzern, Switzerland). Total RNA was 

isolated by using the RNeasyPlus kit (Qiagen, Hilden, Germany). During RNA 

isolation, on-column DNase digestion was performed with the RNase-free DNase set 

(Qiagen, Hilden, Germany). cDNA was prepared using N9 random and Oligo(dT)18 

primers. HA-cEPOR expression was detected by PCR using the sense (5’ 

CTACCCATACGACGTCCCAG 3’) and antisense (5’ GCGTCCAGGAGCACTACTTC 

3’) primers specific for the transgene, yielding a 362bp product. GAPDH cDNA was 

amplified as internal control using the sense 5’ TGCCAAGGCTGTGGGCAAGG 3’ 

and antisense 5’ TGTTGGGGGCCGAGTTGGGA 3’ primers (431bp). PCR 

amplification was done with following conditions: 2min, 94°C (1 cycle); 45s 94°C, 45s 

58°C, 1min 72°C (30 cycles), followed by final extension at 72°C for 10min. 

 

Slice preparation and electrophysiological recordings 

Synaptic function and plasticity were assessed in acute brain tissue slices. Adult 

male wildtype and TG HA-cEPOR mice (3-4 months old) were decapitated under 

deep ether anesthesia, the brain was rapidly removed from the skull and placed in 

chilled artificial cerebrospinal fluid (ACSF) for 1-2min. Acute neocortical/hippocampal 

tissue slices (400µm thick transverse slices) were cut from the forebrain using a 

vibroslicer (752M Vibroslice, Campden Instruments, Loughborough, UK). The slices 

were then separated in the sagittal midline, transferred to an Oslo style interface 

recording chamber and left undisturbed for at least 90min to ensure recovery from 

surgical trauma. Recording chamber was kept at a temperature of 32-33oC, 

continuously aerated with 95% O2 - 5% CO2 (400ml/min), and perfused with 

oxygenated ACSF (3-4ml/min). The ACSF contained (in mM): 130 NaCl, 3.5 KCl, 

1.25 NaH2PO4, 24 NaHCO3, 1.2 CaCl2, 1.2 MgSO4, and 10 dextrose; aerated with 

95% O2 - 5% CO2 to adjust pH to 7.4.  

 

Orthodromically evoked field excitatory postsynaptic potentials (fEPSPs) were 

elicited by stimulation of Schaffer collaterals and recorded in stratum radiatum of the 

CA1 subfield with a locally constructed extracellular DC potential amplifier as 

described earlier (Adamcio et al. , 2008 ;Hepp et al. , 2005). Unipolar stimuli of 

 15



0.1ms duration, negative polarity and 10-150µA amplitude were generated by a 

stimulator (Grass S88 stimulator equipped with PSIU6 stimulus isolation units, Grass 

Instruments, Astro-Med Inc., Rodgau, Germany) and delivered via stimulation 

electrodes made from steel microwire (50µm diameter, AM-Systems, Carlsborg WA, 

USA; (Muller and Somjen, 1998)). Extracellular recording electrodes were pulled 

from thin-walled borosilicate glass capillaries (GC150TF-10, Harvard Apparatus, 

Holliston MA, USA) using a horizontal electrode puller (P-97 Flaming/Brown 

Micropipette Puller, Sutter Instruments, Novato CA, USA). They were filled with 

ACSF and their tips were trimmed to a final resistance of ~5MΩ. Evoked responses 

were sampled at an acquisition rate of 20kHz using an Axon Instruments Digitizer 

1322A and PClamp 9.2 software (Molecular Devices Corporation, Sunnyvale CA, 

USA). Synaptic function and neuronal excitability were assessed by recording input-

output curves (10-150µA stimulus intensity) and synaptic plasticity was tested by 

inducing paired-pulse facilitation (PPF) and long-term potentiation (LTP). For PPF 

and LTP-recordings, stimulation intensity was adjusted to obtain half-maximum 

response amplitudes. In PPF recordings, the inter-stimulus interval was varied in the 

range of 25-200ms. LTP was induced by three 1s lasting 100Hz trains, separated by 

20s each, and fEPSPs were then recorded for 60min. To improve the signal to noise 

ratio of the recordings, 4 consecutive sweeps were averaged online (Muller and 

Somjen, 1998); individual stimuli were delivered every 5s (input-output curves and 

PPF) or 15s (LTP). To quantify changes in synaptic function and plasticity, the 

amplitude of the EPSPs and their slope (within the 20-80% range of the falling 

phase) were analyzed using PClamp 9.2 software (Molecular Devices). 

 

Behavioral testing 

All experiments were approved by the local Animal Care and Use Committee in 

accordance with the German Animal Protection Law. For behavioral testing, mice 

were housed in groups of 3-5 in standard plastic cages, food and water ad libitum 

(except for the 5-choice training period, see below). The temperature in the colony 

room was maintained at 20-22°C, with a 12h light-dark cycle (light on at 7:00am). 

Behavioral experiments were conducted by an investigator, blinded to the genotype, 

during the light phase of the day (between 8:00am and 17:00pm). The order of 

testing was as follows: Elevated plus maze, open field, hole board, rotarod, pre-pulse 

 16



inhibition, social interaction, novel object recognition test, Morris water maze, the 5-

choice serial reaction time task and marble burying test. Age of mice at the 

beginning of testing was 11-12 weeks. Inter-test interval was at least 1-2 days.  

Elevated plus maze: In this test of anxiety, mice were placed in the central platform, 

facing an open arm of the plus-maze (made of grey plastic with a 5x5cm central 

platform, 30x5cm open arms and 30x5x15cm closed arms; illumination 120lx). The 

behavior was recorded for 5min by an overhead video camera and a PC equipped 

with “Viewer 2” software (Biobserve GmbH, Bonn, Germany) to calculate the time 

spent in open or closed arms, distance traveled, number of arm visits, and velocity. 

The proportion of time spent in open arms was used to estimate open arm aversion 

(fear equivalent). 

Open field: Spontaneous activity in the open field was tested in a grey Perspex 

arena (120cm in diameter, 25cm high; illumination 120lx). Mice were placed in the 

center and allowed to explore the open field for 7min. The behavior was recorded by 

a PC-linked overhead video camera. “Viewer 2” software was used to calculate 

velocity, distance traveled, and time spent in central, intermediate or peripheral 

zones of the open field. 

Hole board: The hole board test measures exploratory activity. The apparatus 

consisted of a 51×51×33cm transparent Perspex chamber with a non-transparent 

floor, with 16 equally spaced holes, 2cm in diameter, 2cm deep. Mice were allowed 

to explore the chamber for 5min and the number of explored holes (head dips) was 

registered by a computer software (TSE GmbH, Bad Homburg, Germany). The 

illumination in the testing room was 120lx.  

Rotarod: The rotarod test examines motor function, balance, and coordination. It 

comprised a rotating drum (Ugo Basile, Comerio, Varese, Italy), which was 

accelerated from 4 to 40rpm over 5min. Mice were placed individually on the drum 

and the latency of falling off the drum was recorded using a stop-watch. To assess 

motor learning, the rotarod test was repeated 24h later. 

Pre-pulse inhibition test: In this test of sensorimotor gating, individual mice were 

placed in small metal cages (90x40x40mm) to restrict major movements and 

exploratory behavior. The cages were equipped with a movable platform floor 

attached to a sensor that records vertical movements of the floor. The cages were 

placed in 4 sound-attenuating isolation cabinets (TSE GmbH, Bad Homburg, 

Germany). Startle reflexes were evoked by acoustic stimuli delivered from a 
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loudspeaker that was suspended above the cage and connected to an acoustic 

generator. The startle reaction to an acoustic stimulus, which evokes a movement of 

the platform and a transient force resulting from this movement of the platform, was 

recorded with a computer during a recording window of 260ms (beginning with the 

onset of pre-pulse) and stored for further evaluation. The recording window was 

defined from the onset of the acoustic stimulus. An experimental session consisted 

of a 2min habituation to 65dB background white noise (continuous throughout the 

session), followed by a baseline recording for 1min at background noise. After 

baseline recording, 6 pulse-alone trials using startle stimuli of 120dB intensity and 

40ms duration were applied in order to decrease influence of within-session 

habituation. These data were not included in the analysis of the pre-pulse inhibition. 

For tests of pre-pulse inhibition, the 120dB/40ms startle pulse was applied either 

alone or preceded by a pre-pulse stimulus of 70db, 75db, or 80dB sound pressure 

level and 20ms duration. An interval of 100ms with background white noise was 

employed between each pre-pulse and pulse stimulus. The trials were presented in a 

pseudorandom order with an interval ranging from 8 to 22s. The amplitude of the 

startle response (expressed in arbitrary units) was defined as the difference between 

the maximum force detected during a recording window and the force measured 

immediately before the stimulus onset. Amplitudes were averaged for each individual 

animal, separately for both types of trials (i.e. stimulus alone or stimulus preceded by 

a pre-pulse). Pre-pulse inhibition was calculated as the percentage of the startle 

response using the following formula: % pre-pulse inhibition = 100 – [(startle 

amplitude after pre-pulse and pulse) / (startle amplitude after pulse only) x 100]. 

Social interaction: Sociability and social memory were tested as described in detail 

elsewhere ((e.g. Moy et al. , 2004)). The social testing arena was a rectangular, 3-

chambered box. Each chamber was 20x40x22cm in size. Dividing walls were made 

from clear Plexiglas, with rectangular openings (35x35mm) allowing access into 

each chamber. The chambers of the arena were cleaned, and fresh paper chip 

bedding was added between trials. The test mouse was first placed in the middle 

chamber and allowed to explore for 5min. The openings into the two-side chambers 

were obstructed by plastic boxes during this habituation phase. After the habituation 

period, an unfamiliar C57BL/6NCrl male mouse (stranger 1) without prior contact 

with the subject mouse was placed in one of the side chambers. The location of 

stranger 1 in the left versus right side chamber was systematically alternated 
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between trials. The stranger mouse was enclosed in a small (60x60x100mm), 

rectangular wire cage, which allowed nose contact through the bars but prevented 

fighting. The animals serving as strangers had previously been habituated to 

placement in the small cage. An identical empty wire cage was placed in the 

opposite chamber. A heavy cup was placed on the top of each of the small wire 

cages to prevent climbing by the test mice. Both openings to the side chambers were 

then unblocked, and the subject mouse was allowed to explore the entire social test 

arena for a 10min-session. The amount of time spent in each chamber and the 

number of entries into each chamber were recorded by the video tracking system 

“Viewer 2” (Biobserve GmbH). An entry was defined as all 4 paws in one chamber. 

At the end of the first 10min-trial, each mouse was tested in a second 10min-session 

to quantify social preference for a new stranger. A second, unfamiliar mouse 

(stranger 2) was placed into the previously empty wire cage. The test mouse had a 

choice between the first, already explored mouse (familiar stranger 1), and the novel 

unfamiliar mouse (new stranger 2). As described above, measures were taken of the 

amount of time spent in each chamber and the number of transitions between 

chambers of the apparatus during the second 10min-session. Based on the amount 

of time spent in each chamber, a ‘sociability index’ and a ‘social memory index’ (with 

a value of 0 meaning no preference) were calculated according to the following 

formulas:  

Sociability index = ((Timestranger/(Timestranger + Timeempty)) x 100) – 50. 

Memory index = ((Timenovel mouse/(Timenovel mouse + Timefamiliar mouse)) x 100) – 50. 

Novel object recognition test: As a test for recognition memory, the novel object 

recognition test consisted of a training phase and a testing phase. First, mice were 

habituated to the experimental apparatus for 10min in the absence of any objects. 

The experimental apparatus was a rectangular open field (40x40x40cm) made of 

grey plastic. During the training phase, mice were placed in the experimental 

apparatus with 1 object and allowed to explore for 10min. The object was thoroughly 

cleaned between trials to make sure no olfactory cues were present. Retention was 

tested immediately after training and 30min later. During these retention tests, the 

mouse explored the experimental apparatus for 10min in the presence of 1 familiar 

and 1 novel object. An independent set of objects was used for training and testing 

of each retention interval. The location of the object was counterbalanced so that 

one-half of the animals in each group saw the novel object on the left side of the 
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apparatus, and the other half saw the novel object on the right side of the apparatus. 

A mouse was scored as exploring an object when its head was oriented toward the 

object within a distance of 1cm or closer. Preference index, a ratio of the amount of 

time spent exploring the new object over the total time spent exploring both objects 

during the retention test was used as a measure of recognition memory. 

Morris water maze: Spatial learning and memory was assessed in a water maze 

(Morris, 1984). A large circular tank (diameter 1.2m, depth 0.4m) was filled with 

opaque water (25±1˚C, depth 0.3m) and the escape platform (10x10cm) was 

submerged 1cm below the surface. The swim patterns were monitored by a 

computer and the video-tracking system “Viewer 2”. The escape latency, swim 

speed, path length, and trajectory of swimming were recorded for each mouse. 

During the first 2 days, mice were trained to swim to a clearly visible platform (visible 

platform task) that was marked with a 15cm high black flag and placed pseudo-

randomly in different locations across trials (non-spatial training). The extra-maze 

cues were hidden during these trials. After 2 days of visible platform training, hidden 

platform training (spatial training) was performed. For 8 days, mice were trained to 

find a hidden platform (i.e. the flag was removed) that was located in the center of 

one of the 4 quadrants of the pool. The location of the platform was fixed throughout 

testing. Mice had to navigate using extra-maze cues that were placed on the walls of 

the testing room. Every day, mice went through 4 trials with an inter-trial interval of 

5min. The mice were placed into the pool facing the side wall randomly at 1 of 4 start 

locations and allowed to swim until they found the platform, or for a maximum of 90s. 

Any mouse that failed to find the platform within 90s was guided to the platform. The 

animal then remained on the platform for 20s before being removed from the pool. 

The next day after completion of the hidden platform training, a probe trial was 

conducted in order to determine whether mice used a spatial strategy to find the 

platform or not. The platform was removed from the pool and the mice were allowed 

to swim freely for 90s. The percentage of time spent in each quadrant of the pool as 

well as the number of times the mice crossed the former position of the hidden 

platform were recorded. In order to investigate the flexibility of cognitive processes in 

mice, the reversal water maze test was performed. The experimental procedure was 

identical to the one used for the hidden platform training with the exception that the 

escape platform was moved from the original position to the neighbouring quadrant.  
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The 5-choice serial reaction time task (5-CSRTT) measures higher brain functions, 

ranging from various discrete learning/memory to attentional paradigms (Humby et 

al. , 2005 ;Robbins, 2002). Mice were trained in an operant chamber (width 15.5cm, 

depth 20cm, height 18cm; Med Associates Inc, St. Albans, USA), enclosed in a 

sound attenuating box and connected to a Fujitsu Siemens PC. One wall of the 

operant chamber had a curved shape and carried an array of five stimulus holes. 

The stimulus holes were 1.2cm in diameter and contained a LED stimulus light 

(depth 1cm) in the rear. Infrared photocell pairs were located at 4mm from the 

entrance of the stimulus holes and detected nose pokes of mice into the holes. The 

wall opposite to the stimulus holes contained a magazine cup, also with a photocell 

detector of head entries, in which liquid reward (4% sucrose solution) was delivered 

always simultaneously with illumination of the magazine. The house light was 

located 32cm above the magazine.  

Habituation and magazine training: Two days before starting training, mice were 

habituated to the liquid reward of 4% sucrose solution in their home cages over 

night. The day before starting magazine training, sucrose bottles were removed and 

mice were water deprived. Water deprivation was applied during the entire 

experimental period. Immediately after finishing the daily test sessions, mice were 

given water in individual cages for 20min. Magazine training consisted of four 

consecutive phases (M1-M4), 1 phase per day, each lasting for 15min, with all 

stimulus holes closed. In the first phase (M1), liquid reward was delivered (10µl) 

upon initiation of the training session. In the second phase of magazine training 

(M2), the number of potential rewards was increased, with a fixed interval of 118sec 

between reward presentations. A head entry into the magazine was required to 

collect the reward. In the third phase (M3), the fixed interval was replaced by a head 

entry-dependent interval of 100sec to obtain reward. In the last phase (M4), this 

interval was further reduced to 50sec, ideally yielding a consistently increasing 

number of head entries. Head entries into the magazine together with reward 

consumption were taken as indicators for associating the magazine with reward 

delivery. 

Shaping phases (operant and discriminant learning): During shaping, mice were 

trained to perform a nose poke into an illuminated stimulus hole in order to obtain 

reward. The shaping procedure consisted of two phases (each extending over 

several days, dependent on individual performance, and with a daily session 
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duration of 30min) where mice were taught to associate nose poking into an 

illuminated hole with reward (phase S1), and then trained to discriminate between 

those nose pokes that lead to reward (illuminated holes) and those that do not (unlit 

holes) (phase S2). Throughout shaping all stimulus holes were open. During S1, all 

stimulus lights were on. Any nose poke in a stimulus hole was rewarded. The inter-

trial interval (time from pick-up of reward to next stimulus hole illumination) was set 

to 8sec. During S2, presentation of lit and unlit holes was conducted in a 

pseudorandom manner. Mice were only rewarded upon nose poking into a lit 

stimulus hole. Performing a nose poke in an unlit hole led to switch-off of the house 

light for 5sec. Mice in S1 were moved to the next training phase once they had 

reached 35-40 nose pokes each on 3 consecutive days. The number of trials in S2 

was 60 per day and training in this phase was terminated when mice had arrived at a 

stable performance of ≥70% correct responses for three consecutive days.  

5-CSRTT training: The training session started with illumination of magazine light 

and presentation of 4% sucrose solution. Head entry started the trial. At 8sec after 

head entry, light (initially set to 16sec) was randomly presented in one of the 5 

stimulus holes. A correct response, i.e. nose poking into the lit hole, led to reward 

(6μl) and the next trial start after 8sec (inter-trial interval, ITI). Nose poking in an unlit 

stimulus hole, i.e. an incorrect response, led to extinguishing the house light for 5sec 

(time-out) and no reward. Further nose pokes during time-out extended that period 

for additional 5sec each. If a mouse did not respond by nose poking into any of the 

holes during stimulus presentation, an omission was counted. As a consequence, no 

reward was presented. Also omissions provoked time-out. A training session was 

terminated after 30min or upon performing 60 trials, whatever came first. Mice were 

trained in the phase with 16sec stimulus duration until they reached clearly defined 

performance criteria (≥75% accuracy [correct responses/correct + incorrect 

responses * 100], ≤20% omissions and at least 50 trials performed over 3 

consecutive days). Six such phases followed with gradually declining stimulus 

duration up to 1.4sec (16, 8, 4, 2, 1.8 and 1.4sec). In the first phases, mice had time 

to respond as long as the stimulus light was on. For phases with stimulus duration 

below 5sec, the response time (so called limited hold) was added up to 5sec.  

Baseline training and attentional manipulations 

After the acquisition phase, which was terminated by reaching stable performance 

criteria in the 1.4sec-phase (see above), mice were trained at ‘baseline parameters’, 
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i.e. stimulus duration of 1.4sec, an ITI of 8sec and a maximum of 60 trials. This 

training was performance-independent, lasted for 21 days (1 session/day) and was 

conducted to further stabilize performance of mice (Wrenn et al. , 2006). Immediately 

after baseline training, attentional intervention phases (INT1-5) succeeded in the 

following manner: (INT1) variable, long ITI (8, 9, 10 and 11sec); (INT2) variable, 

short ITI (5, 6, 7 and 8sec); (INT3) variable, short stimulus duration (1.4, 1.0, 0.6 and 

0.2sec); (INT4) variable long ITI (8, 9, 10 and 11sec) coupled with variable short 

stimulus duration (1.4, 1.0, 0.6 and 0.2sec) and (INT5) short stimulus duration 

(0.6sec) applied simultaneously with a sound distracter (80dB, white noise).  INT1, 

INT2, INT3 and INT5 lasted for 4 days (1 session/day), while INT4 was conducted 

for 15 days (1 session/day). Between 2 intervention phases, mice were kept in a 

‘recovery’ phase, consisting of baseline parameters, until they re-reached the above 

described baseline performance criteria. This was done to rule out the impact of 

motivational and learning factors resulting from the prior intervention phase (Humby 

et al. , 1999).  

Marble burying test: The marble burying test is used to assess stereotypies and 

obsessive-compulsive behaviors in mice (Deacon, 2006). Mice were tested in plastic 

cages (34.5x56.5x18cm) filled with 5cm deep wood chip bedding. 24 glass marbles 

evenly spaced (4cm apart) were placed on the surface. Individual mice were put in 

the cage and left there for 30min. Illumination was dimmed (6lx). The number of 

buried marbles (to 2/3 their depth) during this time was counted.   

 

Statistical analysis  

Statistical analysis was performed using the statistical programs SPSS for windows, 

release 16 (SPSS Inc., Chicago, USA) and GraphPad Prism version 4.00 for 

Windows, (GraphPad Software, San Diego, USA). We applied 2-way ANOVA for 

repeated measures, Kruskal-Wallis test, chi2-test, Mann-Whitney U-Test and survival 

analysis where indicated. Bonferroni and Dunn’s multiple comparison tests were 

used for post-hoc analysis. Threshold for significance was p<0.05. All data are 

presented as mean±SEM (standard error of the mean). 
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Figure Legends 
 
Figure 1: Construction and characterization of HA-cEPOR TG mice ('TG1'). 
(A) Construct HA-cEPOR used for production of HA-cEPOR TG mice. HA-cEPOR, 

flanked by a hybrid intron at the 5’ end and a polyadenylation signal at the 3’ end 

was placed under the control of the α-CaMKII promoter. (B) Forebrain-specific 

expression of HA-cEPOR transgene revealed by immunohistochemistry.  A 

monoclonal antibody against the HA-tag was used to stain coronal sections of the 

hippocampus. Expectedly, HA-cEPOR expression is absent in WT mice [(a) and (b) 
are magnifications of the respective regions of interest]. In TG mice, HA-cEPOR 

expression is restricted to pyramidal neurons of the cortex (c), CA1 (d) as well as 

CA3 subregions of the hippocampus and granular layer of the dentate gyrus. Scale 

bars; 100µm and 500µm. (C) Tissue-specific expression of HA-cEPOR mRNA (top) 

and protein (bottom) in TG mice. TG mRNA expression was detected by PCR using 

TG specific primers, yielding a 362bp product. Western blot analysis of HA-cEPOR 

using a monoclonal antibody against HA-tag revealed a 64kDa band. HA-cEPOR 

mRNA and protein were expressed in cortex (CX) and hippocampus (HP) of TG 

mice but not in cerebellum (CB) or in peripheral tissues (LIV: liver; KID: kidney). 

GAPDH was used as the internal control for both mRNA (431bp) and protein 

(36kDa) expression analysis. (D) Developmental regulation of the HA-cEPOR 

transgene. HA-cEPOR transgenic mRNA and protein expression was not seen in 

fetal tissue ('embryonic' day 12 and 17), but detected at early postnatal days (P0, 

P14) and remained constant until adulthood.  
 

 

Figure 2: Essentially normal basic behavior of cEPOR TG mice contrasts the 
distinctly superior cognitive performance. 
TG mice were normal in basic behavioral functions (A-E) except for slight 

hyperactivity, as demonstrated by increased velocity in the open field (B). In basic 

cognitive tasks, i.e. spatial learning/memory and cognitive flexibility as evaluated by 

Morris water maze (F-H) and social memory (I), cEPOR TG mice were significantly 

superior to WT. N=13-18 per group; mean±SEM presented. 
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Figure 3: cEPOR mice reveal improved synaptic short- and long-term plasticity 
(A,B) Short-term plasticity as tested by paired-pulse facilitation was markedly 

enhanced in cEPOR mice. The amplitude (A) and slope (B) of the second EPSP are 

normalized to the first EPSP of a given twin pulse. Plotted are the averages of 13 

(wildtype) and 12 slices (cEPOR TG). Error bars represent SEM and the level of 

significance of the changes observed is indicated. The sample responses shown in 

the inset were elicited by 30µA stimuli separated by 25ms; stimulation artefacts are 

truncated. (C,D) Also, post tetanic potentiation (PTP) as well as long-term 

potentiation (LTP) was more pronounced in cEPOR mice. LTP was induced at time 

0; plotted are the normalized averages of 11 slices for each genotype. The sample 

responses in the inset show EPSPs under baseline conditions, immediately after the 

LTP-inducing stimulus, i.e. the phase of PTP, and 60min after stimulation. 

Responses were elicited by 60µA stimuli, scaling is identical to panel B. 

 
 

Figure 4: cEPOR TG mice perform better in the attentional interventions of the 
5-choice serial reaction time task (5-CSRTT). 
(A) Experimental design depicting the standard baseline training steps in 5-CSRTT 

as well as attentional manipulations. (B,C) cEPOR TG mice showed better 

attentional performance reflected by shorter reaction times. (D) They displayed less 

premature responses under lower cognitive demands and (E) were overall faster in 

progressing through the consecutive training steps. (F,G) Additionally, they were less 

distractible and more resistant towards irrelevant competing auditory stimuli. N=7-11 

per group; mean±SEM presented. 

 
 

Figure 5: cEPOR TG mice show increased impulsivity and reduced behavioral 
control under conditions of high cognitive challenge. 
(A) cEPOR TG mice were more distractible in trials comprising low frequency 

stimulus presentations (longer inter-trial interval) and (B) more impulsive in sessions 

including an irrelevant auditory distracter. (C) Additional evaluation of these 

phenomena using the marble burying test confirmed the impulsive phenotype. N=7-

11 per group; mean±SEM presented. 
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Figure S1: Expression of HA-cEPOR in the 'TG2' line. Forebrain-specific 

expression of HA-cEPOR transgene also in line 'TG2' was revealed by 

immunohistochemistry.  A monoclonal antibody against the HA-tag was used to stain 

coronal sections of hippocampus. HA-cEPOR expression is absent in WT mice (A 
and B). Similar to the line 'TG1', HA-cEPOR expression is restricted to the pyramidal 

neurons of cortex (C), CA1 (D), CA3 subregions of hippocampus and granular layer 

of dentate gyrus. Scale bars; 100µm and 500µm. 

 

Figure S2: Overexpression of cEPOR does not affect overall brain morphology. 
(A) Coronal sections from WT and TG mice were stained with haematoxylin-eosin 

and (B) Luxol Fast Blue. General brain morphology and myelin architecture were 

comparable between WT and TG mice. Scale bars; 1mm. 
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6. SUMMARY & CONCLUSIONS 

In the first original publication we studied the effect of combining a complexin2 null 

mutation (genetic predisposition) with a juvenile parietal neurotrauma as a second hit 

(environmental trigger) on inducing cognitive phenotypes relevant to schizophrenia in 

mice. Several months after lesion, only Cplx2 null mutants showed reduced pre-pulse 

inhibition (measurement for sensory motor gating), deficit of spatial learning, and loss 

of inhibition after MK-801 administration. Forced alternation in T-maze, object 

recognition, social interaction and elevated plus maze tests were unaltered in all 

experimental groups. Additionally, we have replicated the previously reported mild 

motor phenotype of Cplx2 null mutants. However, this phenotype was accentuated 

upon lesion. Finally, MRI volumetrical analysis revealed a decrease of hippocampal 

volume exclusively in lesioned Cplx2 null mutants. This goes in concert with the 

observed deficits in spatial learning, which rely on the hippocampus.  

Taken together, the combination of Cplx2 null mutation with juvenile neurotrauma 

provided a further proof for the interaction between genetic predisposition and 

environmental triggers in the emergence of schizophrenia. This model satisfied 

almost all validity issues, which have to be met while modeling schizophrenia in 

rodents.  

From there, we wanted to investigate potential treatment approaches of cognitive 

dysfunctions in brain diseases. Since there are no satisfying treatments for cognitive 

decline in schizophrenia and other neuropsychiatric diseases and due to the often 

reported neurodegeneration in the schizophrenic brain, we aimed at delineating the 

spectrum of cognitive domains potentially targeted by EPO (as a promising 

neuroprotective candidate). For this purpose, in the second project we made use of a 

sequential operant paradigm for rodents, which addresses different types of learning, 

attention and executive functions – the five choice serial reaction time task. We found 

upon 3-week EPO treatment of young healthy male mice improvements in 

associative, operant and discriminant learning. Moreover, EPO treated mice were 

faster in acquiring the task, i.e. reacting correctly to a short randomly appearing 

visual stimulus in one of five possible locations. Furthermore, EPO led to more stable 

cognitive performance. For the first time, this study showed (1) the effect of EPO on 

higher cognitive functions in healthy young mice, which is similar to our previous 
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findings in chronic schizophrenia patients (Ehrenreich, Hinze-Selch et al., 2007) and 

(2) the long lasting effect of this neuroprotective compound, since the cognitive 

improvements were detected up to 3 months after termination of EPO treatment. This 

again parallels its enduring action in a neurological population (Ehrenreich, Fischer et 

al., 2007).  

Up to that point the cellular contribution of EPO-mediated action was still obscure. 

For gaining more mechanistic insight on EPO action on higher cognitive functions, we 

designed the third study, in which we over-expressed EPO receptor (EPOR) in 

selected neurons. We developed a transgenic mouse model expressing EPOR under 

the α-calcium/calmodulin-dependent protein kinase II (α-CaMKII) promoter, i.e. in 

pyramidal neurons of cortex and hippocampus, i.e. in brain regions heavily involved 

in higher cognition. Behavioral tests revealed improved spatial learning abilities, 

enhanced social memory and superior attentional functions of EPOR transgenic 

mice. Along these lines, transgenic mice had enhanced synaptic plasticity, which was 

indicated by increased long-term potentiation. However, perhaps as a price for higher 

cognition, transgenic mice had signs of reduced behavioral control under higher 

cognitive challenge and were mildly hyperactive in the open field. This study showed 

for the first time the effect of selectively stimulating EPOR in neuronal subpopulations 

involved in higher cognition. By circumventing the hematopoietic system this study 

proved that EPO-mediated cognitive improvement is due to the receptiveness of 

neuronal structures to EPO. In contrast to the cognitive advantages, over-stimulation 

of EPOR in selected brain areas led to hyperactivity and decreased behavioral 

control under cognitive challenge.   

Taken together, the work presented in this thesis showed, that EPO is a very 

attractive and promising neuroprotective agent for deficits of higher cognitive 

functions. The findings presented in this work open new avenues for treating 

neuropsychiatric cognitive deficits. This has still to be addressed in the here 

proposed mouse model of schizophrenia. The knowledge gained here will be further 

pursued. We are planning to look at the effect of over-expressing EPOR in 

interneurons, and thus stimulating inhibitory properties of neuronal networks. 
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