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Abstract

Psychosis is a clinical term that encompasses a range of abnormal conditions from distortions in
sensory information processing to resultant delusional thinking and disordered thoughts. It routinely
develops as an integral part of several psychiatric disorders, including schizophrenia. Here, it
represents the first clinical manifestation of the disease; plays role as a critical transitional stage
towards the chronic phase of the illness; and is actively engaged into the progression of structural
and functional abnormalities seen in diagnosed patients. The whole course of the illness and
patient’s functional prognosis is highly dependent on the duration of untreated psychosis. As a
result of this observation, it has been postulated that a short time window exists after the initial
episode during which medical interventions have the greatest potency in attenuating the progress of
the disease. Therefore, elucidating early and more protracted molecular changes that follow
psychosis may shed light on some of the pathological processes that develop during this critical
time and influence chronic establishment of the disease. Moreover, the resulting picture may
provide a valuable insight into the time course of abnormalities that may help in creating better
medication, specifically for a subset of patients that have already developed their first psychotic
episode. This is the motivation behind the first part of the project, where early and long-term
consequences of the first psychotic episode were assessed on receptor protein expression level, one
week, four weeks and three months after the event in an animal model of acute psychosis. For this,
Wistar rats were injected with a single high dose of NMDAR antagonist – MK801, which is known
to induce symptoms of schizophrenia in both, humans and animals. The fact that various brain
regions involved in the illness are highly interconnected with the hippocampus and that abnormal
functioning of this region may lead to all types of schizophrenia symptoms has placed this structure
into the research focus. Hence, expression of the glutamatergic, GABAergic and dopaminergic
receptors across the hippocampal transverse and longitudinal axes was examined, with the means of
immunohistochemistry technique.
The results suggest that one week after MK801 treatment a process of immediate adaptive
restructuring is taking place in the hippocampus. This early response is then followed with a state of
persistently increased neuronal excitability across the whole hippocampus, as is shown in the fourweek time-point data. Finally, the results suggest chronic establishment of the disease three months
after MK801 injection. Here, pathological changes converged on the hippocampal CA1 region,
similarly to clinical findings from patients with early schizophrenia.
Thus, a single MK801-induced psychotic episode produces long-term alterations in the expression
of plasticity-related receptors, where early changes seem to dramatically increase hippocampal
vulnerability toward further pathological processes that later become chronically established.
16

Additionally, impairments in synaptic plasticity and cognition that are observed in this animal
model and in patients with schizophrenia might be partially mediated through these changes that
alter normal balance between neuronal excitation and inhibition.
In the second part of the project, expression of the same plasticity-related receptors was examined
in healthy rodents in the dorsal, intermediate and ventral hippocampal subdivisions. Given the
functional separation of the hippocampus across its longitudinal axis, differences in the expression
of glutamatergic, GABAergic and dopaminergic receptors may contribute to the differences in
information processing in these subregions of the hippocampus.
The results revealed distinct subcompartment-specific profiles in the expression of plasticity-related
receptors in the dorsal, intermediate and ventral hippocampus. These, in turn, provide an insight
into the characteristics of cellular excitability and influence the ability of these subregions to
express different forms of synaptic plasticity. In order to test this, in vitro electrophysiological
experiments were made, where ultra-short term and long-term synaptic plasticity were examined.
Here, the dorsal CA1 region showed low neurotransmitter release probability, strong long-term
potentiation (LTP) and strong long-term depression (LTD); the ventral CA1 region showed high
neurotransmitter release probability, slightly weaker LTP, but similar LTD; and the intermediate
CA1 region showed neurotransmitter release probability and LTP that were analogous to the ventral
response and short-term, but not long-term depression (STD). Thus, the present study greatly
extends current knowledge about underlying molecular mechanisms that enable hippocampal
synaptic plasticity and functional differentiation.
The presented study underscores the unique structural and functional heterogeneity of the
hippocampus as well as shows the time-dependent changes in multiple plasticity-related receptors
across the hippocampal subdivisions upon the first psychotic episode. These findings can be further
explored to identify the best intervention strategies for patients who already experienced their first
episode of psychosis.
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1.

Introduction

1.1.

Psychosis – an overview

Psychosis is an abnormal state of mind that is characterized by delusional thinking (false beliefs and
thoughts); hallucinating experiences, mainly in auditory and visual modalities; and disordered
thoughts and speech (Kapur, 2003; Bürgy, 2008). It is often accompanied by impairments in social
cognition, inappropriate emotional expressions and/or bizarre behavior. Anxiety and depression are
also common. Factors that may trigger psychotic event are in great abundancy and include
psychoactive substances, lack of sleep during long period of time, brain traumas and infections, or
various brain diseases. With regard to brain illnesses, psychosis has been differentiated into
affective and nonaffective psychoses, where psychotic episodes either co-occurred with mood
disturbances or did not, respectively (Larson et al., 2010). The most typical example of disorder
with affective psychosis is bipolar illness, and of nonaffective psychosis is schizophrenia. In the
project presented, the nonaffective form of psychosis that is symptomatic to schizophrenia disease
was the particular focus of research and therefore is described in detail here.
In schizophrenia, the first clinically detectable symptoms appear at the time of late adolescence or
early adulthood in a form of first-episode psychosis. It represents the critical time-point in a course
of the disease: if left untreated it tends to progress into chronic illness. The clinical description of a
course of schizophrenia involves several stages (Figure 1.1). Here, the earliest stage occurs during
fetal neurodevelopment. It is associated with a genetic predisposition in a form of mutations or
nucleotide polymorphisms that later converge on molecular pathways important for proper
development and maturation of neurons and for establishing new synaptic contacts or their pruning
(Horvath & Mirnics, 2015). Maternal infections and obstetric complications are also among
susceptibility factors at this stage of the disease (Jenkins, 2013). Following the onset of puberty,
developmental restructuring of neural networks begins, with up- or down-regulation of different
proteins and cells, and fine-tuning of long-range projections (Andersen, 2003; Gogtay et al., 2004;
Eiland & Romeo, 2013). However, the earliest changes seem to accumulate and interfere with these
processes and allow the first subtle and highly attenuated symptoms of schizophrenia to manifest.
They can last from weeks to years and are known as the prodromal phase of the illness. At this
highly sensitive period, stressful events (Holtzman et al., 2013), psychosocial challenges and/or
drug-abuse may additionally increase the functional load onto neural networks and result in the first
psychotic event (Larson et al., 2010; Ruby et al., 2014). The conversion rate is estimated in 40% of
cases within two to five years after the first symptoms (Keshavan et al., 2011). Importantly, the
progression of patient into the chronic stage of the illness and the clinical prognosis depends on the
18
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duration of untreated psychosis. It was shown that duration of untreated psychosis of longer than 60
days results in a five-fold increased risk of developing two or more psychotic episodes (Drake et al.,
2000; Alvarez-Jimenez et al., 2011). It also increases the time of treatment response to manifest and
is associated with more severe psychotic symptoms during subsequent episodes, as well as with
worse functional outcome (Häfner et al., 1994). Such results highlight the critical role of the first
episode of psychosis and suggest that a small time window exists for possible interventions that
could substantially attenuate the progression of the disease. However, in order to create new and
better medical interventions, one has to know what happens immediately after the first psychotic
episode and during this short (~ 60 days) time period afterwards. Therefore, in the project presented
we used an animal model of first-episode psychosis and assessed the changes of brain protein
receptor levels during several time-points after the emulation of the first psychotic event.
Importantly, we examined changes not only immediately after the psychotic episode (1 and 4 weeks
later) but also longer-term changes that happened already after the small intervention period (3
months or 90 days later).

Figure 1.1: Clinical course of schizophrenia syndrome
It is hypothesized that abnormalities in prenatal brain development due to genetic predisposition
(mutations, single nucleotide polymorphisms (SNPs) and/or infections) together with environmental
factors during early postnatal development (obstetric complications, trauma, stress and/or drug
abuse) result in schizophrenia syndrome. Alterations in neurochemistry, structure and function of
widespread brain regions eventually manifest as cognitive, negative and positive symptom domains.
First episode psychosis is a critical moment affecting the course of the illness and patients
prognosis.
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1.1.1.

Schizophrenia disease

Schizophrenia is a chronic mental disorder that preferably affects young adults and is among the
most frequent worldwide disabling conditions (Velligan & Alphs, 2008). It is characterized by rich
spectrum of symptoms that are grouped into three main clusters: (i) the positive or psychotic
symptoms; (ii) the negative symptoms that include diminished emotional responsiveness, poor
motivation, alogia and social withdrawal (Velligan & Alphs, 2008; Davis et al., 2014); (iii) and the
cognitive symptoms that include abnormalities in attention and memory (short- & long-term,
working memory), as well as impairments of executive functions (speed of processing, reasoning
and problem-solving) (McGhie & Chapmal, 1961; McGhie et al., 1964; Bowie & Harvey, 2005).
All of the abovementioned symptoms may appear in different constellations and varying degree of
severity within each patient, what makes treatment strategies even more challenging.
Based on the age of disease onset, three age groups have been defined:
1. early-onset schizophrenia (12–24 years);
2. medium-onset schizophrenia (25–34 years);
3. late-onset schizophrenia (35–60 years) (Häfner et al., 1994).
The incidence of early-onset cases constitute roughly half of all cases (Häfner & Nowotny, 1995).
Among these, boys develop schizophrenia more often before reaching adulthood than girls. Given
that childhood and adolescence is the time of personality formation, and of cognitive and social
maturation, the early-onset group of patients experiences more severe consequences compared to
the other age groups. The rate of fulfilled social roles in this group is the lowest one. Unfinished
education, unemployment, dependent living, no friends or partnership are common. As a reflection
of disrupted maturational processes, the early-onset patients characterized with more frequent panic
attacks, social anxiety, obsessional ideas, bizarre behavior and drug abuse than later-onset groups
(Häfner & Nowotny, 1995). These observations intensify the need for continued efforts on
discovering the underlying pathology of schizophrenia disease, especially in the early-onset group.
The typical course of the disease has been briefly described in the previous section, however, the
course of symptom development is worth of mentioning too (Figure 1.1). It has been shown that
young people who later develop schizophrenia, as well as relatives at genetic risk start to show
impairments in auditory working memory, verbal declarative memory and in processing speed long
before the psychotic symptoms emerge (Keefe & Harvey, 2012). Similarly, the negative symptoms
in a form of social isolation precede the psychotic symptoms and appear during the prodromal
phase, but after the cognitive impairments (Keshavan et al., 2011). Only years later the psychotic
symptoms occur that often lead to a frank psychosis. That is why, cognitive symptoms are believed
to be at the ‘core’ of the disease and its underlying pathology is the primary one.
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Importantly, despite the improved diagnostic criteria of the prodromal phase of the illness, the
majority of patients that seek for medical help do so either after they have experienced the
psychotic event, or during the prodromal phase, with increased severity of psychotic symptoms.
The exact causes of schizophrenia, unfortunately, remain unknown. Its multifactorial nature has
been consistently reported including a genetic component, developmental factors and environmental
effects (Larson et al., 2010). Of note, no single gene or environmental factor by itself can cause
such multifaceted disease, it is always a complex effect (Green & Glausier, 2016). Most likely, due
to the combinatorial spectrum of such factors the resulting clinical picture of symptoms is so
diverse.
Currently, there is no treatment against schizophrenia disease. The only medications presently
available are against psychotic symptoms and known as antipsychotics. They are quite effective at
relieving patients from delusions and hallucinations, yet, at the cost of extrapyramidal side effects
(dystonia, akathisia, tremor etc.) and metabolic syndrome (Blair & Dauner, 1992). Additionally,
they have little or no impact on negative and cognitive symptoms (Stone & His, 2011; Remington et
al., 2016), which leaves patients in vital need of medical attention.
1.1.2.

Neuropathology of schizophrenia

The neuropathology of schizophrenia disease is highly extensive, with alterations on many levels.
One of the most consisting findings, derived from neuroimaging studies, is the enlargement of the
lateral and third ventricles (Narr et al., 2001). Similarly, frequent observations are of gray matter
volume abnormalities. Here, the regions with volume reductions include parts of the temporal,
frontal and parietal cortices (Hu et al., 2013; Guo et al., 2014; Thompson et al., 2001), corpus
callosum, basal ganglia (Vita et al., 2006), thalamus (Haijima et al., 2012) and cerebellum
(Borgwardt et al., 2008), while the pituitary shows an increased volume (Takahashi et al., 2009).
All of these changes characterize both first-episode and chronic patients, while siblings of patients
with schizophrenia and subjects with high clinical risk show significantly less volume reductions in
these regions, which are still significant compared to healthy controls. Thus, some of the gray
matter abnormalities represent the neurodevelopmental aspect of the illness, while others seem to
emerge and progress immediately before, during and/or after the psychotic episode (Borgwardt et
al., 2008). Additionally, the longer duration of untreated psychosis was found to be associated with
higher gray matter loss and worse functional outcome than shorter intervals (Guo et al., 2013). The
seemingly neurotoxic effect of psychosis is further supported as gray matter volumes continue to
gradually diminish throughout the course of the illness if left untreated (Haijima et al., 2012).
Similarly, diffusion tensor imaging studies report white matter abnormalities between
frontotemporal and striatolimbic regions in never-medicated first episode patients, which tend to
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progress with the course of the disease (Cheung et al., 2010). Thus, the gray matter reductions are
believed to occur as a result of white matter thinning, as well as of aberrant laminar density of
pyramidal and nonpyramidal cell somas (Harrison 2004), and decreased density of dendrites and
dendritic spines (Kolomeets et al., 2007). Finally, based on the richness of neuroimaging data it has
been postulated that accelerated gray matter loss, which normally happens during adolescence,
seems to set a structural basis for the clinical manifestation of the wide spectrum of schizophrenia
symptoms (Thompson et al., 2001).
1.1.3.

Neurobiology of schizophrenia

For the past 50 years extensive research has been done to try to uncover neural circuits and
neurotransmitter systems that lay behind the complex symptomatology of schizophrenia. At present,
a general consensus exists as to the role of the dopaminergic system in the emergence of psychotic
symptoms (Carlsson 2006; Benes 2009). Here, an increased dopamine release from the ventral
tegmental area and substantia nigra into the striatal complex is believed to assign an exaggerated
significance to perceived information. This in turn, as an attempt of making sense of it, leads to
formation of delusional thoughts and ideas (Kapur 2003; Howes & Kapur, 2009). There are several
lines of evidence supporting the dopaminergic hypothesis. First, all antipsychotic drugs (old/typical
and new/atypical) exert their action via blockade of D2 dopamine receptors, which are the most
abundant in striatum (van Rossum 1966). Second, brain imaging studies using high-affinity
radiotracers showed that dopamine synthesis and release are significantly increased in this part of
the brain in patients with schizophrenia, especially in times preceding the psychosis (Kuepper et al.,
2012). Third, dopamine-enhancing agents, like amphetamines, produce de novo psychosis in
healthy humans and exacerbate psychotic symptoms in schizophrenic patients (Lieberman et al.,
1987).
The glutamatergic system is another neurotransmitter system that is critically involved in
schizophrenia pathology. Here, the NMDAR (N-methyl-D-aspartate receptor) hypofunction in the
corticolimbic system is believed to underlie the wide spectrum of neuro-behavioral abnormalities
that are observed in schizophrenia patients (Snyder & Gao, 2013). Similarly, several lines of
evidence support the NMDAR hypofunction hypothesis of schizophrenia. First, application of noncompetitive NMDAR antagonists, like phencyclidine (PCP), ketamine or dizocilpine (MK801)
results in schizophrenia-like symptoms with psychotic, negative and cognitive impairments in
healthy subjects (Krystal et al., 1994). Second, if given to patients with schizophrenia, these agents
lead to symptom exacerbation in all symptom domains (Lahti et al., 1995). Third, never-medicated
first-episode psychosis patients display elevated glutamate and glutamine levels in the medial
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prefrontal cortex and striatum (Poels et al., 2014). Fourth, animal models with reduced NMDAR
expression exhibit schizophrenia-like phenotype (Mohn et al., 1999). Fifth, variety of postmortem
findings show changes in the expression of the NMDAR subunits and associated proteins in the
prefrontal cortex, thalamus and hippocampus of subjects with schizophrenia (Weickert et al., 2012).
Another piece of puzzle seems to come from studies focusing on GABAergic system in
schizophrenia. Decreased levels of GABA-synthesizing enzyme (glutamic acid decarboxylase or
GAD), parvalbumin (PV), PV-containing interneurons, and increased GABAA receptors in cortical
and hippocampal regions are consistently reported in human postmortem studies (Nakazawa et al.,
2012). Importantly, PV-containing interneurons were shown to be crucial for proper maturation of
neural circuits during postnatal development and for generation of synchronous neuronal activity,
especially in gamma frequency band (Gonzalez-Burgos et al., 2011). Additionally, abnormal
gamma band power during working memory tasks is frequently reported in patients with
schizophrenia (Basar-Eroglu et al., 2007). Thus, based on these observations the GABAergic
hypothesis of schizophrenia was formulated.
Fortunately, recent advances in cellular and molecular techniques combined with microscopy and
gene editing approaches provide evidence for a unitary model behind schizophrenia pathology
(Snyder & Gao, 2013). Here, alterations of NMDAR signalling during early brain development are
believed to affect function of PV-containing interneurons leading to an imbalance between
excitation and inhibition that would eventually give rise to cognitive impairments and negative
symptoms of schizophrenia later in life (Nakazawa et al., 2012). In support, a recent study with
genetically engineered deletion of NMDAR during early brain development from PV-containing
interneurons produced schizophrenia-like phenotype in adult mice while had no effect if deletion
was made post-adolescently (Belforte et al., 2010). Consequently, reduced inhibitory control over
excitatory neurons leads to disinhibition of pyramidal neurons, resulting in their increased activity
during baseline conditions and reduced net activation during tasks. In turn, increased activity within
the cortex and/or the hippocampus disinhibits dopaminergic neurons and result in increased
dopamine release and psychosis (Perez & Lodge, 2014). Thus, the revised NMDAR hypofunction
model provides unified and currently, the most plausible explanation behind complex
symptomatology of schizophrenia disease.
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1.1.4.

Role of the hippocampus in schizophrenia pathology

Verbal declarative memory deficits represent a fundamental feature of schizophrenia disease (Keefe
& Harvey, 2012). They are typically present throughout the course of the illness, starting from its
onset and are independent of clinical state (Stone & Hsi, 2011). Less severe impairments are
already seen in biological relatives of patients with schizophrenia, in people with high genetic risk
and in never-medicated patients supporting the view of verbal declarative memory deficits as a core
deficit in schizophrenia. Here, memory impairments are believed to be caused by deficits in the
encoding stage of memory formation and in poor retrieval (Cirillo & Seidman, 2003). Nowadays, it
is generally accepted that medial temporal lobe structures, in particular the hippocampus and the
parahippocampal region are essential for learning and memory formation processes (Cohen et al.,
1999). Correspondingly, the hippocampal system is the place of the most robust abnormalities seen
in schizophrenia. Hippocampal volume changes have been the subject of many studies (Adriano et
al., 2012) and were shown to depend on the stage of the illness (Velakoulis et al., 2006). They are
believed to be associated with morphological changes in organization, size and shape of pyramidal
neurons, and with decreased density of dendritic spines and reduced branching of apical dendritic
trees (Kolomeets et al., 2007). Selective decrease in the density of nonpyramidal cells (PVcontaining) is also reported, as well as reduction of hippocampal white matter tracts, including both
intrinsic and extrinsic connections (Heckers & Konradi, 2002). Synaptic pathology is also present
and includes a disbalance of a variety of synaptic markers (Harrison 2004; Yin et al., 2012). As a
result, weaker synaptic contacts are formed, which then can be easily lost during developmental
pruning process (Chechik et al., 1999). Thus, neural plasticity is impaired due to the neuronal
failure in strengthening or developing new synaptic contacts, which then leads to aberrant learning
and memory formation. Supporting evidence for disrupted neural plasticity in schizophrenia
patients are currently provided by transcranial magnetic stimulation studies (Voineskos et al.,
2013). Increased basal activity and reduced neurogenesis are also among the hallmarks (Harrison
2004).
In order to fully appreciate the hippocampal role in the clinical picture seen in schizophrenia, one
has to look more closely into its connectivity pattern. Of vital importance here are the projections to
the (1) hypothalamus, (2) nucleus accumbens, and (3) associational cortical regions, especially
prefrontal cortex and temporo-parietal junction. First, the hippocampal projections to the
hypothalamus, particularly from its ventral pole, were shown to modulate stress responses that are
normally mediated through hypothalamic-pituitary-adrenal axis. Additionally, it constitutes an
element of glucocorticoid negative feedback loop that helps to deal with psychological stress
(Holtzman et al., 2013). Thus, abnormal hippocampal function could disinhibit the hypothalamicpituitary-adrenal axis, resulting in elevated cortisol levels (Goldman & Mitchell, 2004). In line with
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this, patients with schizophrenia frequently report increased number of stressful events and/or
increased responsiveness to everyday life stress prior to psychosis (Tessner et al., 2011). Second,
direct hippocampal projections to the nucleus accumbens were shown to modulate the number of
spontaneously active dopaminergic neurons in the ventral tegmental area via the ventral pallidum
pathway (Lodge & Grace, 2011). Here, increased activity of the hippocampus, specifically its
ventral subdivision, increases GABAergic tone of the nucleus accumbens neurons onto the ventral
pallidal cells, resulting in reduced tonic inhibition of ventral tegmental area that is normally
provided by the ventral pallidum (Lodge & Grace, 2006). In turn, increased number of
spontaneously active dopaminergic cells increases the population of cells able to respond phasically
to external stimuli. Thus, an aberrant salience would be assigned to insignificant stimuli leading to
formation of hallucinatory experiences, delusional thought and psychosis (Perez & Lodge, 2014). In
support, patients with brain traumas localized to temporal lobe or with temporal lobe epilepsy, with
focus on hippocampus, tend to develop psychosis (Wible 2013). Third, hippocampal
interconnections with the prefrontal cortex have been shown for both dorsal and ventral
hippocampal poles, and are implicated in memory function, attention, and regulation of emotional
and complex behavioral responses (Rajasethupathy et al., 2015; Sigurdsson & Duvarci, 2016).
Disruption of the interactions would impair these functions, which may result in cognitive and
negative symptoms of schizophrenia. Abnormal connectivity between hippocampus and PFC was
frequently shown in schizophrenia patients (Ghoshal & Conn, 2015). Another cortical region that is
heavily interconnected with hippocampus is the temporo-parietal junction, which consists of the
inferior parietal lobule and posterior superior temporal sulcus (Rockland & Van Hoesen, 1999;
Clower et al., 2001). It integrates information from audiovisual, somatosensory and speech systems
allowing the perception of attentional and emotional gestures of self and others in the dynamic
social interaction (Wible 2012). Erroneous activation of this region was shown to produce auditory,
visual or somatic hallucinations, as well as misjudgments of social communication leading to social
withdrawal (Wible 2012). Activity in the temporo-parietal junction is highly correlated with activity
in the hippocampus, where overactivation of the latter would lead to abnormalities in attention,
perception, working memory and social responses mediated by the former (Wible 2013).
In summary, there is no doubt that hippocampus plays a major role in schizophrenia pathology. Its
unique connectivity pattern makes it a better and more promising therapeutic target that would treat
all types of schizophrenia symptoms through modulation of the other aforementioned regions.
Based on such considerations, the current project is focused on the hippocampus.
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1.1.5.

MK801 animal model of the first episode psychosis

Several types of animal models of schizophrenia currently exist (Jones et al., 2011). They are
divided into four categories: genetic, neurodevelopmental, lesion and pharmacological models. In
the project presented a pharmacological model was used and therefore described in detail. A
systemic injection of MK801, an irreversible uncompetitive antagonist of NMDAR, is widely used
to emulate the symptoms of schizophrenia disease (Kovacic & Somanathan, 2010). Acute
administration resembles the first schizophreniform psychosis (Adell et al., 2012), while repeated
exposure mimics the chronic stage of the illness (Eyjolfsson et al., 2006). The validity of the model
is met through construct, face and predictive criteria. MK801 blocks NMDAR through binding to
its PCP binding site, making the model consistent with the NMDAR hypofunction hypothesis of
schizophrenia origin and thus, meeting the construct criteria. The face validity refers to symptom
similarity. Here, motor impairments (circling behavior, hyperlocomotion and stereotypy) reflect
positive-like symptoms of schizophrenia, as they are associated with increased dopamine release
into striatum. Additionally, impairments in sensory information processing as measured through the
prepulse inhibition of the acoustic startle reflex paradigm are also evident and reflect impairments
of perception (Wiescholleck & Manahan-Vaughan, 2013a). Abnormalities in social interaction
correspond to negative-like symptoms of schizophrenia, while deficits in working memory, spatial
memory, object recognition memory, and attention correspond to cognitive-like symptoms (Neill et
al., 2010). Structural and molecular alterations resembling those in schizophrenia are also found
after treatment with MK801 (Rujescu et al., 2006). The predictive validity is supported by findings
that antipsychotic drugs attenuate psychotic symptoms in animals, similarly as they do in humans.
Acute application of MK801 to adolescent rodents was shown to produce transient psychosis-like
behavior that was followed with long-term memory and synaptic plasticity impairments (ManahanVaughan et al., 2008a; Wiescholleck & Manahan-Vaughan, 2013b). Thus, convincing evidence
exists that acute MK801 administration is a valid model of acute psychosis and can serve as a
valuable tool for uncovering neurobiological consequences of the first episode psychosis; finding
new therapeutic targets; and testing new treatment approaches.
1.2.

Hippocampus-dependent memory

Ever since the famous case of the patient (H.M.) who underwent bilateral medial temporal lobe
resection and exhibited a subsequent inability to form new long-term memories (Scoville & Milner,
1957), an immense amount of research have been done trying to uncover the functional role of the
hippocampus in memory processes. Nowadays, it is generally accepted that long-term memory can
be divided into hippocampal-dependent / declarative memory (also called explicit) and
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hippocampal-independent / non-declarative memory (implicit, including procedural). In turn,
declarative memory refers to conscious recollection of previously learned information and is
separated into semantic (facts, concepts and ideas) and episodic (autobiographical events) memory.
Here, the hippocampal role is believed to be in conjunctive encoding, where multiple features of an
event are bound together and represented as flexible and unique memory traces; in subsequent
retrieval of previously encoded events; and in efficient translation of acquired information into
adaptive behavior (Amaral & Insausti, 1990; O’Reilly & Rudy, 2001; Bast 2007).
1.2.1.

Functional organization of the hippocampus – longitudinal axis

Anatomically, the hippocampus is a long and curved structure that is located within the medial
temporal lobe. Its shape is similar across mammalian species and runs along the dorso–ventral (also
septo–temporal) axis in rodents, which is posterior-anterior axis in humans (Figure 1.2).

Figure 1.2: Schematic illustration of
the rat and human hippocampal long
axis
A, anterior; C, caudal; D, dorsal; P,
posterior; R, rostral; V, ventral.

Over the years, substantial progress was made towards understanding its functional segregation
along the long axis. Starting from lesion studies, it became apparent that the dorsal part of the
hippocampus is essential for spatial memory; its ventral counterpart is more involved in emotional,
motivational, affective and stress responses; while the intermediate subdivision integrates
information from both and enables translation of rapid learning into appropriate behavioral
performance (Moser & Moser, 1998; Bast et al., 2009; Fanselow & Dong, 2010; Strange et al.,
2014). Current human neuroimaging studies provide evidence for such differentiation (Murty et al.,
2010; Nadel et al., 2012), as well as studies using single cell recordings from place cells—cells that
fire when an animal is in particular location within the environment (O’Keefe & Speakman, 1987;
Strange et al., 2014). Here, the density of place cells, size of the place fields and their precision
gradually changes from pole to pole (Jung et al., 1994). However, the strongest evidence comes
from anatomical studies, describing hippocampal connectivity. The majority of hippocampal input
comes from the adjacent entorhinal cortex. It terminates in a topographic way, so that its
dorsolateral (caudolateral) band conveying visuo-spatial information projects to the dorsal
hippocampus; its ventromedial (rostromedial) band conveying olfactory, visceral and gustatory
information projects to the ventral hippocampus; and its intermediate band conveying mixed
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information from a widespread regions projects to the intermediate hippocampus (Witter &
Groenewegen, 1984; van Strien et al., 2009; Strange et al., 2014). The output of the hippocampus is
also topographically organized. Here, the dorsal hippocampus sends projections to extensive brain
regions that mediate aspects of exploratory behavior (orientation, navigation and locomotion)
creating spatial cognitive map. The regions include retrosplenial and anterior cingulate cortices,
mammillary body, anterior thalamic nuclei, parts of the lateral septum, nucleus accumbens core and
rostral caudoputamen (Swanson & Cowan, 1977; Fanselow & Dong, 2010). The ventral
hippocampus, in turn, is highly interconnected with structures involved in social behavior with
strong emotional component (ingestion, reproduction, defense), as well as in neuroendocrine
responses and regulation of general affective state. The regions include infralimbic, prelimbic and
insular cortices, olfactory bulb, nucleus accumbens shell, central amygdalar nuclei, ventral part of
the lateral septum, bed nuclei of stria terminalis, periventricular hypothalamic and medial preoptic
nuclei (Thierry et al., 2000; Cenquizca & Swanson, 2006; Fanselow & Dong, 2010). The
connectivity pattern of the intermediate hippocampus is partly overlapping with that of the other
two subdivisions and includes projections to olfactory cortical areas, infralimbic and prelimic
cortices, several amygdalar nuclei, parts of the lateral septum, anterior hypothalamic and
mammillary nuclei (Kishi et al., 2000; Fanselow & Dong, 2010). Moreover, gene expression studies
clearly outline dorsal, intermediate and ventral hippocampal subdivisions, as non-overlapping
distinct units with a unique complement of expressed genes (Thompson et al., 2008).
1.2.2.

Functional organization of the hippocampus – transverse axis

In addition to a longitudinal axis, an intrinsic circuitry exists within the hippocampus (Figure 1.3).
It is maintained through the longitudinal axis and is referred to as a transverse axis. Normally, the
hippocampus is divided into three CA (cornu ammonis) regions: CA3, CA2 and CA1 (Lorente de
No 1934). Together with other parts such as the dentate gyrus (DG), subiculum, presubiculum,
parasubiculum and entorhinal cortex they are known as the hippocampal formation. As DG, CA3
and CA1 regions constitute the main intrinsic computational part, they are referred to as the
hippocampus or hippocampal regions in the project presented.

Figure 1.3: Schematic illustration of the
hippocampal transverse axis (Source: The
Hippocampus Book, Oxford university press,
2007, by Andersen P, Morris R, Amaral D, Bliss T,
O’Keefe J)
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The information flow across the hippocampus is mainly unidirectional. The entorhinal cortex is
considered as the first step in the intrinsic hippocampal circuitry. It sends projections to the DG via
the perforant path tract, which then transmits information to the CA3 via the mossy fibers. The CA3
region, in turn, provides input to the CA1 via the Schaffer collateral pathway, which then channels
information to the subiculum. The subiculum thus closes the loop by projecting back to the
entorhinal cortex (Andersen et al., 1971). Importantly, axons of different axonal tracts terminate in a
laminar fashion, so that distinct parts of the dendritic tree on a principal cell receive information
from different sources.
With regard to the function of each hippocampal region during information processing it is believed
that the DG acts as an information filter. It takes part in conjunctive encoding and pattern separation
function, where novel events, but similar to already stored ones, are encoded as unique patternseparated representations (Yassa & Stark, 2011; Kesner 2013a). The CA3 region shares to a degree
the conjunctive encoding and pattern separation functions, but additionally is involved in pattern
completion, where retrieval of an event occurs through a partial input of prior event (Gold &
Kesner, 2005; Kesner 2013b). The CA1 region is also partially involved in pattern completion, but
mostly in memory retrieval and comparison of sensory input with already stored information
(Hasselmo 2005; Ji & Maren, 2008).
1.2.3.

Hippocampal synaptic plasticity

Nowadays, there is compelling evidence regarding the physiological mechanisms that underlie
learning and memory processes. They are assumed to rely on changes in synaptic efficacy known as
the synaptic plasticity. The first discovery of long-lasting changes in synaptic efficacy dates back to
1973, when scientists Bliss and Lomo reported an activity-driven change in synaptic weight. It was
later named as long-term potentiation or LTP. Since then, a variety of other forms of synaptic
plasticity were found in different brain regions. In the hippocampus they include ultra-short term
plasticity (lasting milliseconds); post-tetanic potentiation (minutes); short-term plasticity (hours)
that consists of short-term potentiation (STP) and short-term depression (STD); and long-term
plasticity (days or months) that consists of LTP and long-term depression (LTD) (Tang & Zucker,
1997; Zucker & Regehr, 2002; Malenka & Bear, 2004; Regehr 2015). Further works provide
evidence of strong correlation between hippocampus-dependent learning and synaptic plasticity.
For example, agents that block expression of synaptic plasticity also block learning behavior (Davis
et al., 1992). Moreover, various animal studies using learning-facilitating paradigms suggest the
role of LTP in encoding space per se, and LTD in encoding spatial context (Manahan-Vaughan &
Braunewell, 1999; Kemp & Manahan-Vaughan, 2004; 2007).
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Two forms of synaptic plasticity are further discussed, as they are of relevance for the project. The
first one is ultra-short term synaptic plasticity, which is typically examined through paired-pulse
response paradigm. The direction of paired-pulse plasticity depends on the initial probability of
neurotransmitter release (Regehr 2012). Thus, synapses with low initial probability usually
facilitate, while those with high initial probability tend to depress (Dobrunz & Stevens, 1997). In a
typical protocol two stimuli of equal intensity are delivered at varying inter-pulse intervals (IPI),
ranging from 10 to 1000 ms. The phenomenon is believed to be presynaptic at short IPI, and mixed
at longer intervals. Typical profile of responses consists of initial depression at 10 to ~40 ms
intervals that is mediated by GABAA receptors (Albertson & Joy, 1987). It is followed by
facilitation at 40 to ~200 ms intervals that is NMDAR-dependent (Joy & Albertson, 1993). Finally,
at longer intervals (from 400 to 1000 ms) a late depression is observed, which is presumably
mediated by GABAB receptors (Rausche et al., 1989). Consequently, paired-pulse plasticity allows
examining both probability of neurotransmitter release and contribution of synaptic receptors to
neurotransmission. The second form of synaptic plasticity of interest is long-term plasticity. Both
LTP and LTD comprise of three distinct temporal components, namely STP/D, early LTP/D and
late LTP/D. The induction phase or STP/D usually lasts for less than an hour and is NMDARdependent, as antagonists of these receptors completely block the induction of long-term plasticity
(Davies et al., 1981). However, NMDAR-independent forms of synaptic plasticity also exist (Oliet
et al., 1997; Lauri et al., 2003; Pöschel & Manahan-Vaughan, 2007). The next phase or early
LTP/D, also known as protein synthesis-independent phase, requires activation of group I
metabotropic glutamate receptors and multiple kinases (in case of LTP) such as protein kinase C
(PKC), calcium/calmodulin-dependent kinase II (CaMKII), protein kinase A (PKA), tyrosine
kinases, mitogen-associated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K) or
phosphatases (in case of LTD) like PP1, PP2A and PP2B (also calcineurin). The late phase of
LTP/D, also known as protein synthesis-dependent phase, requires gene transcription and protein
synthesis (Manahan-Vaughan et al., 2000; Bergado et al., 2003; Malenka & Bear, 2004; Hagena &
Manahan-Vaughan, 2013).
1.2.4.

Synaptic plasticity along the hippocampal dorso–ventral axis

As a reflection of functional differences along the hippocampal long axis, different studies report
differences in ability to express synaptic plasticity and in magnitude of responses between the
dorsal, intermediate and ventral portions of the structure. Paired-pulse facilitation was found to have
a weaker magnitude in ventral CA1 compared to its dorsal counterpart in both in vivo (Maruki et al.,
2001) and in vitro studies (Papatheodoropoulos and Kostopoulos, 2000a). Lately, another in vivo
work demonstrated differences in both paired-pulse facilitation and depression between dorsal and
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intermediate DG (Kenney and Manahan-Vaughan, 2013a). Furthermore, the same study reported
distinctions in long-term synaptic plasticity where intermediate DG: (i) exhibited lower threshold or
higher tendency toward expressing LTP and (ii) reduced ability to express LTD than the dorsal DG.
Regarding the ventral portion of the hippocampus, both in vitro (Papatheodoropoulos and
Kostopoulos, 2000b; Maggio and Segal, 2007, 2009) and in vivo (Maruki et al., 2001) studies agree
on lower LTP in ventral compared to dorsal CA1. Similar in vitro results were reported for LTD in
dorsal and ventral CA1 (Maggio and Segal, 2009).
1.3.

Neurotransmitter receptors involved in synaptic plasticity

Only receptors relevant for the project are described. Glutamate receptors mediate most of the
excitatory neurotransmission in the brain. They are separated into ionotropic and metabotropic
classes of glutamate receptors. NMDAR is a member of ionotropic class. It exists as a
heterotetrameric complex of an obligatory GluN1 and modulatory GluN2 (A–D) subunits (Zhou &
Sheng, 2013). Importantly, the identity of GluN2 subunit determines kinetics of the whole receptor
(Wyllie et al., 2013). At resting membrane potential the ion channel is blocked by a Mg2+ ion. In
order to activate receptor a presynaptic release of glutamate—that binds to the GluN2 subunit
together with co-agonist (glycine or D-serine) binding to the GluN1 subunit—should coincide with
substantial depolarization of the postsynaptic membrane—that would release the Mg2+ block—
resulting in Ca2+ flow through the channel (Lau & Zukin, 2007; Papouin et al., 2012). Thus, the
NMDAR is endowed with unique properties that posit it as a coincidence detector between pre- and
postsynaptic activity, which is essential for synaptic plasticity to occur. Metabotropic glutamate
receptors are G protein–coupled receptors that are classified into three groups. Group I consists of
mGlu1 and mGlu5 receptors. When activated, they in turn activate phospholipase C that results in
generation of inositol trisphosphate (IP3), diacyl glycerol (DAG) and increase in intracellular Ca 2+.
In contrast, group II receptors comprise of mGlu2 and mGlu3, activation of which inhibits adenylyl
cyclase resulting in decrease of intracellular Ca2+ (Niswender & Conn, 2010). All metabotropic
glutamate receptors are homodimers with mainly postsynaptic localization for group I receptors and
mainly presynaptic for group II receptors. In the latter case they act as autoreceptors. Given their
much longer kinetics compared to NMDAR, they are uniquely suited to support induction and
maintenance of long-term synaptic plasticity (Mukherjee & Manahan-Vaughan, 2013).
GABAergic receptors provide major inhibitory control over excitation, thus, setting the conditions
for synaptic change during hippocampus-dependent learning (Paulsen & Moser, 1998). They are
sub-divided into ionotropic (GABAA) and metabotropic (GABAB) receptors. GABAA receptors are
heteropentameric assemblies of two α subunits, two β subunits and either γ or δ subunit. The
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majority of hippocampal receptors are α(1-5)β(1-3)γ2 composites (Ernst et al., 2003). Upon activation
Cl-/HCO3- ions can pass through the channel resulting in fast (1 ms) hyperpolarizing current (Kaila
1994). GABAB receptors are heterodimers of GABAB1 and GABAB2 subunits (Bettler et al., 2004).
Upon activation at the postsynaptic side, through G protein cascade they lead to opening of inwardrectifying K+ channels (GIRK), while at the presynaptic side they act as autoreceptors inhibiting
high-voltage-activated

Ca2+

channels

causing

long-lasting

(500–2000

ms)

membrane

hyperpolarization. Both types of receptors can be expressed pre- and postsynaptically, as well as
synaptically and extrasynaptically (Kullmann et al., 2005).
Dopamine receptors are crucial in assigning attributes of novelty, arousal and reward to information
that is processed by the hippocampus through modulatory effects on synaptic plasticity. It acts via
two classes of G protein–coupled receptors, namely D1-like (D1 and D5) and D2-like (D2, D3 and
D4) receptors (Hansen & Manahan-Vaughan, 2014). D1 receptors are postsynaptically expressed
and positively coupled to adenylyl cyclase (AC) activity, while D2 receptors are both pre- and
postsynaptically expressed, activation of which inhibits AC (Beaulieu & Gainetdinov, 2011).
1.4.

Aims of the thesis

Based on the information reviewed above, it is now apparent that psychosis plays a critical role
during the course of schizophrenia disease. It represents not only a transitional stage towards the
chronic phase of the illness but is actively engaged into progression of structural and functional
abnormalities seen in patients with schizophrenia. The longer the duration of psychotic event that is
left untreated, the worse functional outcome and clinical prognosis would be for the patient.
Conversely, shorter duration is associated with a better outcome. Thus, a short time window
emerges for therapeutic intervention for a subset of patients that developed their first psychotic
event. Additionally, the fact that various brain regions involved in the illness are highly
interconnected with the hippocampus and that abnormal functioning of this region may lead to all
types of schizophrenia symptoms, has placed this structure into research light as a promising target
for therapeutic treatment. For these reasons, the first goal of the project was to examine protein
expression pattern of several receptors pivotal for synaptic plasticity over the hippocampal
longitudinal and transverse axes in an animal model of first-episode psychosis. Here, possible
changes were followed across several time-points: chosen to be complementary to the short
therapeutic time window (~60 days) – 1 and 4 weeks after the psychotic event; and already after the
intervention time – 3 months or 90 days after the event. In this way, the resulting picture may
provide valuable insights into the locus of early abnormalities leading to chronic changes, where
prevention of former might help to eliminate the latter.
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The second part of the project is focused on characterization of dorso–ventral hippocampal
differences as occur in healthy animals. Since the hippocampus is a functionally heterogeneous
structure across its longitudinal axis, differential expression profile of plasticity-related receptors
could contribute to differences in the nature of information processing in these subregions of the
hippocampus. Currently little is known about the intermediate part of the hippocampus. Thus,
having the advantage of simultaneously stained sections from the dorsal, intermediate and ventral
hippocampal subdivisions, the second goal of the project was to examine expression of the same
plasticity-related receptors as in the psychosis part (subunits of NMDAR; group I mGlu receptors;
GABAA and GABAB receptors; and D1 and D2 receptors) across the hippocampal long axis. In
parallel, ultra-short term and long-term synaptic plasticity were explored in CA1 region of the
dorsal, intermediate and ventral hippocampus to ascertain if differences could be identified in these
subdivisions.
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2.

Materials and Methods

2.1.

Animals

All experiments were done with healthy male Wistar rats that were provided by the Charles River
Laboratories, Germany in the age of six-to-seven weeks old. Animals were housed in custom-made
climatised and ventilated holding cupboards, in an animal-housing room with a controlled 12-h
light/dark cycle. No female rats were housed in the room. Animals had free access to food and
water. The study was carried out in accordance with the European Communities Council Directive
of September 22nd, 2010 (2010/63/EU) for care of laboratory animals. In vivo manipulations were
approved in advance by the local government ethics committee (LANUV, Bezirksamt, Arnsberg).
Efforts were made to minimize the number of animals used.
2.2.

Protein biochemical methods

2.2.1.

Immunohistochemistry

In order to examine receptor protein expression and distribution along the dorso–ventral
hippocampal axis, immunohistochemical analysis was conducted. This works by locating the
position of antigens of interest in tissue sections by means of specific antigen-antibody interactions,
which are later visualized by fluorescent dye or histochemical reactions. In the present study, the
latter approach was used.
Wistar rats were deeply anesthetized with sodium pentobarbital and transcardially perfused with
cold Ringer’s solution + heparin (0.2%) for approx. 5 min followed by 4% paraformaldehyde (PFA)
in phosphate buffered saline (PBS) (0.025 M) for a subsequent 15–20 min. Brains were then
removed, fixed in 4% PFA for 24 h, and cryoprotected in 30% sucrose in 0.1 M PBS for at least 3
days. Serial 30-µm thick horizontal sections were collected using a freezing microtome (Leica).
From each animal, three horizontal sections from the most dorsal (between 3.6 and 4.1 mm
posterior to bregma), middle intermediate (around 5.6 mm posterior to bregma) and most ventral
hippocampal parts (between 7.1 and 7.6 mm posterior to bregma) were simultaneously used for
immunohistochemical staining (Fig.2.1).
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Figure 2.1: Illustration of hippocampal sectioning and simultaneous use of dorsal,
intermediate and ventral sections for immunohistochemistry
A drawing of the rat brain with horizontally sectioned hippocampus is shown. Representative Nisslstained sections depict dorsal, intermediate and ventral hippocampal subdivisions that were
simultaneously used for immunohistochemical processing. Sections from Vehicle- and MK801treated animals always created a pair.
Free-floating brain sections were pretreated in 0.3% H2O2 in PBS for 20 min, rinsed in PBS and
then incubated with blocking solution containing 10% normal serum + 20% avidin (Vector
Laboratories) in PBS with 0.2% Triton X-100 (PBS-Tx) for 90 min at room temperature (RT).
These steps are essential for elimination of endogenous peroxidase activity, for preventing
unwanted avidin binding to endogenous biotin, and for minimizing non-specific background
staining. The sections were then incubated overnight at RT with following primary antibody
solutions: goat polyclonal anti-NMDAε2 (# sc-1469, Santa Cruz) in a dilution of 1:250, rabbit
polyclonal anti-mGluR2/3 (# ab1553, Chemicon) 1:200, rabbit polyclonal anti-mGlu5 (# ab5675,
Millipore) 1:200, mouse monoclonal anti-GABAA receptor (# mab341, Millipore) 1:400, mouse
monoclonal anti-GABAB receptor 1 (# ab55051, Abcam) 1:250, goat polyclonal anti-D1DR (# sc1434, Santa Cruz) 1:100, and rabbit polyclonal anti-D2R (# ab1558, Millipore) 1:250 in a dilution
medium containing 1% normal Serum in 0.2% PBS-Tx + 20% biotin (Vector Laboratories). The
sections were then washed 3 times for 10 min in PBS and incubated with biotinylated goat antirabbit (# BA-1000, Vector), horse anti-mouse (# BA-2001, Vector) or horse anti-goat (# BA-9500,
Vector) antibodies at 1:500 dilution in 1% normal serum in 0.1% PBS-Tx for 90 min at RT,
respectively. Afterwards, sections were washed 3 times for 10 min in PBS and incubated for 90 min
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at RT with avidin–biotin complex (ABC) kit (# PK-6100, Vector) in 1% normal serum in 0.1%
PBS-Tx.
For other receptors an additional signal amplification step was needed as typical protocol resulted in
a weak receptor staining. Here, the biotinylated tyramide method (Adams 1992) was used to
amplify the antibody binding. Here, the sections were treated with 0.3% H2O2 in TBS for 30 min
and blocked in 1% BSA (bovine serum-albumin) in 0.2% TBS-Tx (Triton X-100 in Tris-buffered
saline) for 90 min at RT. After the blocking step, the sections were incubated for 5 days at 4°C in
the following primary antibody solutions: mouse monoclonal anti-NMDAR1 (# 556308,
PharMingen) in a dilution of 1:200, rabbit polyclonal anti-NMDAε1 (# sc-9056, Santa Cruz) 1:750,
and rabbit polyclonal anti-mGlu1 (# ab82211, Abcam) 1:400 in a dilution medium containing 1%
BSA in 0.2% TBS-Tx. Afterwards, sections were washed 3 times for 10 min in TBS and incubated
for 90 min at RT with biotinylated secondary antibodies. The sections were then washed 3 times for
10 min in TBS and the amplification step was performed. Here, the sections were incubated in ABC
at 1:1000 dilution in 1% BSA in 0.1% TBS-Tx for 30 min, rinsed briefly 4× 2 min in TBS, and left
for 20 min in the amplification solution containing 10 µl biotinylated tyramide + 10 µl 0.01% H2O2
in 1000µl of TBS. After another brief rinsing step 4× 2 min the sections were again incubated in
ABC solution of the same concentration as the first one for 30 min at RT. Finally the sections were
washed 1 time for 10 min in TBS and 2 times for 10 min in PBS and treated with diaminobenzidine
(DAB) and 0.01% H2O2 for approx. 10 min. Administration of DAB in the presence of hydrogen
peroxide and peroxidase enzyme, which is coupled to ABC, results in oxygenated-DAB. As a
result, DAB reaction product appears as a light brown precipitate and shows the places of receptor
localization.
Detailed information on all solutions that were used for immunohistochemistry is listed in Table
2.1.
Table 2.1: List of solutions that were used for immunohistochemistry technique
Rat brain fixation:
4% PFA

30% sucrose
Immunohistochemistry:
PBS

1) 80 g of PFA were dissolved in 800 ml of distilled water and
heated up to 60°C (will look like white solution).
2) to 400 ml of stock solution B (0.1 mol NaHPO4×2H2O) were
added approx. 100 ml of stock solution A (0.1 mol NaH2PO4×
1H2O) for pH adjustment to 7.4. 16 g of NaCl were then added and
filled up to 1 L with distilled water. Solution was then filtered.
3) when ‘milky’ PFA is heated to 60°C, few drops of 5 N NaOH
were added to neutralize solution. When solution was transparent, it
was cooled down and filled up to 1 L with distilled water. Finally, it
was filtered to the previous solution.
30 g of sucrose were dissolved in 100 ml of PBS.
14.03 g of NaCl, 2.76 g of NaH2PO4×H2O, 10.88 g of K2HPO4, and
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0.04 g of thimerosal were dissolved in 2 L of distilled water. pH was
adjusted to 7.4 with 5 N NaOH.
0.5 ml of Triton X-100 was dissolved in 250 ml of PBS.
6.06 g of Tris-HCl, 1.39 g of Tris-base, and 9 g of NaCl were
dissolved in 1 L of distilled water. pH was adjusted to 7.6 with 5 N
NaOH.
0.5 ml of Triton X-100 was dissolved in 250 ml of TBS.
Always prepared in needed amount. For example, 15 mg of DAB is
dissolved in 30 ml of PBS, and then filtered. Separately dilute 0.166
ml of 30% H2O2 in 5 ml of distilled water. Take 300 µl from here
and add to filtered DAB solution.

0.2% PBS-Tx
TBS

0.2% TBS-Tx
DAB staining

2.2.1.1.

Animal grouping – psychosis part

For the psychosis part of the project, several time-points were examined after the induction of the
first-episode psychotic event. Therefore, several animal groups were used. Here, animals were
injected with MK801 or Vehicle and sacrificed 1 week, 4 weeks or 3 months after the injection
(Table 2.2). Each group contained 5 animals, with the exception of 3 months-group where 3
additional animals were added for mGluR5 receptor examination (to increase the statistical power).
Both, right and left hippocampi were used for the analysis and considered as replicates. Details on
the staining sessions and position of sections in histological plates are shown in Table 2.3 and
Figure 2.1, respectively.
Table 2.2: Animal groups for immunohistochemical investigation
Condition
MK801-injection
Vehicle-injection
MK801-injection
Vehicle-injection
MK801-injection
Vehicle-injection

Animals per group
5
5
5
5
5
5

Time-points
1 week after injection
4 weeks after injection
3 months after injection
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Table 2.3: Receptors were stained through 1 to 3 staining sessions

GluN1
GluN2A
GluN2B
mGluR1
mGluR5
mGluR2/3
GABA A
GABA B
D1DR
D2DR

2.2.1.2.

№ of staining sessions
1 week
4 weeks
3 months
time-point
time-point
time-point
3
2
1
3
2
1
3
2
1
1
2
1
3
2
1
3
2
1
3
2
1
2
1
1
3
2
1
2
2
1

Animal grouping – dorso–ventral axis part

For the dorso–ventral axis part of the project Vehicle-treated animals from 1 week and 4 weeks
groups were taken for the analysis. As animals were still representing the adolescent age group,
they were pooled together resulting in 10 animals in a group. Both, right and left hippocampi were
used for the analysis and considered as replicates.
2.2.1.3.

Quantification of Immunohistochemically-stained sections

The rat brain atlas (Paxinos and Watson, 1982) and Nissl stained sections (every 12th section
throughout the whole hippocampus was taken for the Nissl staining with 0.1% Cresylviolet (#
c5042, Sigma)) were used to identify location of the following regions of interest (ROIs): molecular
layer (ml) of the dentate gyrus (DG); granule cell layer (gcl) of the DG; polymorphic layer (pl) of
the DG; Stratum oriens (so) of CA3/CA1; pyramidal cell layer (pcl) of CA3/CA1; Stratum radiatum
(sr) of CA3/CA1; and Stratum lacunosum-moleculare (slm) of CA3/CA1 on sections taken from the
dorsal, intermediate and ventral hippocampal subdivisions (Fig. 2.2). Due to the expression profile
of the mGluR2/3 delineation of ml of the DG was possible into outer, middle and inner bands. Also,
the Stratum lucidum (sl) of the CA3 was clearly seen and therefore quantified. Representative
examples of stained sections for each receptor of interest are shown in Figure 2.3.
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Figure 2.2: Illustration of horizontal section through the rat hippocampus – laminar view
(A) Schematic representation of regions and layers in hippocampus. (B) Photograph of the
mGluR2/3 stained section with marked ROIs. ml, molecular layer of the DG; o., outer band of the
ml; m., middle band of the ml; i., inner band of the ml; gcl, granule cell layer of the DG; pl,
polymorphic layer of the DG; so, Stratum oriens of CA3/CA1; pcl, pyramidal cell layer of
CA3/CA1; sl, Stratum lucidum of the CA3; sr, Stratum radiatum of CA3/CA1; and slm, Stratum
lacunosum-moleculare of CA3/CA1.
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Figure 2.3: Representative images of immunohistochemically stained sections of the dorsal,
intermediate and ventral hippocampal subdivisions
Each set of images is taken from the Vehicle-treated animals and for each receptor dorsal,
intermediate and ventral parts are shown from the same animal. Protein expression and distribution
of (A) the subunits of NMDA receptor (GluN1, GluN2A, and GluN2B); (B) Group I & II
metabotropic glutamate receptors (mGlu1/5 and mGlu2/3); (C) GABAergic receptors (A and B);
and (D) Dopaminergic receptors (D1DR and D2DR) is shown.
Images of stained sections were acquired with a light microscope (Leica DMR, Germany), equipped
with a digital camera (MBF Bioscience) and stored as a TIFF format. The hippocampal ROIs were
analyzed at 2.5× lens magnification. The digital high resolution pictures were obtained using
Neurolucida software (MBF Bioscience) and quantified using open-source ImageJ software
(National Institute of Health). Given that images were acquired with a RGB (red, green and blue)
camera the ‘Color Deconvolution’ plugin in ImageJ was used to deconvolve the color information
(Jacqui Ross, 2014). Typically, the ‘Color Deconvolution’ algorithm is used for separating
components of immunohistochemical stains, such as DAB and Haematoxylin (H DAB) or
Hematoxylin and Eosin (H&E), through splitting the image into red, green and blue channels
(Ruifrok & Johnston, 2001; Ruifrok et., 2003). For image transformation was used one of the builtin vectors, H DAB, which resulted in three image windows: Color 1 – Haematoxylin, Color 2 –
DAB, and Color 3 – residual (if separation is perfect it is close to white). However, in the current
project only single-color-stained sections were produced, therefore Color 1 was also close to white.
From here, “pure” DAB Color 2 images were used for further analysis. Additionally, through
‘Color Deconvolution’ transformation images were converted from RGB to 8-bit format, where
numerical values for each pixel are assigned between 0 and 255, thus, increasing the dynamic range
of color representation.
As a next step, the background staining was subtracted from each image. Considering that the
present project deals with brain sections taken from different anatomical subcompartments and
regions, different (separate) white matter tracts could be seen on dorsal, intermediate and ventral
hippocampi sections. Here, it is important to note that receptor-devoid tissue appears in dorsal
hippocampal sections in the form of fimbria (fi) and deep cerebral white matter tracts (dcw), in
intermediate hippocampal sections this comprises fimbria, external & internal capsules (ec & ic)
and the superior thalamic radiation (str), and in ventral hippocampal sections this comprises fimbria
and the internal capsule. This tissue can function well as a background region. For the ‘dorso–
ventral axis’ part of the thesis – where differences in receptor expression and distribution were
compared between hippocampal subdivisions – background values from fi and dcw for the dorsal
hippocampal sections; fi, ic and str for the intermediate hippocampal sections; and fi and ic for the
ventral hippocampal sections were averaged and then this averaged value was subtracted from
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corresponding images. For the ‘first-episode psychosis’ part – where differences in receptor
expression and distribution were compared between control and treated animals for dorsal,
intermediate and ventral hippocampus separately – one of the white matter tracts for both conditions
was taken as a background region (detailed information in Table 2.4).
Table 2.4: White matter tracts that were used as a background for psychosis study
Time-points after treatment
1 week
4 weeks
3 months
DH
IH
VH
DH
IH
VH DH
IH
VH
fi
fi
ic
fi
fi
ic
fi
str
ic
GluN1
fi
str
ic
fi
str
ic
fi
str
ic
GluN2A
fi
str
ic
fi
str
ic
fi
str
ic
GluN2B
fi
str
ic
fi
str
ic
fi
str
ic
mGlu1
fi
str
ic
fi
str
ic
fi
str
ic
mGlu5
fi
fi
ic
fi
fi
ic
fi
fi
ic
mGlu2/3
fi
fi
ic
fi
fi
ic
fi
fi
ic
GABA A
fi
fi
ic
fi
fi
ic
fi
fi
ic
GABA B
fi
fi
ic
fi
fi
ic
fi
str
ic
D1DR
fi
str
ic
fi
str
ic
fi
str
ic
D2DR
DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; fi, fimbria; ic,
internal capsule; str, superior thalamic radiation.
During the next step, R software was used to scale data from several independent stainings/plates
using a generalized residual sum of squares algorithm (von der Heyde et al., 2014; Kreutz et al.,
2007). An example of scaling principle is shown in Figure 2.4.

Figure 2.4: Scaling brings values from several independent stains onto a single scale without
altering the ratio between conditions
An example of GluN1 immunohistochemically stained sections with and without scaling step in R
is shown. In this case three independent stains took place: first – 1 & 2; second – 3 & 4; and third –
5. Conditions from 1 to 11 on X axis represent the laminar differentiation of the dorsal hippocampal
transverse sections, as in the Results section.
Afterwards, statistical analysis was done using the Statistica (StatSoft) software, where Factorial
ANOVA, followed by Duncan’s post hoc test, was applied to determine differences between the
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hippocampal dorso–ventral subdivisions and different laminae within these subdivisions. All
significant differences were defined as p<0.05 or p<0.01 and all values are expressed as mean ±
s.e.m. Graphs were built in Microsoft Excel or SigmaPlot (Systat Software) software and postprocessed in Adobe Illustrator.
2.2.2.

Immunoblotting

Two protein biochemical methods were used as specificity controls for immunohistochemical
experiments: 1. immunoprecipitation that was followed by immunoblotting or, 2. simply
immunoblotting from whole tissue lysate (Fig. 2.5). They represent the best way of determining
antibody specificity (Burry, 2000) in approaches that do not use transgenetically modified rodents
(Holmseth et al., 2012).
For immunoblotting experiments, animals were anesthetized with isoflurane and sacrificed by
decapitation. Brains were rapidly removed followed by the whole hippocampus isolation. The tissue
were then homogenized in 20 mM Tris–HCl pH 7.4 buffer containing 10% sucrose followed by
centrifugation (Eppendorf Centrifuge 5417R) at 14,000 rpm for 30 min at 4°C in 20 mM Tris–HCl
buffer supplemented with protease inhibitor. The supernatant was removed and the pellet was
resuspended in 20 mM Tris–HCl buffer supplemented with protease inhibitor. The protein
concentration of the samples was determined with the Bradford assay (Ultrospec 3000, Pharmacia
Biotech). Protein samples were separated in 8% SDS polyacrylamide gels that were always
prepared one day before the use. To prevent gels from drying they were always covered with papertissues that had been moistened with water. A typical polyacrylamide gel consists of two parts:
separating (lower) and stacking (upper) gels. The stacking gel (at least 1 cm in length before the
other gel begins) allows for a different volume of samples to be stacked together and then start their
run through the separating gel as a single block. The separating gel enables separation of sample
proteins based on their molecular weight. To begin with gel electrophoresis, the required amount of
sample (minimum 10 µg of protein per sample) was mixed with the same amount of twiceconcentrated (2×) Laemmli buffer. Samples were then heated for 5 min at 100°C (Wealtec Corp.
HB-1), briefly centrifuged and loaded onto gels. The first line on the gel was always filled with
protein marker in the amount of 5 µg, which was then separated into fragments of distinct molecular
weights. Gel-electrophoresis was performed for ~1.5 hour at 400 V and 15 mA settings per gel.
Afterwards, gels were removed from the running chamber and left in the cold transfer buffer, while
the polyvinyl difluoride membranes (PVDF) were incubated with methanol for approx. 5 min.
Membranes were then briefly washed with distilled water and covered with transfer buffer. After
the transfer ‘sandwiches’ were assembled, they were placed into the transfer chamber, covered with
cold transfer buffer and the wet-transfer of proteins from gel onto membranes began (400 V, 300
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mA, 1.5 hour). Importantly, gels were placed facing the negative electrode (cathode) and the
membranes facing the positive electrode (anode), as the proteins in gel are negatively charged, they
will run to the positively charged side.
Membranes were then blocked for 1 h (5% non-fat dry milk, 0.1% Tween 20 in TBS) at RT. Blots
were then incubated overnight at 4°C with primary antibodies that were used for the
immunohistochemistry: mouse monoclonal anti-NMDAR1 (# 556308, PharMingen) at 1:750
dilution, rabbit polyclonal anti-NMDAε1 (# sc-9056, Santa Cruz) at 1:250 dilution, goat polyclonal
anti-NMDAε2 (# sc-1469, Santa Cruz) at 1:500 dilution, rabbit polyclonal anti-mGlu1 (# ab82211,
Abcam) at 1:1000 dilution, rabbit polyclonal anti-mGlu2/3 (# ab1553, Chemicon) at 1:500 dilution,
rabbit polyclonal anti-mGlu5 (# ab5675, Millipore) at 1:4,000 dilution, mouse monoclonal antiGABAA receptor (# mab341, Millipore) at 1:500 dilution, mouse monoclonal anti-GABAB receptor
1 (# ab55051, Abcam) at 1:500 dilution, goat polyclonal anti-D1DR (# sc-1434, Santa Cruz) at
1:250 dilution, and rabbit polyclonal anti-D2R (# ab1558, Millipore) at 1:1000 dilution. Here,
primary antibodies were dissolved in boost signal solution (Calbiochem).
Membranes were then washed 3 times in 0.1% Tween 20 in TBS and incubated with anti-mouse,
anti-rabbit or anti-goat horseradish peroxidase linked IgG (# NA931V, # NA934V and # sc-2033,
GE Healthcare and Santa Cruz) as secondary antibodies at 1:5,000 to 1:20,000 dilution ranges for
90 min at RT. Here, secondary antibodies were dissolved in boost signal solution (Calbiochem) or
1.5% milk buffer. Protein bands were visualized using an enhanced chemiluminescence reagent,
ECL (# RPN2209, GE Healthcare), Pierce ECL Plus (# 32132, Thermo Scientific) or ECL Prime (#
RPN2236, GE Healthcare) on X-ray films or CCD camera (Fusion Solo S, Vilber Lourmat).
Detailed information on all solutions that were used for immunoblotting is listed in Table 2.5.
Table 2.5: List of solutions that were used for immunoblotting technique
Tissue sample preparation:
Stock solution

Washing buffer
Sample buffer

12.11 g of Tris-base (121.1 g/mol) were dissolved in 90 ml of
distilled water. pH was adjusted to 7.4 with HCl and filled up
with distilled water to a total volume of 100 ml.
5 g of sucrose was dissolved in 1 ml of stock solution and filled
up with distilled water to a total volume of 50 ml.
1 tablet of protease inhibitor (Roche) was dissolved in 2 ml of
distilled water. 1 ml of stock solution was added and filled up
with distilled water to a total volume of 50 ml.

Immunoblotting:
Separating gel buffer

Stacking gel buffer

45.375 g of Tris-base were dissolved in 200 ml of distilled
water. pH was adjusted to 8.8 with HCl and filled up with
distilled water to a total volume of 250 ml.
30.25 g of Tris-base were dissolved in 200 ml of distilled water.
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pH was adjusted to 6.8 with HCl and filled up with distilled
water to a total volume of 250 ml.
Stock solution (Laemmli buffer) 12.1 g of Tris-base were dissolved in 80 ml of distilled water.
pH was adjusted to 6.8 with HCl and filled up with distilled
water to a total volume of 100 ml.
2x concentrated Laemmli buffer 1.25 ml of Laemmli buffer stock solution, 5 ml of 10% SDS
solution, 1ml of beta-mercaptoethanol, and 5 ml of glycerol
were diluted in distilled water and filled up with it to a total
volume of 50 ml. Before use, 750 µl of 0.5% bromophenol blue
solution were added.
Stock solution for Running & 30.3 g of Tris-base and 144 g of glycine were dissolved in 1 L
Transfer buffers
of distilled water.
Running buffer
To 100 ml of stock solution were added 900 ml of distilled
water and 10 ml of 10% SDS solution.
Transfer buffer
To 100 ml of stock solution were added 300 ml of distilled
water, 200 ml of methanol and again 400 ml of distilled water.
Stock solution for TBS buffer
121 g of Tris-base and 400 g of NaCl were dissolved in 4 L of
distilled water. pH was adjusted to 7.6 with HCl and filled up
with distilled water to a total volume of 5 L.
TBS-Tween buffer
To 100 ml of stock solution were added 900 ml of distilled
water and 1 ml of Tween 20.
5% Milk buffer
5 g of milk powder were dissolved in 100 ml of TBS-Tween
buffer.
1.5 g of milk powder was dissolved in 100 ml of TBS-Tween
1.5% Milk buffer
buffer.
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Figure 2.5: Confirmation of antibody specificity
Immunoblots showing binding specificity of all antibodies used for the immunohistochemical
experiments are presented. Hippocampal tissue lysates were assessed, where two lanes are either
replicates or different hippocampi.
2.2.3.

Immunoprecipitation

For immunoprecipitation experiments, stored hippocampal tissue was used (detailed information on
obtaining and homogenization is in the previous section). A tissue lysate in a volume of 200 µg was
filled up to 400 µl of total volume with sample buffer. 25 µl of 50% Protein A Sepharose (PAS)
beads and 4 µl of primary antibodies (anti-NMDAε1 or anti-NMDAε2) were added.
Immunocomplexes were captured through overnight incubation at 4°C. PAS beads were then
briefly centrifuged (20–30 sec) and washed in sample buffer. Procedure was repeated for three
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times. After the last washing 25–30 µl of liquid were left on top of the Sepharose beads and the
same amount of 2× Laemmli buffer was added. From here, immunoprecipitation was followed by
immunoblotting (look section above).
2.3.

In vitro electrophysiology

2.3.1.

Field excitatory postsynaptic potentials (fEPSPs)

Evoked, field excitatory postsynaptic potentials (fEPSPs) reflect a summed response from the
synapses of a population of neurons that occurs when postsynaptic depolarization takes place.
Experimentally this can be triggered by a stimulus given through a stimulating electrode that is
placed e.g. in afferent fibers. The resulting fEPSP is recorded through an extracellular
microelectrode that is embedded within the brain slice, typically within the synapses upon which
the afferents form an input. In the hippocampus, neurons are arranged in a laminar way, so that they
all receive synaptic inputs in the same areas. This, in turn, leads to summation of extracellular
signals and their easy detection. Extracellular field potentials represent negative voltage deflections,
as a result of relative flow of cations into the cell and away from the recording electrode. In the
project presented, fEPSPs from the Stratum radiatum of the CA1 region were recorded in response
to Schaffer collateral stimulation. Responses were examined in the dorsal, intermediate and ventral
hippocampal regions of brain slices. For each fEPSP both slope and amplitude of the response were
measured (Fig. 2.6). The amplitude of the fEPSP was determined from the point where the evoked
potential started to negatively deflect to the peak of this deflection. The slope of the fEPSP was
measured as the steepest points of the negative deflection.

Figure 2.6: In vitro fEPSP recordings from Stratum radiatum of the CA1 region in response
to Schaffer collateral stimulation
(A) Hippocampal transverse section with stimulating ‘1’ and recording ‘2’ electrodes is shown. (B)
Representative dendritic fEPSP with slope and amplitude is presented.
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2.3.2.

Hippocampal slice preparation

Hippocampal slices from six- to nine-week-old male Wistar rats were prepared as follows: animals
were deeply anaesthetized with inhaled isoflurane and decapitated. Brains were removed from the
skull and dissected in ice-cold (1–4°C), oxygenated artificial cerebrospinal fluid (aCSF) containing
(in mM: 124 NaCl; 4.9 KCl; 1.2 NaH2PO4; 1.3 MgSO4; 2.5 CaCl2; 25.6 NaHCO3; and 10 Dglucose; pH 7.4). The two hippocampi were then sectioned into 400-µm thick slices using a
vibratome (Leica, VT 1000S). Specifically, transverse slices along the long axis of the hippocampus
were prepared as shown on Figure 2.7. Here, slices from dorsal, intermediate and ventral
hippocampal subdivisions were taken for the investigation. Slices were incubated for 15 min at
~35°C, and then placed on nylon net in separate submerged recording chambers for at least 1 hour
recover period prior to any recordings. Slices were continuously perfused at a constant flow rate of
2 ml/min with oxygenated aCSF at 32–33°C.

Figure 2.7: Photographs showing transverse hippocampal slices across its longitudinal axis
Sections from 1 to 3 were considered as ventral hippocampal sections; from 4 to 6 – as intermediate
sections; and from 7 to 9 – as dorsal ones.
2.3.3.

Experimental set-up

For fEPSP recordings during ultra-short-term and long-term synaptic plasticity experiments, the
Synchroslice system (Lohmann Research Equipment, Castrop-Rauxel, Germany) was used (Fig.
2.8). It allows simultaneous recording from four slices. The set-up consists of: 1) four submerged
recording chambers (Campden Inxtruments); 2) a proportional-integral-derivative (PID)
temperature controller (Campden Instruments); 3) eight-channel peristaltic pump (Gilson); 4) eight
micromanipulators type Märzhäuser MM33; 5) four CCD color cameras with 470 TV lines; 2 × 4
video processors for switching between cameras; two 17 inch TFT Video monitors; 6) two 2channel headstages type MCS MPA-2; gain; input resistance > 1 g Ohm; 7) FA-16 filter amplifier
with fixed bandwidth of 0.1 Hz to 3 kHz; 8) STG-2008 online stimulator; 9) USB2 data acquisition
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system; 16 bit resolution; max. acquisition rate of 20 kHz per channel; 10) four bipolar stimulation
electrodes (Fredrick Haer, Bowdominham, ME); 11) two 2-fold metal recording electrodes
(platinum/tungsten core, impedance: 0.5 MΩ, Thomas Recording, Germany); 12) SynchroBrain
software for data acquisition and analysis; 13) standard laptop PC (Dell).

Figure 2.8: Experimental set-up –
the Synchroslice system

2.3.4.

Experimental procedure and stimulation paradigms

FEPSP recordings were made with electrodes positioned in the Stratum radiatum of the CA1 region.
Test-pulse stimuli (0.025 Hz) of 0.2 ms duration (during the LTP-inducing protocol) or 0.4 ms
duration (during the LTD-inducing protocol) were applied and evoked fEPSPs were registered at a
sample rate of 10,000 Hz. For each time-point, five responses at 40 s intervals were averaged. An
input–output (I/O) curve was obtained (stimulation range of 60–600 µA delivered in 10 steps). A
stimulation strength that evoked a fEPSP that achieved 50% of the I/O maximum was used for
subsequent test-pulse stimulation. After the I/O curve was completed, slices were allowed to
recover for 30 min. Following 40 min of baseline recording, LTP was induced by two trains of theta
burst stimulation (TBS) delivered 10 s apart (each train composed of 10 bursts of four pulses each,
at 100 Hz) at the frequency of 4 Hz. LTD was generated by two trains of high frequency stimulation
(HFS) delivered 20 s apart (each train composed of 10 bursts of four pulses each, at 250 Hz) at a
frequency of 25 Hz.
In order to examine paired-pulse responses (PPR) in the dorsal, intermediate and ventral
hippocampus, a paired-pulse stimulation protocol was applied. Here, the Schaffer collateral
pathway was stimulated and fEPSP responses in the CA1 Stratum radiatum were recorded. The
stimulation was adjusted, based on I/O curves, to evoke baseline fEPSP amplitude that was 50% of
the maximal response obtained in the I/O curve. Two electrical pulses of equal intensity and
duration (0.2 ms) were delivered at the interpulse intervals (IPI) of 10 ms, 20 ms, 25 ms, 50 ms, 100
ms and 200 ms. Individual pairs of stimuli were delivered at 40 s intervals, while individual IPI
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blocks of stimulation were delivered at 5 min intervals. Five trials at each IPI were averaged and
used for the analysis.
2.3.5.

Analysis of evoked potentials

Baseline recordings during 40 min of test-pulse stimulation (prior to applying plasticity protocols)
were averaged in order to obtain a reference value for the subsequent assessment of changes in
synaptic strength that were triggered by subsequent attempts to induce synaptic plasticity. All
values obtained are represented in the results section and graphs as a percentage of this value.
Separate reference values were calculated for fEPSP amplitude and slope data. The data are
expressed in percent as mean value ± s.e.m.
Paired-pulse responses were quantified as the ratio of the second fEPSP to the first one. All
electrophysiological data were statistically analyzed using the repeated measures analysis of
variance (ANOVA) in Statistica (StatSoft) software. When appropriate, the Fisher’s post-hoc test
was used to determine significant differences. All significant differences were defined as p<0.05
and all values are expressed as mean ± s.e.m. Graphs were built in SigmaPlot (Systat Software)
software and post-processed in Adobe Illustrator. For all experiments ‘N’ corresponds to the
number of animals while ‘n’ to the number of hippocampal slices.
2.4.

Drug treatment

2.4.1.

MK801

Three groups of seven- to eight-week old Wistar rats (Table 2.2) received a single intraperitoneal
(i.p.) injection of the NMDA receptor antagonist [+]-5-methyl-10,11-dihydro-5Hdibenzo-[a,d]cyclohepten-5,10-imine hydrogen maleate (MK801, Tocris, Germany). It was dissolved in 0.9%
physiological saline and administered in the concentration of 5 mg/kg, which is in accordance with
procedures followed in previous studies on the same animal model of psychosis from our group
(Manahan-Vaughan et al., 2008a, 2008b). Another three animal groups of identical age and strain
received a single i.p. injection of 0.9% physiological saline in the concentration of 10 ml/kg and
served as control groups.
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3.

Results

The first part of the project was aimed to characterize temporal changes in the expression of
plasticity-related receptors across the hippocampal axes following the emulation of the first episode
of schizophreniform psychosis. The chosen time-points cover both the early treatment-advisable
stages (within the 60-day post-psychotic window) as well as the more progressed phase that is
characterized by a less favorable prognosis.
The second part of the project was devoted to characterizing differences between the dorsal,
intermediate and ventral hippocampal subdivisions in healthy rodents on two levels, namely
receptor protein expression and synaptic plasticity levels.
3.1.

Assessing the effects of an acute MK801-induced schizophreniform psychotic
episode on the expression of plasticity-related receptors – the laminar view

Given that glutamatergic, GABAergic and dopaminergic receptors are intrinsic to the
neuropathology of schizophrenia and are essential for synaptic plasticity, the receptors that were
investigated included: subunits of the NMDAR (GluN1, GluN2A and GluN2B); metabotropic
group I receptors (mGlu1 and mGlu5); GABAA and GABAB receptors; as well as dopamine D1 and
D2 receptors. The goal was to address the question as to whether an acute psychotic event (in
rodents) leads to short- and long-term changes in the expression of plasticity-related receptors that
are vital for normal cognitive function, as no similar studies are possible in humans at this stage of
the illness.
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3.1.1.

Imbalance in the expression of the GluN1 subunit of the NMDAR four weeks and
three months, but not one week after a single MK801 treatment of rodents

No differences were found for GluN1 protein expression one week following MK801 treatment
compared to vehicle-treated animals. Assessments were made with regard to the longitudinal or
coronal (subregional) hippocampal axes (Table 3.1 and Fig. 3.1A). At the 4-week time-point a
significant reduction in GluN1 levels appeared in the molecular layer (ml) (Vehicle: 1±0.04 vs.
MK801: 0.76±0.07, p=0.009) and granule cell layer (gcl) (Vehicle: 1.41±0.14 vs. MK801:
1.17±0.06, p=0.004) of the dorsal DG (Table 3.1 and Fig. 3.1B). The long-term changes developed
in the form of GluN1 up-regulation in the Stratum oriens (so) (Vehicle: 0.94±0.04 vs. MK801:
1.07±0.03, p=0.05), Stratum radiatum (sr) (Vehicle: 1.09±0.04 vs. MK801: 1.2±0.02, p=0.05) and
Stratum lacunosum-moleculare (slm) (Vehicle: 0.82±0.05 vs. MK801: 0.97±0.03, p=0.02) of the
intermediate CA1 three months after MK801 injection (Table 3.1 and Fig. 3.1C). Thus, a single
schizophreniform psychotic event results in long-lasting and variable changes of hippocampal
GluN1 protein expression in dorsal and intermediate subdivisions. The ventral hippocampus is
unaffected by this treatment.
Table 3.1: Statistical analysis overview of GluN1 protein expression
Timepoint

Hippocampal
axis part

1 week

DH
IH
VH

4 weeks

DH
IH
VH

3 months

DH
IH
VH

TREATMENT
factor (T)

Multifactorial ANOVA
REGION
T*R
factor (R)
interaction

F(1,176)=0.863,
n.s.
F(1,176)=3.981,
p<0.05
F(1,176)=5.666,
p<0.05
F(1,198)=24.274,
p<0.001
F(1,198)=9.827,
p<0.01
F(1,165)=7.389,
p<0.01
F(1,198)=4.807,
p<0.05
F(1,187)=20.14,
p<0.001

F(10,176)=41.589,
p<0.01
F(10,176)=30.419,
p<0.001
F(10,176)=13.621,
p<0.001
F(10,198)=38.36,
p<0.001
F(10,198)=37.012,
p<0.001
F(10,165)=27.366,
p<0.001
F(10,198)=34.932,
p<0.001
F(10,187)=29.73,
p<0.001

F(10,176)=0.3,
n.s.
F(10,176)=0.998,
n.s.
F(10,176)=0.341,
n.s.
F(10,198)=0.532,
n.s.
F(10,198)=0.53,
n.s.
F(10,165)=0.361,
n.s.
F(10,198)=0.632,
n.s.
F(10,187)=0.56,
n.s.

F(1,176)=11.21,
p<0.001

F(10,176)=21.31,
p<0.001

F(10,176)=0.11,
n.s.

Duncan’s post
hoc test
n.s.
n.s.
n.s.
ml/DG: p=0.009
gcl/DG: p=0.004
n.s.
n.s.
n.s.
so/CA1: p=0.05
sr/CA1: p=0.05
slm/CA1: p=0.02
n.s.

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml/DG,
molecular layer of the DG; gcl/DG, granule cell layer of the DG; so/CA1, Stratum orients of the
CA1; sr/CA1, Stratum radiatum of the CA1; slm/CA1, Stratum lacunosum-moleculare of the CA1;
n.s., non-significant.
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Figure 3.1: MK801 application results in impaired GluN1 protein expression four weeks and
three months, but not one week after treatment
(A) One week following the MK801 injection produced no changes in the GluN1 protein expression
across the hippocampal axes. Alterations in the expression level appear at the 4-week time-point
(B), and are still present at the 3-month time-point (C). All values are expressed in arbitrary units
[a.u.]. ml, molecular layer of the DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the
DG; so, Stratum oriens of CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of
CA3/CA1; and slm, Stratum lacunosum-moleculare of CA3/CA1.
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3.1.2.

A substantial reduction in protein expression of the GluN2A subunit of the
NMDAR appears three months following MK801 treatment

A transient increase in the GluN2A level was found one week after MK801 injection in the
pyramidal cell layer (pcl) (Vehicle: 1.17±0.08 vs. MK801: 1.42±0.06, p=0.03) of the intermediate
CA1 (Table 3.2 and Fig. 3.2A). The effect was gone three weeks later, namely at the 4-week timepoint (Table 3.2 and Fig. 3.2B). In the 3-month treatment group, a substantial reduction in GluN2A
expression appeared across the whole hippocampal longitudinal axis in CA1, as was also evident to
some extent in the CA3 regions along the longitudinal axis. Here, affected layers included pcl
(Vehicle: 1.67±0.08 vs. MK801: 1.45±0.07, p=0.02) and slm (Vehicle: 1.54±0.04 vs. MK801:
1.31±0.07, p=0.03) of the dorsal CA1; so (Vehicle: 1.08±0.05 vs. MK801: 0.86±0.06, p=0.02), pcl
(Vehicle: 1.48±0.06 vs. MK801: 1.25±0.07, p=0.01) and slm (Vehicle: 1.43±0.03 vs. MK801:
1.23±0.11, p=0.03) of the ventral CA1; so (Vehicle: 1.01±0.05 vs. MK801: 0.72±0.06, p=0.002),
pcl (Vehicle: 1.47±0.06 vs. MK801: 1.15±0.08, p<0.001), sr (Vehicle: 0.9±0.05 vs. MK801:
0.65±0.06, p=0.01), slm (Vehicle: 1.37±0.06 vs. MK801: 1.09±0.08, p=0.002) of the intermediate
CA1 as well as so (Vehicle: 0.83±0.04 vs. MK801: 0.63±0.04, p=0.04), pcl (Vehicle: 1.32±0.07 vs.
MK801: 1.09±0.04, p=0.01) and slm (Vehicle: 1.23±0.06 vs. MK801: 0.99±0.06, p=0.01) of the
intermediate CA3 (Table 3.2 and Fig. 3.2C).
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Table 3.2: Statistical analysis overview of GluN2A protein expression
Timepoint

Hippocampal
axis part

1 week

DH
IH
VH

4 weeks

DH
IH
VH

3 months

DH

TREATMENT
factor (T)

Multifactorial ANOVA
REGION
T*R
factor (R)
interaction

F(1,194)=0.033,
n.s.
F(1,198)=24.283,
p<0.001
F(1,187)=26.617,
p<0.001
F(1,198)=6.032,
p<0.05
F(1,198)=4.966,
p<0.05
F(1,187)=0.242,
n.s.
F(1,187)=25.441,
p<0.001
F(1,187)=74.716,
p<0.001

F(10,194)=11.701,
p<0.001
F(10,198)=10.648,
p<0.001
F(10,187)=9.199,
p<0.001
F(10,198)=8.632,
p<0.001
F(10,198)=7.847,
p<0.001
F(10,187)=5.378,
p<0.001
F(10,187)=44.391,
p<0.001
F(10,187)=25.487,
p<0.001

F(10,194)=0.476,
n.s.
F(10,198)=0.244,
n.s.
F(10,187)=0.166,
n.s.
F(10,198)=0.098,
n.s.
F(10,198)=0.108,
n.s.
F(10,187)=0.298,
n.s.
F(10,187)=0.364,
n.s.
F(10,187)=0.456,
n.s.

F(1,165)=14.811,
p<0.001

F(10,165)=23.649,
p<0.001

F(10,165)=1.147,
n.s.

IH

VH

Duncan’s post
hoc test
n.s.
pcl/CA1: p=0.03
n.s.
n.s.
n.s.
n.s.
pcl/CA1: p=0.02
slm/CA1: p=0.03
so/CA3: p=0.04
pcl/CA3: p=0.01
slm/CA3: p=0.01
so/CA1: p=0.002
pcl/CA1: p<0.001
sr/CA1: p=0.01
slm/CA1: p=0.002
so/CA1: p=0.02
pcl/CA1: p=0.01
slm/CA1:p=0.03

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; so/CA3/CA1,
Stratum oriens of CA3/CA1; pcl/CA3/CA1, pyramidal cell layer of CA3/CA1; sr/CA1, Stratum
radiatum of the CA1; slm/CA3/CA1, Stratum lacunosum-moleculare of CA3/CA1; n.s., nonsignificant.
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Figure 3.2: MK801 application leads to an increase in expression of GluN2A protein one week
that is absent four weeks after treatment. GluN2A protein expression is extensively reduced
three months after treatment
(A) One week following MK801 treatment, an increase of GluN2A levels was evident in the
intermediate CA1. (B) No changes were found at the 4-week time-point. (C) Three months
following MK801 treatment a substantial reduction of GluN2A protein level across the longitudinal
axis of the CA1 region was evident, whereby the intermediate subdivision was the most affected.
All values are expressed in arbitrary units [a.u.]. ml, molecular layer of the DG; gcl, granule cell
layer of the DG; pl, polymorphic layer of the DG; so, Stratum oriens of CA3/CA1; pcl, pyramidal
cell layer of CA3/CA1; sr, Stratum radiatum of CA3/CA1; and slm, Stratum lacunosum-moleculare
of CA3/CA1.
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3.1.3.

Early up-regulation in the expression of the GluN2B subunit of the NMDAR
occurs following MK801 treatment

One week after MK801 application, an increase in GluN2B protein expression was found almost in
every layer of the trisynaptic circuit within the dorso–intermediate thirds of the hippocampus
(Table 3.3 and Fig. 3.3A). In the dorsal subdivision, changes were found in ml (Vehicle: 1±0.07
vs. MK801: 1.39±0.15, p=0.01) and pl (Vehicle: 0.92±0.03 vs. MK801: 1.29±0.11, p=0.02) of the
DG; so (Vehicle: 0.92±0.07 vs. MK801: 1.33±0.08, p=0.01), pcl (Vehicle: 1.57±0.05 vs. MK801:
1.91±0.07, p=0.02), sr (Vehicle: 0.95±0.05 vs. MK801: 1.4±0.1, p=0.007) and slm (Vehicle:
0.7±0.06 vs. MK801: 1.14±0.12, p=0.006) of the CA3; and so (Vehicle: 1.12±0.1 vs. MK801:
1.51±0.13, p=0.02), pcl (Vehicle: 1.77±0.1 vs. MK801: 2.12±0.13, p=0.02), sr (Vehicle: 1.17±0.11
vs. MK801: 1.57±0.13, p=0.01) and slm (Vehicle: 0.97±0.09 vs. MK801: 1.29±0.11, p=0.04) of the
CA1. In the intermediate subdivision, layers affected included ml (Vehicle: 1±0.04 vs. MK801:
1.23±0.07, p=0.02) and pl (Vehicle: 0.97±0.05 vs. MK801: 1.24±0.09, p=0.01) of the DG; so
(Vehicle: 0.82±0.05 vs. MK801: 1.09±0.06, p=0.008), pcl (Vehicle: 1.34±0.04 vs. MK801:
1.6±0.04, p=0.008), sr (Vehicle: 0.95±0.05 vs. MK801: 1.22±0.06, p=0.01) and slm (Vehicle:
0.78±0.06 vs. MK801: 1.05±0.08, p=0.006) of the CA3; and so (Vehicle: 1.07±0.05 vs. MK801:
1.34±0.07, p=0.009), pcl (Vehicle: 1.57±0.06 vs. MK801: 1.8±0.07, p=0.01), sr (Vehicle: 1.16±0.05
vs. MK801: 1.44±0.07, p=0.007), and slm (Vehicle: 0.95±0.05 vs. MK801: 1.19±0.07, p=0.02) of
the CA1. At later time-points, namely four weeks (Table 3.3 and Fig. 3.3B) and three months
(Table 3.3 and Fig. 3.3C) after MK801 injection, no alterations could be observed in the
hippocampus. Thus, MK801 treatment gives rise to an early and transient change in GluN2B
protein expression in the dorsal and intermediate hippocampus only.
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Table 3.3: Statistical analysis overview of GluN2B protein expression
Timepoint

Hippocampal
axis part

1 week

TREATMENT
factor (T)

Multifactorial ANOVA
REGION
T*R
factor (R)
interaction

F(1,198)=72.878,
p<0.001

F(10,198)=26.834,
p<0.001

F(10,198)=0.184,
n.s.

F(1,198)=83.246,
p<0.001

F(10,198)=37.096,
p<0.001

F(10,198)=0.138,
n.s.

F(1,187)=0.011,
n.s.
F(1,198)=5.913,
p<0.05
F(1,198)=0.001,
n.s.
F(1,187)=1.844,
n.s.
F(1,198)=0.515,
n.s.
F(1,198)=0.1,
n.s.
F(1,186)=0.36,
n.s.

F(10,187)=23.7,
p<0.001
F(10,198)=20.195,
p<0.001
F(10,198)=19.499,
p<0.05
F(10,187)=10.855,
p<0.001
F(10,198)=56.81,
p<0.001
F(10,198)=105.85,
p<0.001
F(10,186)=43.83,
p<0.001

F(10,187)=0.246,
n.s.
F(10,198)=0.137,
n.s.
F(10,198)=0.199,
n.s.
F(10,187)=0.284,
n.s.
F(10,198)=0.055,
n.s.
F(10,198)=0.34,
n.s.
F(10,186)=0.16,
n.s.

DH

IH

VH

4 weeks

DH
IH
VH

3 months

DH
IH
VH

Duncan’s post
hoc test
ml/DG: p=0.01
pl/DG: p=0.02
so/CA3: p=0.01
pcl/CA3: p=0.02
sr/CA3: p=0.007
slm/CA3: p=0.006
so/CA1: p=0.02
pcl/CA1: p=0.02
sr/CA1: p=0.01
slm/CA1: p=0.04
ml/DG: p=0.02
pl/DG: p=0.01
so/CA3: p=0.008
pcl/CA3: p=0.008
sr/CA3: p=0.01
slm/CA3: p=0.006
so/CA1: p=0.009
pcl/CA1: p=0.01
sr/CA1: p=0.007
slm/CA1: p=0.02
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml/DG,
molecular layer of the DG; pl/DG, polymorphic layer of the DG; so/CA3/CA1, Stratum oriens of
CA3/CA1; pcl/CA3/CA1, pyramidal cell layer of CA3/CA1; sr/CA3/CA1, Stratum radiatum of
CA3/CA1; slm/CA3/CA1, Stratum lacunosum-moleculare of CA3/CA1; n.s., non-significant.
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Figure 3.3: MK801 treatment results in a transient up-regulation of GluN2B protein
expression one week after application
(A) GluN2B protein expression is significantly increased across the transverse axis of the dorso–
intermediate hippocampus one week after the MK801 injection. No further changes were found at
either the 4-week (B) or 3-month (C) time-points within any hippocampal subregion. All values are
expressed in arbitrary units [a.u.]. ml, molecular layer of the DG; gcl, granule cell layer of the DG;
pl, polymorphic layer of the DG; so, Stratum oriens of CA3/CA1; pcl, pyramidal cell layer of
CA3/CA1; sr, Stratum radiatum of CA3/CA1; and slm, Stratum lacunosum-moleculare of
CA3/CA1.
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3.1.4.

Reduced expression of mGlu1 receptor occurs one and four weeks, but not three
months, after MK801 application

A reduction in mGlu1 receptor protein expression was evident one week following MK801
treatment, in ml (Vehicle: 1±0.03 vs. MK801: 0.74±0.05, p=0.002), gcl (Vehicle: 1.53±0.05 vs.
MK801: 1.37±0.06, p=0.04) and pl (Vehicle: 0.92±0.06 vs. MK801: 0.71±0.06, p=0.01) of the
dorsal DG, as well as in pcl (Vehicle: 1.31±0.03 vs. MK801: 1.12±0.06, p=0.02) of the dorsal CA1
(Table 3.4 and Fig. 3.4A). The effect was still evident four weeks after treatment, in ml (Vehicle:
1±0.05 vs. MK801: 0.76±0.06, p=0.009) of the dorsal DG, while disappeared in other layers and
appeared in sr (Vehicle: 0.59±0.06 vs. MK801: 0.33±0.03, p=0.007) and slm (Vehicle: 0.62±0.06
vs. MK801: 0.41±0.05, p=0.03) of the dorsal CA3 (Table 3.4 and Fig. 3.4B). In contrast to the
dorsal hippocampal subdivision, the intermediate part showed an up-regulation of mGlu1 levels in
gcl (Vehicle: 1.5±0.13 vs. MK801: 2.01±0.14, p=0.005) of the DG; so (Vehicle: 0.64±0.09 vs.
MK801: 1.05±0.09, p=0.04), pcl (Vehicle: 1.3±0.08 vs. MK801: 1.9±0.13, p=0.001) and sr
(Vehicle: 0.62±0.09 vs. MK801: 1.1±0.1, p=0.02) of the CA3; and pcl (Vehicle: 1.31±0.15 vs.
MK801: 1.74±0.11, p=0.02) of the CA1 in 1-week animal group (Table 3.4 and Fig. 3.4A). All
changes waned over time and returned to normal level, as is seen in 3-month cohort (Table 3.4 and
Fig. 3.4C). Thus, MK801 treatment produced a temporary imbalance in mGlu1 receptor protein
expression in the dorsal and intermediate hippocampus only.
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Table 3.4: Statistical analysis overview of mGlu1 receptor protein expression
Timepoint

Hippocampal
axis part

1 week
DH

TREATMENT
factor (T)

Multifactorial ANOVA
REGION
T*R
factor (R)
interaction

F(1,198)=32.364,
p<0.001

F(10,198)=55.487,
p<0.001

F(10,198)=0.968,
n.s.

F(1,161)=58.727,
p<0.001

F(10,161)=14.245,
p<0.001

F(10,161)=0.354,
n.s.

F(1,165)=3.209,
n.s.
F(1,198)=32.567,
p<0.001

F(10,165)=18.678,
p<0.001
F(10,198)=74.281,
p<0.001

F(10,165)=0.286,
n.s.
F(10,198)=0.69,
n.s.

F(1,198)=2.581,
n.s.
F(1,198)=4.319,
p<0.05
F(1,198)=0.885,
n.s.
F(1,187)=6.962,
p<0.01
F(1,194)=0.03,
n.s.

F(10,198)=37.855,
p<0.001
F(10,198)=18.936,
p<0.001
F(10,198)=76.594,
p<0.001
F(10,187)=36.306,
p<0.001
F(10,194)=45.12,
p<0.001

F(10,198)=0.409,
n.s.
F(10,198)=0.295,
n.s.
F(10,198)=0.398,
n.s.
F(10,187)=0.195,
n.s
F(10,194)=0.54,
n.s.

IH

VH

4 weeks
DH
IH
VH

3 months

DH
IH
VH

Duncan’s post
hoc test
ml/DG: p=0.002
gcl/DG: p=0.04
pl/DG: p=0.01
pcl/CA1: p=0.02
gcl/DG: p=0.005
so/CA3: p=0.04
pcl/CA3: p=0.001
sr/CA3: p=0.02
pcl/CA1: p=0.02
n.s.
ml/DG: p=0.009
sr/CA3: p=0.007
slm/CA3: p=0.03
n.s.
n.s.
n.s.
n.s.
n.s.

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml/DG,
molecular layer of the DG; gcl/DG, granule cell layer of the DG; pl/DG, polymorphic layer of the
DG; so/CA3, Stratum oriens of the CA3; pcl/CA3/CA1, pyramidal cell layer of CA3/CA1; sr/CA3,
Stratum radiatum of the CA3; slm/CA3, Stratum lacunosum-moleculare of the CA3; n.s., nonsignificant.

61

RESULTS

Figure 3.4: MK801 treatment leads to a transient imbalance of mGlu1 receptor protein
expression one and four weeks after an event. Three months later expression is similar to
controls
(A) Significantly reduced mGlu1 expression was found in the DG and CA1 of the dorsal
hippocampus one week after MK801 injection. By contrast, the intermediated subdivision
responded with elevation in protein expression along the trisynaptic circuit. (B) Protein reduction
persisted up to four weeks following an event in the dorsal hippocampus. (C) At 3-month timepoint the changes were no longer present. All values are expressed in arbitrary units [a.u.]. ml,
molecular layer of the DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG; so,
Stratum oriens of CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of
CA3/CA1; and slm, Stratum lacunosum-moleculare of CA3/CA1.
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3.1.5.

Late up-regulation of mGlu5 receptor protein expression occurs after MK801
treatment

MK801 treatment did not change the protein expression profile of mGlu5 receptor in the
hippocampus one and four weeks after application (Table 3.5 and Fig. 3.5A–B). However, 3
months after treatment, mGlu5 expression was elevated across the whole hippocampal longitudinal
axis. The regions affected include so (Vehicle: 0.94±0.01 vs. MK801: 1.01±0.01, p=0.004), pcl
(Vehicle: 0.84±0.02 vs. MK801: 0.9±0.01, p=0.03) and sr (Vehicle: 0.93±0.01 vs. MK801:
0.98±0.01, p=0.03) of the dorsal CA1; so (Vehicle: 0.88±0.01 vs. MK801: 0.97±0.01, p<0.001), pcl
(Vehicle: 0.84±0.01 vs. MK801: 0.9±0.01, p=0.004) and sr (Vehicle: 0.96±0.01 vs. MK801:
1.01±0.01, p=0.01) of the ventral CA1; and so (Vehicle: 0.93±0.02 vs. MK801: 1.04±0.01,
p=0.002), pcl (Vehicle: 0.84±0.02 vs. MK801: 0.94±0.01, p=0.005), sr (Vehicle: 0.94±0.02 vs.
MK801: 1.04±0.01, p=0.005) and slm (Vehicle: 0.9±0.03 vs. MK801: 0.98±0.01, p=0.02) of the
intermediate CA1, as well as ml (Vehicle: 1±0.03 vs. MK801: 1.07±0.02, p=0.04), gcl (Vehicle:
0.83±0.03 vs. MK801: 0.91±0.02, p=0.03) and pl (Vehicle: 0.72±0.03 vs. MK801: 0.82±0.01,
p=0.005) of the intermediate DG (Table 3.5 and Fig. 3.5C).
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Table 3.5: Statistical analysis overview of mGlu5 receptor protein expression
Timepoint

Hippocampal
axis part

1 week

DH
IH
VH

4 weeks

DH
IH
VH

3 months
DH

TREATMENT
factor (T)

Multifactorial ANOVA
REGION
T*R
factor (R)
interaction

F(1,198)=0.87,
n.s.
F(1,198)=13.08,
p<0.001
F(1,198)=2.66,
n.s.
F(1,198)=7.63,
p<0.01
F(1,198)=0.81,
n.s.
F(1,197)=0.86,
n.s.
F(1,330)=20.77,
p<0.001

F(10,198)=5.93,
p<0.001
F(10,198)=7.65,
p<0.001
F(10,198)=7.34,
p<0.001
F(10,198)=9.74,
p<0.001
F(10,198)=8.84,
p<0.001
F(10,197)=4.53,
p<0.001
F(10,330)=64.67,
p<0.001

F(10,198)=0.44,
n.s.
F(10,198)=0.21,
n.s.
F(10,198)=0.06,
n.s.
F(10,198)=0.71,
n.s.
F(10,198)=0.78,
n.s.
F(10,197)=0.4,
n.s.
F(10,330)=0.71,
n.s.

F(1,330)=58.18,
p<0.001

F(10,330)=21.4,
p<0.001

F(10,330)=0.75,
n.s.

F(1,330)=34.16,
p<0.001

F(10,330)=48.02,
p<0.001

F(10,330)=1.47,
n.s.

IH

VH

Duncan’s post
hoc test
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
so/CA1: p=0.004
pcl/CA1: p=0.03
sr/CA1: p=0.03
ml/DG: p=0.04
gcl/DG: p=0.03
pl/DG: p=0.005
so/CA1: p=0.002
pcl/CA1: p=0.005
sr/CA1: p=0.005
slm/CA1: p=0.02
so/CA1: p<0.001
pcl/CA1: p=0.004
sr/CA1: p=0.01

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml/DG,
molecular layer of the DG; gcl/DG, granule cell layer of the DG; pl/DG, polymorphic layer of the
DG; so/CA1, Stratum oriens of the CA1; pcl/CA1, pyramidal cell layer of the CA1; sr/CA1,
Stratum radiatum of the CA1; slm/CA1, Stratum lacunosum-moleculare of the CA1; n.s., nonsignificant.
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Figure 3.5: MK801 treatment results in a delayed elevation of mGlu5 receptor protein
expression three months after an event
MGlu5 receptor protein levels remained unaltered at either 1-week (A) or 4-week (B) time-points.
(C) Three months following MK801 injection led to an extensive increase of mGlu5 protein
expression across the longitudinal axis of the CA1 region, with the intermediate subdivision being
most affected. All values are expressed in arbitrary units [a.u.]. ml, molecular layer of the DG; gcl,
granule cell layer of the DG; pl, polymorphic layer of the DG; so, Stratum oriens of CA3/CA1; pcl,
pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of CA3/CA1; and slm, Stratum lacunosummoleculare of CA3/CA1.
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3.1.6.

Protein expression of mGlu2/3 receptors is most affected in the ventral and
intermediated hippocampus one and four weeks after MK801 treatment. Three
months after treatment subcompartment-specific effects are evident in the dorsal
CA1 region

One week after MK801 administration a significant up-regulation of mGlu2/3 protein expression
was found across layers of the CA3 in the ventral and intermediate hippocampus (Table 3.6 and
Fig. 3.6A). The layers affected included so (Vehicle: 0.45±0.02 vs. MK801: 0.59±0.03, p=0.04), pcl
(Vehicle: 0.5±0.01 vs. MK801: 0.65±0.03, p=0.04), and sr (Vehicle: 0.41±0.02 vs. MK801:
0.58±0.04, p=0.01) of the intermediate CA3; and so (Vehicle: 0.5±0.04 vs. MK801: 0.7±0.04,
p=0.03), Stratum lucidum (sl) (Vehicle: 0.64±0.03 vs. MK801: 0.84±0.04, p=0.03) and sr (Vehicle:
0.49±0.04 vs. MK801: 0.68±0.04, p=0.03) of the ventral CA3. In contrast, at 4-week time-point a
down-regulation of protein expression was evident across layers of the ventral hippocampus,
namely in outer (o.) (Vehicle: 1±0.03 vs. MK801: 0.88±0.04, p=0.04) and middle (m.) (Vehicle:
1.23±0.03 vs. MK801: 1.1±0.04, p=0.01) bands of ml of the DG; so (Vehicle: 0.78±0.04 vs.
MK801: 0.6±0.05, p=0.003), pcl (Vehicle: 0.79±0.03 vs. MK801: 0.63±0.04, p=0.01) and slm
(Vehicle: 0.95±0.03 vs. MK801: 0.78±0.03, p=0.008) of the CA3; and slm (Vehicle: 1.09±0.05 vs.
MK801: 0.97±0.04, p=0.02) of the CA1; as well as in slm (Vehicle: 1±0.05 vs. MK801: 0.85±0.04,
p=0.03) of the intermediate CA1 (Table 3.6 and Fig. 3.6B). In 3-month time-point animal group,
the only deviation from normal level was seen in slm (Vehicle: 1.54±0.05 vs. MK801: 1.43±0.04,
p=0.04) of the dorsal CA1 (Table 3.6 and Fig. 3.6C).
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Table 3.6: Statistical analysis overview of mGlu2/3 receptors protein expression
Timepoint

Hippocampal
axis part

1 week

DH

4 weeks

TREATMENT
factor (T)

Multifactorial ANOVA
REGION
T*R
factor (R)
interaction

IH

F(1,238)=5.687,
p<0.05
F(1,238)=18.317,
p<0.001

F(13,238)=46.561,
p<0.001
F(13,238)=68.422,
p<0.001

F(13,238)=0.969,
n.s.
F(13,238)=1.28,
n.s.

VH

F(1,238)=36.241,
p<0.001

F(13,238)=35.252,
p<0.001

F(13,238)=0.4,
n.s.

F(1,224)=0.179,
n.s.
F(1,252)=14.614,
p<0.001
F(1,238)=66.52,
p<0.001

F(13,224)=30.931,
p<0.001
F(13,252)=40.43,
p<0.001
F(13,238)=28.57,
p<0.001

F(13,224)=0.528,
n.s.
F(13,252)=0.466,
n.s.
F(13,238)=0.38,
n.s.

F(1,252)=9.8,
p<0.01
F(1,252)=0.00,
n.s.
F(1,248)=1.53,
n.s.

F(13,252)=145.45,
p<0.001
F(13,252)=195.77,
p<0.001
F(13,248)=103.07,
p<0.001

F(13,252)=0.27,
n.s.
F(13,252)=0.19,
n.s.
F(13,248)=0.15,
n.s.

DH
IH

VH

3 months

DH
IH
VH

Duncan’s post
hoc test
n.s.
so/CA3: p=0.04
pcl/CA3: p=0.04
sr/CA3: p=0.01
so/CA3: p=0.03
sl/CA3: p=0.03
sr/CA3: p=0.03
n.s.
slm/CA1: p=0.03
o./DG: p=0.04
m./DG: p=0.01
so/CA3: p=0.003
pcl/CA3: p=0.01
slm/CA3: p=0.008
slm/CA1: p=0.02
slm/CA1: p=0.04
n.s.
n.s.

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; o., outer band
of the ml of the DG; m., middle band of the ml of the DG; so/CA3, Stratum oriens of the CA3;
pcl/CA3, pyramidal cell layer of the CA3; sl/CA3, Stratum lucidum of the CA3; sr/CA3, Stratum
radiatum of the CA3; slm/CA3/CA1, Stratum lacunosum-moleculare of CA3/CA1; n.s., nonsignificant.
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Figure 3.6: MK801 treatment leads to an impaired mGlu2/3 receptors protein expression one
and four weeks after an event
(A) MGlu2/3 protein expression is significantly increased in the CA3 of the ventro-intermediate
hippocampus one week after MK801 injection. (B) The effect is reversed in 4-week group with the
ventral hippocampus being most affected. (C) Slm of the dorsal CA1 is the only place of aberrant
mGlu2/3 expression at 3-month time-point. All values are expressed in arbitrary units [a.u.]. o.,
outer band of the ml of the DG; m., middle band of the ml of the DG; i., inner band of the ml of the
DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG; so, Stratum oriens of
CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sl, Stratum lucidum of the CA3; sr, Stratum
radiatum of CA3/CA1; and slm, Stratum lacunosum-moleculare of CA3/CA1.
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3.1.7.

Transient and subtle changes of GABAA receptor protein expression occurs
following MK801 treatment

Pcl (Vehicle: 0.69±0.04 vs. MK801: 0.48±0.04, p=0.02) of the dorsal CA1 was the only site of
protein expression reduction seen one week after MK801 injection. No other regions or
subdivisions had altered expression of GABAA receptor at this time-point (Table 3.7 and Fig.
3.7A). In the 4-week treatment group reduced levels of GABAA were detected at ml (Vehicle:
1±0.07 vs. MK801: 0.8±0.05, p=0.01) and gcl (Vehicle: 0.6±0.04 vs. MK801: 0.43±0.03, p=0.02)
of the intermediate DG, while leaving the dorsal and ventral hippocampus spared of any changes
(Table 3.7 and Fig. 3.7B). Similarly, in the 3-month treatment group the only place of change was
found in slm (Vehicle: 1.12±0.02 vs. MK801: 1.22±0.03, p=0.03) of the dorsal CA3, where
GABAA protein expression was elevated (Table 3.7 and Fig. 3.7C). Thus, a single
schizophreniform psychotic event leads to minor alterations in GABAA receptor protein expression
at the dorsal and intermediate hippocampal subdivisions only.
Table 3.7: Statistical analysis overview of GABAA receptor protein expression
Timepoint

Hippocampal
axis part

1 week

DH
IH
VH

4 weeks

DH
IH
VH

3 months

DH
IH
VH

TREATMENT
factor (T)
F(1,176)=21.775,
p<0.001
F(1,187)=8.805,
p<0.01
F(1,183)=8,
p<0.01
F(1,187)=3.673,
n.s.
F(1,187)=33.473,
p<0.001
F(1,176)=5.964,
p<0.05
F(1,190)=6.12,
p<0.05
F(1,190)=1.52,
n.s.
F(1,198)=1.308,
n.s.

Multifactorial ANOVA
REGION
T*R
factor (R)
interaction
F(10,176)=26.225,
p<0.001
F(10,187)=10.303,
p<0.001
F(10,183)=22.144,
p<0.001
F(10,187)=69.372,
p<0.001
F(10,187)=31.489,
p<0.001
F(10,176)=20.11,
p<0.001
F(10,190)=147.24,
p<0.001
F(10,190)=64.58,
p<0.001
F(10,198)=23.24,
p<0.001

F(10,176)=0.279,
n.s.
F(10,187)=0.06,
n.s.
F(10,183)=0.128,
n.s.
F(10,187)=0.808,
n.s.
F(10,187)=0.356,
n.s.
F(10,176)=0.259,
n.s.
F(10,190)=0.7,
n.s.
F(10,190)=0.44,
n.s.
F(10,198)=0.139,
n.s.

Duncan’s post
hoc test
pcl/CA1: p=0.02
n.s.
n.s.
n.s.
ml/DG: p=0.01
gcl/DG: p=0.02
n.s.
slm/CA3: p=0.03
n.s.
n.s.

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml/DG,
molecular layer of the DG; gcl/DG, granule cell layer of the DG; pcl/CA1, pyramidal cell layer of
the CA1; slm/CA3, Stratum lacunosum-moleculare of the CA3; n.s., non-significant.
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Figure 3.7: MK801 treatment results in a focal imbalance of GABAA protein expression
(A) One week following MK801 injection produced a transient down-regulation of GABAA protein
expression at one layer of the dorsal CA1. (B) At 4-week time-point, a reduction of GABAA level
has shifted to the intermediate DG. (C) While on the contrary, an increase in GABA A expression
was seen at only one place of the dorsal CA3 in 3-month animal group. All values are expressed in
arbitrary units [a.u.]. ml, molecular layer of the DG; gcl, granule cell layer of the DG; pl,
polymorphic layer of the DG; so, Stratum oriens of CA3/CA1; pcl, pyramidal cell layer of
CA3/CA1; sr, Stratum radiatum of CA3/CA1; and slm, Stratum lacunosum-moleculare of
CA3/CA1.
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3.1.8.

A widespread reduction in GABAB receptor protein expression appears following
MK801 treatment

GABAB receptor protein expression did not change in either the dorsal or ventral hippocampus, but
exhibited significant down-regulation in so (Vehicle: 1.02±0.05 vs. MK801: 0.88±0.06, p=0.05) and
slm (Vehicle: 1.28±0.03 vs. MK801: 1.13±0.05, p=0.01) of the CA3 and slm (Vehicle: 1.16±0.07
vs. MK801: 1.01±0.05, p=0.02) of the CA1 region of the intermediate hippocampus, one week after
MK801 injection (Table 3.8 and Fig. 3.8A). At the 4-week time-point, this reduction has spread
across larger regions of the intermediate hippocampus and also appeared in the dorsal and ventral
subdivisions. Here, the regions affected in the intermediate hippocampus included ml (Vehicle:
1±0.04 vs. MK801: 0.85±0.03, p=0.02) of the DG; so (Vehicle: 0.92±0.06 vs. MK801: 0.72±0.02,
p=0.001), sr (Vehicle: 0.89±0.04 vs. MK801: 0.69±0.02, p=0.003) and slm (Vehicle: 1.1±0.04 vs.
MK801: 0.9±0.04, p=0.002) of the CA3; and sr (Vehicle: 0.83±0.03 vs. MK801: 0.7±0.02, p=0.04)
of the CA1. For the dorsal hippocampus this was ml (Vehicle: 1±0.04 vs. MK801: 0.82±0.03,
p=0.008) of the DG and slm (Vehicle: 1.11±0.06 vs. MK801: 0.98±0.04, p=0.05) of the CA3; and
for the ventral hippocampus so (Vehicle: 0.84±0.05 vs. MK801: 0.7±0.02, p=0.01) of the CA3 and
slm (Vehicle: 1.1±0.05 vs. MK801: 0.97±0.03, p=0.03) of the CA1 (Table 3.8 and Fig. 3.8B). In
the 3-month animal treatment group the dorsal hippocampus was the only place where changes
occurred. The reduction of GABAB expression was found across all layers of the CA1, namely so
(Vehicle: 1.07±0.03 vs. MK801: 0.89±0.05, p=0.01), pcl (Vehicle: 1.29±0.03 vs. MK801:
1.12±0.06, p=0.009), sr (Vehicle: 0.98±0.02 vs. MK801: 0.81±0.05, p=0.009) and slm (Vehicle:
1.14±0.03 vs. MK801: 1±0.05, p=0.03), as well as in so (Vehicle: 1.2±0.03 vs. MK801: 1.05±0.04,
p=0.03) of the CA3 (Table 3.8 and Fig. 3.8C). Thus, MK801 treatment produced a long-lasting
down-regulation of GABAB receptor protein expression across various regions of the hippocampal
longitudinal axis.
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Table 3.8: Statistical analysis overview of GABAB receptor protein expression
Timepoint

Hippocampal
axis part

1 week

DH
IH
VH

4 weeks

DH

TREATMENT
factor (T)

Multifactorial ANOVA
REGION
T*R
factor (R)
interaction

F(1,198)=1.547,
n.s.
F(1,198)=37.22,
p<0.001

F(10,198)=24.281,
p<0.001
F(10,198)=19.34,
p<0.001

F(10,198)=0.081,
n.s.
F(10,198)=0.22,
n.s.

F(1,187)=0.576,
n.s.
F(1,198)=33.365,
p<0.001
F(1,194)=63.975,
p<0.001

F(10,187)=17.222,
p<0.001
F(10,198)=15.872,
p<0.001
F(10,194)=9.133,
p<0.001

F(10,187)=0.512,
n.s.
F(10,198)=0.489,
n.s.
F(10,194)=0.536,
n.s.

F(1,198)=31.11,
p<0.001
F(1,190)=44.32,
p<0.001

F(10,198)=11.43,
p<0.001
F(10,190)=48.54,
p<0.001

F(10,198)=0.44,
n.s.
F(10,190)=0.55,
n.s.

F(1,198)=1.82,
n.s.
F(1,187)=0.19,
n.s.

F(10,198)=34.01,
p<0.001
F(10,187)=24.44,
p<0.001

F(10,198)=0.18,
n.s.
F(10,187)=0.2,
n.s.

IH

VH

3 months
DH

IH
VH

Duncan’s post
hoc test
n.s.
so/CA3: p=0.05
slm/CA3: p=0.01
slm/CA1: p=0.02
n.s.
ml/DG: p=0.008
slm/CA3: p=0.05
ml/DG: p=0.02
so/CA3: p=0.001
sr/CA3: p=0.003
slm/CA3: p=0.002
sr/CA1: p=0.04
so/CA3: p=0.01
slm/CA1: p=0.03
so/CA3: p=0.03
so/CA1: p=0.01
pcl/CA1: p=0.009
sr/CA1: p=0.009
slm/CA1: p=0.03
n.s.
n.s.

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml/DG,
molecular layer of the DG; so/CA3/CA1, Stratum oriens of CA3/CA1; pcl/CA1, pyramidal cell
layer of the CA1; sr/CA3/CA1, Stratum radiatum of CA3/CA1; slm/CA3/CA1, Stratum lacunosummoleculare of CA3/CA1; n.s., non-significant.
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Figure 3.8: MK801 treatment leads to an extensive reduction of GABAB receptor protein
expression
(A) GABAB receptor protein expression is down-regulated across the intermediate hippocampus
one week following MK801 injection. (B) The whole longitudinal axis is affected at a later timepoint, namely four weeks after the event. (C) In 3-month animal group reduction of GABAB protein
expression is seen only in the dorsal hippocampus. All values are expressed in arbitrary units [a.u.].
ml, molecular layer of the DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG;
so, Stratum oriens of CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of
CA3/CA1; and slm, Stratum lacunosum-moleculare of CA3/CA1.
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3.1.9.

Altered protein expression of dopamine D1 receptor occurs in the ventral
hippocampus four weeks and three months after MK801 injection

No differences were found for D1 receptor protein expression one week following MK801
treatment compared to vehicle-treated animals at the levels of either the long or transverse
hippocampal axes (Table 3.9 and Fig. 3.9A). An elevation of D1 levels became evident in ml
(Vehicle: 1±0.01 vs. MK801: 1.07±0.02, p=0.01), gcl (Vehicle: 0.88±0.01 vs. MK801: 0.95±0.02,
p=0.02) and pl (Vehicle: 0.85±0.02 vs. MK801: 0.95±0.02, p=0.002) of the ventral DG, as well as
in slm (Vehicle: 1.03±0.01 vs. MK801: 1.09±0.01, p=0.02) of the ventral CA1 at 4-week time-point
(Table 3.9 and Fig. 3.9B). The effect reversed in 3-month animal group showing a significant
reduction of D1 protein expression in sr (Vehicle: 1.03±0.02 vs. MK801: 0.94±0.01, p=0.008) and
slm (Vehicle: 1.08±0.03 vs. MK801: 1.01±0.03, p=0.03) of the ventral CA1 (Table 3.9 and Fig.
3.9C). No changes could be detected in the dorsal or intermediate hippocampal subdivisions at
either 4-week or 3-month time-points (Table 3.9 and Fig. 3.9B–C). Thus, MK801 treatment leads
to an altered protein expression of D1 receptor in the ventral hippocampus only.
Table 3.9: Statistical analysis overview of dopamine D1 receptor protein expression
Timepoint

Hippocampal
part

1 week

DH
IH
VH

4 weeks

DH
IH

VH

3 months

DH
IH
VH

TREATMENT
factor (T)

Multifactorial ANOVA
REGION
T*R
factor (R)
interaction

F(1,187)=7.659,
p<0.01
F(1,198)=0.964,
n.s.
F(1,198)=8.91,
p<0.01
F(1,198)=2.83,
n.s.
F(1,198)=5.99,
p<0.05
F(1,198)=24.81,
p<0.001

F(10,187)=8.118,
p<0.001
F(10,198)=12.949,
p<0.001
F(10,198)=15.36,
p<0.001
F(10,198)=20.83,
p<0.001
F(10,198)=34.97,
p<0.001
F(10,198)=42.37,
p<0.001

F(10,187)=0.176,
n.s.
F(10,198)=0.204,
n.s.
F(10,198)=0.48,
n.s.
F(10,198)=0.69,
n.s.
F(10,198)=1,
n.s.
F(10,198)=1.17,
n.s.

F(1,179)=9.86,
p<0.01
F(1,176)=0.01,
n.s.
F(1,161)=28.77,
p<0.001

F(10,179)=45.24,
p<0.001
F(10,176)=40.99,
p<0.001
F(10,161)=79.72,
p<0.001

F(10,179)=0.24,
n.s.
F(10,176)=0.16,
n.s.
F(10,161)=0.34,
n.s.

Duncan’s post
hoc test
n.s.
n.s.
n.s.
n.s.
n.s.
ml/DG: p=0.01
gcl/DG: p=0.02
pl/DG: p=0.002
slm/CA1: p=0.02
n.s.
n.s.
sr/CA1: p=0.008
slm/CA1: p=0.03

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml/DG,
molecular layer of the DG; gcl/DG, granule cell layer of the DG; pl/DG, pleomorphic layer of the
DG; sr/CA1, Stratum radiatum of the CA1; slm/CA1, Stratum lacunosum-moleculare of the CA1;
n.s., non-significant.
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Figure 3.9: MK801 treatment produces an imbalance in dopamine D1 receptor protein
expression in the ventral hippocampus only
(A) Dopamine D1 receptor protein expression remained unaltered one week after MK801 injection.
(B) At 4-week time-point a significant increase of D1 protein expression was seen exclusively in
the ventral hippocampus. (C) The effect is reversed in 3-month animal group. All values are
expressed in arbitrary units [a.u.]. ml, molecular layer of the DG; gcl, granule cell layer of the DG;
pl, polymorphic layer of the DG; so, Stratum oriens of CA3/CA1; pcl, pyramidal cell layer of
CA3/CA1; sr, Stratum radiatum of CA3/CA1; and slm, Stratum lacunosum-moleculare of
CA3/CA1.
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3.1.10.

Dopamine D2 receptor protein expression remained unaltered following MK801
injection

No changes could be observed at one week (Table 3.10 and Fig. 3.10A), four weeks (Table 3.10
and Fig. 3.10B) or three months (Table 3.10 and Fig. 3.10C), after MK801 treatment, within
either the transverse or longitudinal hippocampal axes. Thus, MK801 treatment does not lead to an
imbalance in protein expression of dopamine D2 receptor at the hippocampal level.
Table 3.10: Statistical analysis overview of dopamine D2 receptor protein expression
Timepoint

Hippocampal
part

1 week

DH
IH
VH

4 weeks

DH
IH
VH

3 months

DH
IH
VH

TREATMENT
factor (T)
F(1,198)=0.006,
n.s.
F(1,198)=9.199,
p<0.01
F(1,198)=27.566,
p<0.001
F(1,198)=1.6,
n.s.
F(1,198)=2.235,
n.s.
F(1,198)=2.8,
n.s.
F(1,198)=0.79,
n.s.
F(1,198)=0.01,
n.s.
F(1,176)=2.36,
n.s.

Multifactorial ANOVA
REGION
T*R
factor (R)
interaction
F(10,198)=13.526,
p<0.001
F(10,198)=12.919,
p<0.001
F(10,198)=4.554,
p<0.001
F(10,198)=17.36,
p<0.001
F(10,198)=7.175,
p<0.001
F(10,198)=5.88,
p<0.001
F(10,198)=37.81,
p<0.001
F(10,198)=32.34,
p<0.001
F(10,176)=9.3,
p<0.001

F(10,198)=0.267,
n.s.
F(10,198)=0.183,
n.s.
F(10,198)=0.094,
n.s.
F(10,198)=0.29,
n.s.
F(10,198)=0.358,
n.s.
F(10,198)=0.32,
n.s.
F(10,198)=0.36,
n.s.
F(10,198)=1.58,
n.s.
F(10,176)=0.23,
n.s.

Duncan’s post
hoc test
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; n.s., nonsignificant.
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Figure 3.10: MK801 treatment did not cause any changes in dopamine D2 receptor protein
expression
Dopamine D2 receptor protein expression remained unaltered one week (A), four weeks (B) and
three months (C) following a single MK801 injection. All values are expressed in arbitrary units
[a.u.]. ml, molecular layer of the DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the
DG; so, Stratum oriens of CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of
CA3/CA1; and slm, Stratum lacunosum-moleculare of CA3/CA1.
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3.1.11.

Overview of long-term effects of MK801 treatment on the expression of plasticityrelated receptors in the hippocampus

An overall pattern of changes in receptor protein expression is presented below. Both, up- and
down-regulations following MK801 treatment are shown as percent of change relative to control
data.
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Figure 3.11: Summary of plasticity-related receptors expression after MK801 injection
All bars represent alterations in receptor protein expression that is displayed as a percent of change
relative to control data. o., outer band of the ml of the DG; m., middle band of the ml of the DG; ml,
molecular layer of the DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG; so,
Stratum oriens of CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sl, Stratum lucidum of the
CA3; sr, Stratum radiatum of CA3/CA1; and slm, Stratum lacunosum-moleculare of CA3/CA1.

3.2.

Characterizing the expression of plasticity-related
hippocampal longitudinal axis in healthy animals

receptors

across

the

At present, little is known about the expression profile of plasticity-related receptors across the
hippocampal longitudinal axis. In order to understand what the abovementioned findings may mean
at a functional level, it is also important to know how plasticity-related receptors are distributed
within this axis: the functional heterogeneity of the hippocampus might be supported by different
levels of expression of such receptors. Thus, protein expression of the subunits of the NMDAR
(GluN1, GluN2A and GluN2B); metabotropic group I receptors (mGlu1 and mGlu5); GABAA and
GABAB receptors; as well as dopamine D1 and D2 receptors was examined in the dorsal,
intermediate and ventral hippocampal subdivisions in healthy rodents.
3.2.1.

Overall higher protein expression of the GluN1 subunit of the NMDAR occur
across the ventral hippocampus compared to the intermediate and dorsal thirds

Protein expression of the GluN1 subunit of the NMDAR was significantly higher in several regions
of the ventral hippocampus compared to the dorsal and intermediate parts (Table 3.11 and Fig.
3.12). Differences between the ventral and dorsal hippocampus were found for ml (VH: 1.18±0.04
vs. DH: 1±0.03, p=0.01) and pl (VH: 1.09±0.05 vs. DH: 0.88±0.05, p=0.004) of the DG; so (VH:
0.88±0.04 vs. DH: 0.68±0.03, p=0.009), pcl (VH: 1.39±0.05 vs. DH: 1.22±0.05, p=0.01), sr (VH:
0.98±0.05 vs. DH: 0.62±0.05, p<0.001) and slm (VH: 0.88±0.05 vs. DH: 0.62±0.05, p<0.001) of
the CA3; and sr (VH: 1.07±0.05 vs. DH: 0.79±0.05, p<0.001) and slm (VH: 0.98±0.04 vs. DH:
0.69±0.04, p<0.001) of the CA1. Comparing the ventral and intermediate subdivisions, changes
were observed in sr (VH: 0.98±0.05 vs. IH: 0.77±0.04, p=0.006) of the CA3, and sr (VH: 1.07±0.05
vs. IH: 0.91±0.03, p=0.03) and slm (VH: 0.98±0.04 vs. IH: 0.79±0.03, p=0.01) of the CA1. The
only place of significant difference between the dorsal and intermediate hippocampus was seen in pl
(DH: 0.88±0.05 vs. IH: 1.03±0.05, p=0.04) of the DG.
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Table 3.11: Statistical analysis overview of GluN1 protein expression – dorso–ventral axis
HIPP.
PART
factor (P)

REGION
factor (R)

F(2,561)=49.61,
p<0.001

F(10,561)=79.58,
p<0.001

Multifactorial ANOVA
P*R
Duncan’s post hoc test
interaction
F(20,561)=1.07,
n.s.

VH vs. DH
ml/DG: p=0.01
pl/DG: p=0.004
so/CA3: p=0.009
pcl/CA3: p=0.01
sr/CA3: p<0.001
slm/CA3: p<0.001
sr/CA1: p<0.001
slm/CA1: p<0.001

VH vs. IH
sr/CA3: p=0.006
sr/CA1: p=0.03
slm/CA1: p=0.01

DH vs. IH
pl/DG: p=0.04

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml/DG,
molecular layer of the DG; pl/DG, polymorphic layer of the DG; so/CA3, Stratum oriens of the
CA3; pcl/CA3, pyramidal cell layer of the CA3; sr/CA3/CA1, Stratum radiatum of CA3/CA1;
slm/CA3/CA1, Stratum lacunosum-moleculare of CA3/CA1; n.s., non-significant.

Figure 3.12: Higher GluN1 protein expression levels occur in the ventral hippocampus
compared to the other axis parts
For most layers of the hippocampal trisynaptic circuit the GluN1 protein levels are expressed in
higher quantities across the ventral subdivision. No overall differences are found between the dorsal
and intermediate hippocampal parts. All values are expressed in arbitrary units [a.u.]. DH, dorsal
hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml, molecular layer of the
DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG; so, Stratum oriens of
CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of CA3/CA1; and slm,
Stratum lacunosum-moleculare of CA3/CA1.
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3.2.2.

Protein expression of the GluN2A subunit of the NMDAR is lower in the DG and
CA3 cell layers of the ventral hippocampus, and equivalent in the dorsal and
intermediate parts

Generally, there are no differences in the GluN2A protein expression between any of the
hippocampal subdivisions. However, in two layers, namely gcl (VH: 1±0.04 vs. DH: 1.29±0.07,
p=0.004; VH: 1±0.04 vs. IH: 1.22±0.07, p=0.03) of the DG and pcl (VH: 1.09±0.05 vs. DH:
1.32±0.04, p=0.03) of the CA3, significantly lower levels of the GluN2A were found in the ventral
hippocampus compared to its dorsal and intermediate counterparts or to the dorsal part only,
respectively (Table 3.12 and Fig. 3.13).
Table 3.12: Statistical analysis overview of GluN2A protein expression – dorso–ventral axis
HIPP.
PART
factor (P)

REGION
factor (R)

F(2,616)=2.385,
n.s.

F(10,616)=26.49,
p<0.001

Multifactorial ANOVA
P*R
Duncan’s post hoc test
interaction
F(20,616)=1.426,
n.s.

VH vs. DH
gcl/DG: p=0.004
pcl/CA3: p=0.03

VH vs. IH
gcl/DG: p=0.03

DH vs. IH
n.s.

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; gcl/DG,
granule cell layer of the DG; pcl/CA3, pyramidal cell layer of the CA3; n.s., non-significant.

Figure 3.13: Similar overall GluN2A protein expression occurs across the dorsal, intermediate
and ventral hippocampus
Lower levels of the GluN2A protein expression were detected in cell layers of the ventral DG and
CA3. No differences were found between the rest of the hippocampus comparing the dorsal,
intermediate and ventral subdivisions. All values are expressed in arbitrary units [a.u.]. DH, dorsal
hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml, molecular layer of the
DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG; so, Stratum oriens of
CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of CA3/CA1; slm, Stratum
lacunosum-moleculare of CA3/CA1.
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3.2.3.

A gradient increase in the protein expression of the GluN2B subunit of the
NMDAR is evident along the dorsal to ventral hippocampal pole

Overall, the GluN2B expression appeared to be the lowest across the dorsal hippocampus,
intermediate across the intermediate hippocampus, and the highest across the ventral hippocampus
(Table 3.13 and Fig. 3.14). Comparison of the dorsal and intermediate subdivisions revealed
significant differences in ml (DH: 1±0.05 vs. IH: 1.21±0.04, p=0.01) and pl (DH: 0.85±0.04 vs. IH:
1.13±0.05, p<0.001) of the DG; sr (DH: 0.9±0.03 vs. IH: 1.07±0.02, p=0.04) and slm (DH:
0.68±0.04 vs. IH: 0.87±0.04, p=0.01) of the CA3; and sr (DH: 1.13±0.06 vs. IH: 1.34±0.04, p=0.01)
and slm (DH: 0.91±0.05 vs. IH: 1.09±0.03, p=0.02) of the CA1. Similarly, significant change was
found in ml (DH: 1±0.05 vs. VH: 1.36±0.04, p<0.001) and pl (DH: 0.85±0.04 vs. VH: 1.29±0.06,
p<0.001) of the DG; so (DH: 0.88±0.03 vs. VH: 1.13±0.05, p=0.002), pcl (DH: 1.54±0.02 vs. VH:
1.8±0.05, p=0.001), sr (DH: 0.9±0.03 vs. VH: 1.41±0.06, p<0.001) and slm (DH: 0.68±0.04 vs.
VH: 1.77±0.05, p<0.001) of the CA3; and so (DH: 1.1±0.06 vs. VH: 1.39±0.07, p<0.001), pcl (DH:
1.76±0.06 vs. VH: 1.96±0.07, p=0.01), sr (DH: 1.13±0.06 vs. VH: 1.53±0.06, p<0.001) and slm
(DH: 0.91±0.05 vs. VH: 1.3±0.05, p<0.001) of the CA1 between the dorsal and ventral
hippocampus. Places that showed difference between the ventral and intermediate hippocampal
parts included so (VH: 1.13±0.05 vs. IH: 0.94±0.03, p=0.02), pcl (VH: 1.8±0.05 vs. IH: 1.58±0.03,
p=0.005), sr (VH: 1.41±0.06 vs. IH: 1.07±0.02, p<0.001) and slm (VH: 1.17±0.05 vs. IH:
0.87±0.04, p<0.001) of the CA3 and sr (VH: 1.53±0.06 vs. IH: 1.34±0.04, p=0.01) with slm (VH:
1.3±0.05 vs. IH: 1.09±0.03, p=0.01) of the CA1.
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Table 3.13: Statistical analysis overview of GluN2B protein expression – dorso–ventral axis
HIPP.
PART
factor (P)
F(2,627)=108.9,
p<0.001

REGION
factor (R)
F(10,627)=132.5,
p<0.001

Multifactorial ANOVA
P*R
Duncan’s post hoc test
interaction
F(20,627)=1.97,
p<0.01

DH vs. VH

VH vs. IH

DH vs. IH

ml/DG: p<0.001
pl/DG: p<0.001
so/CA3: p=0.002
pcl/CA3: p=0.001
sr/CA3: p<0.001
slm/CA3: p<0.001
so/CA1: p<0.001
pcl/CA1: p=0.01
sr/CA1: p<0.001
slm/CA1: p<0.001

so/CA3: p=0.02
pcl/CA3: p=0.005
sr/CA3: p<0.001
slm/CA3: p<0.001
sr/CA1: p=0.01
slm/CA1: p=0.01

ml/DG: p=0.01
pl/DG: p<0.001
sr/CA3: p=0.04
slm/CA3: p=0.01
sr/CA1: p=0.01
slm/CA1: p=0.02

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml/DG,
molecular layer of the DG; pl/DG, polymorphic layer of the DG; so/CA3/CA1, Stratum oriens of
CA3/CA1; pcl/CA3/CA1, pyramidal cell layer of CA3/CA1; sr/CA3/CA1, Stratum radiatum of
CA3/CA1; and slm/CA3/CA1, Stratum lacunosum-moleculare of CA3/CA1.

Figure 3.14: Higher GluN2B protein expression occurs in the ventral hippocampus compared
to the intermediate and dorsal parts
By most, the GluN2B protein expression is gradually increased from the dorsal to the ventral
hippocampus. However, for some layers there were no differences between either the two of
subdivisions or all three parts. All values are expressed in arbitrary units [a.u.]. DH, dorsal
hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml, molecular layer of the
DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG; so, Stratum oriens of
CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of CA3/CA1; and slm,
Stratum lacunosum-moleculare of CA3/CA1.
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3.2.4.

The apical dendrites of the CA regions of the ventral hippocampus are highly
enriched with mGlu1 receptors

Protein expression of mGlu1 receptor was found to be significantly higher in sr (VH: 0.84±0.05 vs.
DH: 0.57±0.04, p=0.003; VH: 0.84±0.05 vs. IH: 0.57±0.03, p=0.003) and slm (VH: 0.84±0.06 vs.
DH: 0.63±0.04, p=0.02; VH: 0.84±0.06 vs. IH: 0.66±0.04, p=0.04) of the ventral CA3, as well as in
sr (VH: 0.9±0.06 vs. DH: 0.68±0.04, p=0.01; VH: 0.9±0.06 vs. IH: 0.71±0.04, p=0.03) and slm
(VH: 0.94±0.06 vs. DH: 0.7±0.05, p=0.007; VH: 0.94±0.06 vs. IH: 0.75±0.05, p=0.03) of the
ventral CA1 as opposed to its dorsal and intermediate counterparts. No changes were found
between the ventral part and dorso–intermediate two thirds for any other layer or region of the
hippocampal trisynaptic circuit. The only site of significant difference between the dorsal and
intermediate subdivisions was evident in gcl (DH: 1.65±0.06 vs. IH: 1.48±0.05, p=0.04) of the DG,
with higher mGlu1 expression in the latter (Table 3.14 and Fig. 3.15).
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Table 3.14: Statistical analysis overview of mGlu1 receptor protein expression – dorso–
ventral axis
HIPP. PART
factor (P)

REGION
factor (R)

F(2,579)=24.976,
p<0.001

F(10,579)=90.989,
p<0.001

Multifactorial ANOVA
P*R
Duncan’s post hoc test
interaction
F(20,579)=1.259,
n.s.

VH vs. DH

VH vs. IH

sr/CA3: p=0.003
slm/CA3: p=0.02
sr/CA1: p=0.01
slm/CA1: p=0.007

sr/CA3: p=0.003
slm/CA3: p=0.04
sr/CA1: p=0.03
slm/CA1: p=0.03

DH vs. IH
gcl/DG: p=0.04

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; gcl/DG,
granule cell layer of the DG; sr/CA3/CA1, Stratum radiatum of CA3/CA1; slm/CA3/CA1, Stratum
lacunosum-moleculare of CA3/CA1; n.s., non-significant.

Figure 3.15: Higher mGlu1 receptor protein expression is evident in the apical dendrites of
the ventral hippocampus proper, compared to the dorsal and intermediate parts
Higher expression of mGlu1 receptor is found in apical dendrites of the ventral hippocampal CA
regions. No overall changes could be seen between the dorsal and intermediate hippocampus,
except in cell layer of the DG. All values are expressed in arbitrary units [a.u.]. DH, dorsal
hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml, molecular layer of the
DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG; so, Stratum oriens of
CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of CA3/CA1; and slm,
Stratum lacunosum-moleculare of CA3/CA1.
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3.2.5.

MGlu5 receptor is equivalently expressed across the hippocampal longitudinal axis

Protein expression of mGlu5 receptor does not differ between the dorsal, intermediate and ventral
hippocampal parts (Table 3.15 and Fig. 3.16).
Table 3.15: Statistical analysis overview of mGlu5 receptor protein expression – dorso–
ventral axis
HIPP. PART
factor (P)
F(2,627)=9.41,
p<0.001

REGION
factor (R)
F(10,627)=28.28,
p<0.001

Multifactorial ANOVA
P*R
Duncan’s post hoc test
interaction
F(20,627)=0.64,
n.s.

DH vs. VH
n.s.

IH vs. VH
n.s.

DH vs. IH
n.s.

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; n.s., nonsignificant.

Figure 3.16: Equivalent mGlu5 receptor protein expression occurs across the dorsal,
intermediate and ventral hippocampus
Protein expression of mGlu5 receptor is comparable between the dorsal, intermediate and ventral
hippocampus. All values are expressed in arbitrary units [a.u.]. DH, dorsal hippocampus; IH,
intermediate hippocampus; VH, ventral hippocampus; ml, molecular layer of the DG; gcl, granule
cell layer of the DG; pl, polymorphic layer of the DG; so, Stratum oriens of CA3/CA1; pcl,
pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of CA3/CA1; and slm, Stratum lacunosummoleculare of CA3/CA1.
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3.2.6.

Protein expression of mGlu2/3 receptors is the lowest in the dorsal hippocampus

Expression of mGlu2/3 receptors was found to be significantly lower in the dorsal hippocampus
compared to both intermediate and ventral subdivisions (Table 3.16 and Fig. 3.17). In case of the
dorsal and ventral hippocampal comparison, differences were observed in gcl (DH: 0.63±0.02 vs.
VH: 0.82±0.03, p=0.003) and pl (DH: 0.69±0.05 vs. VH: 0.83±0.03, p=0.02) of the DG; so (DH:
0.46±0.03 vs. VH: 0.65±0.03, p=0.001), pcl (DH: 0.53±0.02 vs. VH: 0.69±0.03, p=0.009), sr (DH:
0.37±0.03 vs. VH: 0.62±0.03, p<0.001) and slm (DH: 0.77±0.03 vs. VH: 0.97±0.04, p=0.001) of
the CA3; as well as in so (DH: 0.55±0.02 vs. VH: 0.82±0.03, p<0.001), pcl (DH: 0.64±0.02 vs. VH:
0.8±0.03, p=0.01), sr (DH: 0.45±0.02 vs. VH: 0.74±0.03, p<0.001) and slm (DH: 1.1±0.08 vs. VH:
1.31±0.07, p<0.001) of the CA1. Similarly, significant difference was found between the dorsal and
intermediate hippocampal subdivisions in middle (m.) (DH: 1.31±0.04 vs. IH: 1.47±0.05, p=0.004)
and inner (i.) (DH: 0.91±0.02 vs. IH: 1.08±0.02, p=0.003) bands of the ml, gcl (DH: 0.63±0.02 vs.
IH: 0.83±0.02, p=0.001) and pl (DH: 0.69±0.05 vs. IH: 0.89±0.03, p=0.001) of the DG; so (DH:
0.46±0.03 vs. IH: 0.63±0.02, p=0.003), pcl (DH: 0.53±0.02 vs. IH: 0.67±0.02, p=0.02), sr (DH:
0.37±0.03 vs. IH: 0.58±0.02, p<0.001) and slm (DH: 0.77±0.03 vs. IH: 0.95±0.03, p=0.003) of the
CA3; and so (DH: 0.55±0.02 vs. IH: 0.78±0.02, p<0.001), pcl (DH: 0.64±0.02 vs. IH: 0.81±0.02,
p=0.008), sr (DH: 0.45±0.02 vs. IH: 0.69±0.01, p<0.001) and slm (DH: 1.1±0.08 vs. IH: 1.31±0.08,
p<0.001) of the CA1. Receptor protein expression did not differ between all three subdivisions in
outer (o.) band of ml of the DG and in sl of the CA3. No changes were seen between the
intermediate and ventral hippocampus in mGlu2/3 expression.
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Table 3.16: Statistical analysis overview of mGlu2/3 receptors protein expression – dorso–
ventral axis
HIPP. PART
factor (P)
F(2,728)=88.2,
p<0.001

REGION
factor (R)
F(13,728)=125.39,
p<0.001

Multifactorial ANOVA
P*R
Duncan’s post hoc test
interaction
F(26,728)=1.04,
n.s.

DH vs. VH
gcl/DG: p=0.003
pl/DG: p=0.02
so/CA3: p=0.001
pcl/CA3: p=0.009
sr/CA3: p<0.001
slm/CA3: p=0.001
so/CA1: p<0.001
pcl/CA1: p=0.01
sr/CA1: p<0.001
slm/CA1: p<0.001

IH vs. VH
n.s.

DH vs. IH
m./DG: p=0.004
i./DG: p=0.003
gcl/DG: p=0.001
pl/DG: p=0.001
so/CA3: p=0.003
pcl/CA3: p=0.02
sr/CA3: p<0.001
slm/CA3: p=0.003
so/CA1: p<0.001
pcl/CA1: p=0.008
sr/CA1: p<0.001
slm/CA1: p<0.001

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml, molecular
layer of the DG; m./DG, middle band of the ml; i./DG, inner band of the ml; gcl/DG, granule cell
layer of the DG; pl/DG, polymorphic layer of the DG; so/CA3/CA1, Stratum oriens of CA3/CA1;
pcl/CA3/CA1, pyramidal cell layer of CA3/CA1; sr/CA3/CA1, Stratum radiatum of CA3/CA1;
slm/CA3/CA1, Stratum lacunosum-moleculare of CA3/CA1; and n.s., non-significant.

Figure 3.17: Lower mGlu2/3 receptors protein expression occurs across the dorsal
hippocampus, compared to the intermediate and ventral parts
MGlu2/3 receptors protein levels are the lowest across the dorsal hippocampal subdivision. No
difference is found between the ventral and intermediate parts. All values are expressed in arbitrary
units [a.u.]. DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; o.,
outer band of the ml; m., middle band of the ml; i., inner band of the ml; ml, molecular layer of the
DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG; so, Stratum oriens of
CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sl, Stratum lucidum of the CA3; sr, Stratum
radiatum of CA3/CA1; and slm, Stratum lacunosum-moleculare of CA3/CA1.
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3.2.7.

Ventral hippocampus has the lowest levels of GABAA receptor protein expression

Overall, most of the layers of the ventral hippocampal transverse axis express lower levels of
GABAA receptor as opposed to the dorsal and intermediate subdivisions (Table 3.17 and Fig.
3.18). A statistically significant difference was found in ml (DH: 1±0.04 vs. VH: 0.79±0.04,
p<0.001) of the DG; so (DH: 1.14±0.04 vs. VH: 0.73±0.03, p<0.001), pcl (DH: 0.52±0.02 vs. VH:
0.35±0.02, p=0.002), sr (DH: 0.98±0.03 vs. VH: 0.68±0.03, p<0.001) and slm (DH: 1.01±0.03 vs.
VH: 0.77±0.03, p<0.001) of the CA3; and so (DH: 0.93±0.04 vs. VH: 0.63±0.03, p<0.001), pcl
(DH: 0.58±0.03 vs. VH: 0.41±0.02, p=0.004) and sr (DH: 0.91±0.04 vs. VH: 0.65±0.03, p<0.001)
of the CA1 when comparing the dorsal and ventral hippocampal parts. In case of the intermediate to
ventral analysis, the difference was evident exactly in the same regions and layers, namely in ml
(IH: 0.94±0.04 vs. VH: 0.79±0.04, p=0.02) of the DG; so (IH: 0.97±0.03 vs. VH: 0.73±0.03,
p<0.001), pcl (IH: 0.46±0.02 vs. VH: 0.35±0.02, p=0.03), sr (IH: 0.88±0.03 vs. VH: 0.68±0.03,
p<0.001) and slm (IH: 0.93±0.03 vs. VH: 0.77±0.03, p=0.007) of the CA3; and so (IH: 0.88±0.04
vs. VH: 0.63±0.03, p<0.001), pcl (IH: 0.58±0.03 vs. VH: 0.41±0.02, p=0.004) and sr (IH:
0.88±0.04 vs. VH: 0.65±0.03, p<0.001) of the CA1. A clear gradual distribution of GABA A
receptor was found only in so (DH: 1.14±0.04 vs. IH: 0.97±0.03, p=0.002) of the CA3, with the
dorsal subdivision having the highest levels. No other regions or layers showed difference in
receptor protein expression between the dorsal and intermediate hippocampal parts. Layers that did
not differ in GABAA expression across the longitudinal axis included gcl and pl of the DG and slm
of the CA1.
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Table 3.17: Statistical analysis overview of GABAA receptor protein expression – dorso–
ventral axis
HIPP. PART
factor (P)
F(2,590)=92.57,
p<0.001

REGION
factor (R)
F(10,590)=68.91,
p<0.001

Multifactorial ANOVA
P*R
Duncan’s post hoc test
interaction
F(20,590)=2.3,
p=0.001

DH vs. VH

IH vs. VH

DH vs. IH

ml/DG: p<0.001
so/CA3: p<0.001
pcl/CA3: p=0.002
sr/CA3: p<0.001
slm/CA3: p<0.001
so/CA1: p<0.001
pcl/CA1: p=0.004
sr/CA1: p<0.001

ml/DG: p=0.02
so/CA3: p<0.001
pcl/CA3: p=0.03
sr/CA3: p<0.001
slm/CA3: p=0.007
so/CA1: p<0.001
pcl/CA1: p=0.004
sr/CA1: p<0.001

so/CA3: p=0.002

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml/DG,
molecular layer of the DG; so/CA3/CA1, Stratum oriens of CA3/CA1; pcl/CA3/CA1, pyramidal
cell layer of CA3/CA1; sr/CA3/CA1, Stratum radiatum of CA3/CA1; and slm/CA3, Stratum
lacunosum-moleculare of the CA3.

Figure 3.18: GABAA receptor content is lower in the ventral hippocampus
Protein expression of GABAA receptor is the lowest across the ventral hippocampus compared to
the dorso–intermediate two thirds. No overall changes were found between the dorsal and
intermediate subdivisions. All values are expressed in arbitrary units [a.u.]. DH, dorsal
hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml, molecular layer of the
DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG; so, Stratum oriens of
CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of CA3/CA1; and slm,
Stratum lacunosum-moleculare of CA3/CA1.
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3.2.8.

Different levels of protein expression of GABAB receptor occur across the
hippocampal longitudinal axis

The majority of layers across the trisynaptic hippocampal circuit did not differ between the dorsal,
intermediate and ventral subdivisions (Table 3.18 and Fig. 3.19). However, a significantly lower
expression of GABAB receptor was detected in the dorsal pl (DH: 0.68±0.02 vs. VH: 0.82±0.02,
p=0.003; DH: 0.68±0.02 vs. IH: 0.81±0.02, p=0.005) of the DG and sr (DH: 0.8±0.02 vs. VH:
0.93±0.02, p=0.02) and slm (DH: 0.96±0.04 vs. VH: 1.13±0.03, p=0.001) of the CA1 compared to
the ventral and intermediate parts or to the ventral subdivision only. An opposite picture was found
in layers of the CA3 region, where the ventral hippocampus showed lower levels of GABA B in so
(VH: 0.89±0.02 vs. DH: 1.02±0.05, p=0.01) and slm (VH: 1.12±0.03 vs. DH: 1.23±0.05, p=0.02;
VH: 1.12±0.03 vs. IH: 1.22±0.03, p=0.04) compared to the dorsal subdivision only or to the whole
dorso–intermediate part.
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Table 3.18: Statistical analysis overview of GABAB receptor protein expression – dorso–
ventral axis
HIPP. PART
factor (P)
F(2,627)=3.1,
p<0.05

REGION
factor (R)
F(10,627)=39.78,
p<0.001

Multifactorial ANOVA
P*R
Duncan’s post hoc test
interaction
F(20,627)=2.38,
p<0.001

DH vs. VH
pl/DG: p=0.003
so/CA3: p=0.01
slm/CA3: p=0.02
sr/CA1: p=0.02
slm/CA1: p=0.001

IH vs. VH
slm/CA3: p=0.04

DH vs. IH
pl/DG: p=0.005

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; pl/DG,
polymorphic layer of the DG; so/CA3, Stratum oriens of the CA3; sr/CA1, Stratum radiatum of the
CA1; and slm/CA3/CA1, Stratum lacunosum-moleculare of CA3/CA1.

Figure 3.19: Variable protein expression of GABAB receptor occurs across the dorsal,
intermediate and ventral hippocampus
Several layers of the trisynaptic circuit had either increased or decreased GABA B receptor
expression in the dorsal subdivision compared to its ventral counterpart. However, for most of the
layers there were no differences in protein expression across the hippocampal longitudinal axis. All
values are expressed in arbitrary units [a.u.]. DH, dorsal hippocampus; IH, intermediate
hippocampus; VH, ventral hippocampus; ml, molecular layer of the DG; gcl, granule cell layer of
the DG; pl, polymorphic layer of the DG; so, Stratum oriens of CA3/CA1; pcl, pyramidal cell layer
of CA3/CA1; sr, Stratum radiatum of CA3/CA1; and slm, Stratum lacunosum-moleculare of
CA3/CA1.
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3.2.9.

Dorsal hippocampus has the lowest levels of dopamine D1 receptor protein
expression

Protein expression of dopamine D1 receptor was found to be the lowest across most regions of the
dorsal hippocampus as opposed to its intermediate and ventral counterparts (Table 3.19 and Fig.
3.20). Statistical analysis revealed significant differences in ml (DH: 1±0.03 vs. IH: 1.13±0.02,
p=0.002), gcl (DH: 0.83±0.02 vs. IH: 0.96±0.02, p=0.002) and pl (DH: 0.74±0.02 vs. IH:
0.93±0.02, p<0.001) of the DG; pcl (DH: 0.73±0.02 vs. IH: 0.82±0.02, p=0.04), sr (DH: 0.73±0.02
vs. IH: 0.88±0.02, p<0.001) and slm (DH: 0.99±0.02 vs. IH: 1.11±0.03, p=0.004) of the CA3; and
sr (DH: 0.91±0.04 vs. IH: 1.04±0.02, p=0.002) with slm (DH: 0.94±0.04 vs. IH: 1.08±0.02,
p=0.001) of the CA1 between the dorsal and intermediate subdivisions. Similar regions showed
difference when comparing the dorsal and ventral hippocampus. They include pl (DH: 0.74±0.02
vs. VH: 0.9±0.02, p<0.001) of the DG; so (DH: 0.68±0.02 vs. VH: 0.79±0.01, p=0.01), pcl (DH:
0.73±0.02 vs. VH: 0.86±0.01, p=0.003), sr (DH: 0.73±0.02 vs. VH: 0.94±0.02, p<0.001) and slm
(DH: 0.99±0.02 vs. VH: 1.13±0.03, p<0.001) of the CA3; and sr (DH: 0.91±0.04 vs. VH:
1.09±0.02, p<0.001) with slm (DH: 0.94±0.04 vs. VH: 1.14±0.02, p<0.001) of the CA1. No
differences were found between the intermediate and ventral hippocampus at any region or layer of
the transverse axis. Additionally, no differences in expression of D1 could be seen in either so or
pcl of the CA1 across the hippocampal longitudinal axis.
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Table 3.19: Statistical analysis overview of dopamine D1 receptor protein expression – dorso–
ventral axis
HIPP. PART
factor (P)
F(2,616)=72.67,
p<0.001

REGION
factor (R)
F(10,616)=49.83,
p<0.001

Multifactorial ANOVA
P*R
Duncan’s post hoc test
interaction
F(20,616)=1.5,
n.s.

DH vs. VH
pl/DG: p<0.001
so/CA3: p=0.01
pcl/CA3: p=0.003
sr/CA3: p<0.001
slm/CA3: p<0.001
sr/CA1: p<0.001
slm/CA1: p<0.001

IH vs. VH
n.s.

DH vs. IH
ml/DG: p=0.002
gcl/DG: p=0.002
pl/DG: p<0.001
pcl/CA3: p=0.04
sr/CA3: p<0.001
slm/CA3: p=0.004
sr/CA1: p=0.002
slm/CA1: p=0.001

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml/DG,
molecular layer of the DG; gcl/DG, granule cell layer of the DG; pl/DG, polymorphic layer of the
DG; so/CA3, Stratum oriens of the CA3; pcl/CA3, pyramidal cell layer of the CA3; sr/CA3/CA1,
Stratum radiatum of CA3/CA1; slm/CA3/CA1, Stratum lacunosum-moleculare of CA3/CA1; and
n.s., non-significant.

Figure 3.20: Dopamine D1 receptor protein expression is the lowest across the dorsal
hippocampus
Protein expression of dopamine D1 receptor was found to be the lowest across the dorsal
hippocampus compared to its intermediate and ventral counterparts. No changes in expression were
detected between the intermediate and ventral hippocampus. All values are expressed in arbitrary
units [a.u.]. DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml,
molecular layer of the DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG; so,
Stratum oriens of CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of
CA3/CA1; and slm, Stratum lacunosum-moleculare of CA3/CA1.
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3.2.10.

Dopamine D2 receptor protein expression is similar across the hippocampal
longitudinal axis

Dopamine D2 receptor protein expression was found to be comparable across all layers of
hippocampal CA regions in the dorsal, intermediate and ventral hippocampus. The only site of
significant difference in protein expression was in the DG, where gcl (IH: 1.13±0.03 vs. VH:
1.01±0.04, p=0.04) and pl (IH: 0.99±0.04 vs. DH: 0.81±0.03, p=0.005) of the intermediate
hippocampus showed higher levels of D2 receptors compared to either ventral or dorsal
subdivisions (Table 3.20 and Fig. 3.21).
Table 3.20: Statistical analysis overview of dopamine D2 receptor protein expression – dorso–
ventral axis
HIPP. PART
factor (P)
F(2,627)=12.58,
p<0.001

REGION
factor (R)
F(10,627)=21.79,
p<0.001

Multifactorial ANOVA
P*R
Duncan’s post hoc test
interaction
F(20,627)=1.02,
n.s.

DH vs. VH
n.s.

IH vs. VH
gcl/DG: p=0.04

IH vs. DH
pl/DG: p=0.005

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; gcl/DG,
granule cell layer of the DG; pl/DG, polymorphic layer of the DG; and n.s., non-significant.

Figure 3.21: Expression of dopamine D2 receptor is similar between the dorsal, intermediate
and ventral hippocampus
No changes in protein expression of dopamine D2 receptor were found in the hippocampus proper
across the longitudinal axis. Higher levels of D2 were detected in two layers of the intermediate DG
compared to its ventral and dorsal counterparts. All values are expressed in arbitrary units [a.u.].
DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; ml, molecular
layer of the DG; gcl, granule cell layer of the DG; pl, polymorphic layer of the DG; so, Stratum
oriens of CA3/CA1; pcl, pyramidal cell layer of CA3/CA1; sr, Stratum radiatum of CA3/CA1; and
slm, Stratum lacunosum-moleculare of CA3/CA1.
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3.2.11.

Overview on the expression of plasticity-related receptors in Stratum radiatum of
the CA1 region in the dorsal, intermediate and ventral hippocampus

The expression pattern of plasticity-related receptors in Stratum radiatum of the CA1 reflects the
global consistency of results examined across the hippocampal longitudinal axis. Therefore, an
overall summary of protein expression of glutamatergic, GABAergic and dopaminergic receptors at
sr of the CA1 is shown in Figure 3.22.

Figure 3.22: Summary of the protein expression of plasticity-related receptors in Stratum
radiatum of the CA1 region across the hippocampal longitudinal axis
Schematic overview of the relative protein content of receptors of interest at the dorsal, intermediate
and ventral hippocampus is given in a box. DH, dorsal hippocampus; IH, intermediate
hippocampus; VH, ventral hippocampus.
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3.3.

Characterizing synaptic plasticity at the Schaffer collateral–CA1 synapse in the
dorsal, intermediate and ventral hippocampus of healthy animals

To explore if differences in the expression of plasticity-related receptors might affect the propensity
of the dorsal, intermediate and ventral hippocampal subdivisions to engage in synaptic plasticity
both, ultra-short term and long-term synaptic plasticity in Stratum radiatum of the CA1 region were
compared in the dorsal, intermediate and ventral hippocampus.
3.3.1.

Input–output curves show differences between the dorsal, intermediate and
ventral hippocampal subdivisions

Basal synaptic excitability in the form of an input–output relationship was measured in the CA1
region of the dorsal, intermediate and ventral hippocampal subdivisions for every slice before every
experiment. The resulting input–output data, from all electrophysiological studies performed in the
project, were pooled for each longitudinal third of the hippocampus. The amplitude of the fEPSP
was significantly higher in the intermediate CA1 compared to the dorsal CA1 at the simulation
intensities of 480 µA (IH: 0.82±0.08 vs. DH: 0.65±0.04, p=0.02), 540 µA (IH: 0.94±0.08 vs. DH:
0.74±0.05, p=0.009) and 600 µA (IH: 1.03±0.09 vs. DH: 0.82±0.06, p=0.06). Additionally, the
dorsal CA1 fEPSPs were smaller than the ventral potentials at 540 µA (DH: 0.74±0.05 vs. VH:
0.89±0.08, p=0.03) and 600 µA (DH: 0.82±0.06 vs. VH: 0.99±0.08, p=0.01). No differences were
found between the intermediate and ventral input–output curves at any of the stimulation intensities
applied (Table 3.21 and Fig. 3.23).

Table 3.21: Statistical analysis overview of the input–output relationships
Fisher’s post hoc test
Stimulus
intensity (µA)
60
120
180
240
300
360
420
480
540
600

DH vs. IH
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
p=0.02
p=0.009
p=0.006

DH vs. VH
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
p=0.03
p=0.01

IH vs. VH
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; and n.s., nonsignificant.
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Figure 3.23: At higher stimulus intensities the dorsal CA1 fEPSPs are smaller than the
corresponding intermediate or ventral potentials
Input–output curves were significantly different between the dorsal and vento-intermediate
hippocampal parts in the high stimulus intensity range. DH, dorsal hippocampus; IH, intermediate
hippocampus; and VH, ventral hippocampus. ‘N’ corresponds to the number of animals while ‘n’ to
the number of hippocampal slices. *, # = p<0.05 and ** = p<0.01.
3.3.2.

Paired-pulse facilitation differs between the dorsal, intermediate and ventral
hippocampus at 20-, 25-, 50- and 200-ms pulse intervals

Ultra-short term synaptic plasticity was studied in healthy animals by means of the paired-pulse
response paradigm, using the interpulse intervals of 20, 25, 50, 100 and 200 ms. Here, facilitation in
the dorsal CA1 region was significantly higher than in the intermediate or ventral subdivisions at
the 20 ms (DH: 1.77±0.07 vs. IH: 1.51±0.05, p=0.002; DH: 1.77±0.07 vs. VH: 1.55±0.05,
p=0.006), 25 ms (DH: 1.79±0.07 vs. IH: 1.58±0.08, p=0.01; DH: 1.79±0.07 vs. VH: 1.58±0.05,
p=0.008) and 50 ms (DH: 1.75±0.05 vs. IH: 1.5±0.06, p=0.003; DH: 1.75±0.05 vs. VH: 1.52±0.05,
p=0.003) interpulse intervals. Additionally, the intermediate CA1 exhibited stronger facilitation at
200-ms interpulse interval compared to the dorsal or ventral subdivisions (IH: 1.25±0.05 vs. DH:
1.08±0.02, p=0.04; IH: 1.25±0.05 vs. VH: 1.03±0.02, p=0.01). No differences were detected at any
other interpulse interval between any of the hippocampal parts (Table 3.22 and Fig. 3.24).
These findings suggest that the ventro–intermediate two thirds of the hippocampus exhibit higher
neurotransmitter release probability compared to their dorsal counterpart.
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Table 3.22: Statistical analysis overview of ultra-short term plasticity at different intervals
Fisher’s post hoc test
Interpulse
interval
20 ms
25 ms
50 ms
100 ms
200 ms

DH vs. IH
p=0.002
p=0.01
p=0.003
n.s.
p=0.04

DH vs. VH
p=0.006
p=0.008
p=0.003
n.s.
n.s.

IH vs. VH
n.s.
n.s.
n.s.
n.s.
p=0.01

DH, dorsal hippocampus; IH, intermediate hippocampus; VH, ventral hippocampus; and n.s., nonsignificant.

Figure 3.24: Paired-pulse responses facilitate for the dorsal hippocampus at 20-, 25- and 50ms intervals and for the intermediate hippocampus at 200-ms interval
DH, dorsal hippocampus; IH, intermediate hippocampus; and VH, ventral hippocampus. ‘N’
corresponds to the number of animals while ‘n’ to the number of hippocampal slices. *, #, ^ =
p<0.05 and **, ## = p<0.01.
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3.3.3.

The dorsal hippocampal CA1 region shows the highest magnitude of LTP.
Intermediate and ventral LTP are equivalent in magnitude and profile

LTP was induced by two trains of theta burst stimulation (TBS). All parts of the longitudinal axis of
the hippocampus expressed LTP. However, the magnitude of potentiation showed some significant
differences (ANOVA: F(2,598)=5.055, p=0.013) (Fig. 3.25). Specifically, the Fisher’s post hoc test
revealed that the dorsal hippocampal LTP was significantly greater than the ventral LTP for almost
the entire recording period excluding the initial 10 min and a single 95th min point. Similarly, the
dorsal LTP was significantly greater than the intermediate LTP starting 35 min after the beginning
of potentiation with the exception of two single time-points. No differences were found between the
ventral and intermediate LTP.

Figure 3.25: Overall higher LTP occurs in the dorsal CA1. Comparable LTP occurs in the
intermediate and ventral CA1
LTP occurred in all subdivisions of the longitudinal axis of the hippocampal CA1 region. The
induction phase did not differ between the dorsal, intermediate and ventral subdivisions. However,
ten minutes after the beginning of LTP the dorsal potentiation was significantly greater compared to
the other hippocampal parts. Examples of fEPSP traces for each hippocampal part at the indicated
time-points are shown at the right panel. Vertical scale-bar corresponds to 0.5 mV while horizontal
to 10 ms. DH, dorsal hippocampus; IH, intermediate hippocampus; and VH, ventral hippocampus.
‘N’ corresponds to the number of animals while ‘n’ to the number of hippocampal slices. *, # =
p<0.05.
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3.3.4.

Dorsal and ventral CA1 respond to afferent stimulation with LTD, whereas STD is
expressed in the intermediate CA1

LTD was generated by two trains of afferent stimulation at a frequency of 25 Hz. Both, dorsal and
ventral CA1 responded with comparable synaptic depression (>2h) following the Schaffer collateral
stimulation whereas the intermediate CA1 showed STD (<1h) (ANOVA: F(2,391)=12.061, p<0.001)
(Fig. 3.26). The Fisher’s post hoc test revealed significant differences between the intermediate and
ventral CA1 responses during the entire two-hour post-stimulation recording time. A continuous
significant difference was also found between the intermediate and dorsal CA1 during the last 55
min of the experiment.

Figure 3.26: LTD is expressed to a similar extent within the dorsal and ventral CA1 while the
intermediate subdivision shows STD
Afferent stimulation induced LTD at the Schaffer collateral-to-CA1 synapses of the dorsal and
ventral subdivisions of the hippocampus, whereas the intermediate CA1 responded with STD.
Examples of fEPSP traces for each hippocampal part at the indicated time-points are shown at the
right panel. Vertical scale-bar corresponds to 0.25 or 0.5 mV while horizontal to 5 ms. DH, dorsal
hippocampus; IH, intermediate hippocampus; and VH, ventral hippocampus. ‘N’ corresponds to the
number of animals while ‘n’ to the number of hippocampal slices. **, ## = p<0.01.
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4.

Discussion

In this thesis the following key observations were made:
First, MK801 treatment produced persistent and long-lasting effects on the expression of plasticityrelated receptors in the hippocampus. The profile of changes appeared to be specific to the
components of the longitudinal (dorsal, intermediate and ventral) and transverse (DG, CA3 and
CA1) axes, as well as to the amount of time that passed following MK801 treatment. Strikingly, the
pattern of early changes in receptor abundance one week after treatment was absolutely distinct
from the longer-term changes that were seen three months after treatment. MK801 injection served
to trigger a status in the rodents that was equivalent to the first episode of psychosis (Kovacic &
Somanathan, 2010; Adell et al., 2012). These data suggest that acute alterations in receptor
expression may reflect an immediate adaptive response that is superseded by chronic alterations that
may serve, in turn, to sustain cognitive alterations that develop as psychosis becomes established.
These receptor changes may thus contribute to the persistent and consistently observed cognitive
abnormalities reported in this animal model of psychosis (Wozniak et al., 1996; Manahan-Vaughan
et al., 2008a; Wiescholleck & Manahan-Vaughan, 2013a; 2013b).
Second, plasticity-related receptors display a distinct and subcompartment-dependent expression
profile across the dorsal, intermediate and ventral hippocampal subdivisions reflecting a unique
combination of glutamatergic, GABAergic and dopaminergic receptors within these parts. These
differences in expression may support the functional heterogeneity that is attributed to the
hippocampal longitudinal axis (Moser & Moser, 1998; Bast et al., 2009; Fanselow & Dong, 2010;
Strange et al., 2014). These differences were also reflected electrophysiologically in various
assessments of synaptic plasticity.
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4.1.

Detailed discussion

4.1.1.

Consequences of MK801 treatment on the expression of plasticity-related
receptors

The MK801 treatment paradigm that was used in this study is believed to effectively trigger a state
in rodents that is equivalent to the first episode of psychosis (Wozniak et al., 1996; ManahanVaughan et al., 2008a; Wiescholleck & Manahan-Vaughan, 2013a; 2013b). In this section specific
attention will be paid to significant and global changes in expression that resulted from MK801
treatment.
4.1.1.1.

MK801 treatment triggers early adaptive responses within the hippocampus

The MK801 treatment produced four main effects on the total receptor protein expression one week
after the drug application (Fig. 3.11):
(i) a massive up-regulation of the GluN2B protein levels in the DG, CA3 and CA1 regions across
the dorso–intermediate two-thirds of the hippocampus (15–60%);
(ii) a reduction of the mGlu1 protein levels in the dorsal DG (10–25%), and broad up-regulation
within the cellular layer of the DG, CA3 and CA1 regions with additional elevation in the CA3
proximal dendrites across the intermediate hippocampus (~35–75%);
(iii) a highly specific up-regulation of the mGlu2/3 protein levels across the layers of ventro–
intermediate two-thirds of the hippocampal CA3 region (~40%);
(iv) a small reduction of the GABAB levels specifically in the intermediate hippocampus at places
of direct cortical and subcortical projecting terminals (~15%).
Of note, given the technical limitations of the method used, i.e. immunohistochemistry, it was not
possible to differentiate receptors that were incorporated into the cellular membrane from those that
were part of the cytosolic pool. Therefore, the data presented here reflect the total amount of
receptors on a protein level. For the most part, the ratio of the surface and internal pools for
different receptors remains unknown. For the receptors examined in this project, namely
metabotropic glutamate receptors and dopaminergic receptors, it holds true, meaning that no study
has previously examined the ratio between these two pools. In case of the subunits of the NMDAR,
a study was performed in 1997 by Hall & Soderling on hippocampal cultured neurons, where it was
revealed that more than 90% of the total GluN2B immunoreactivity was found on the cell surface,
compared to only 40–50% of the GluN1, suggesting a large intracellular pool of the latter but not
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the former subunit. Thus, an increased number of GluN2B subunits observed in the current project
is more than likely to reflect an increased amount of functional GluN2B-containing NMDARs on
the cell surface. In case of the GABAergic receptors, the only work that examined their cellular and
subcellular distributions was performed on the monkey subthalamic nucleus, which is highly
enriched with GABAA and GABAB receptors (Galvan et al., 2004). This work revealed that more
than 60% of the GABAB1 receptor subunit are contained in intracellular compartment and only less
than 40% are present on the plasma membrane. This is also the subunit that was recognized by
antibodies used. Thus, assuming that other brain regions with high GABAB content display a
similar ratio between the two pools, it is possible that the observed down-regulation would not
affect the functional population of receptors on the cell surface. Although, another possibility would
be that both receptor pools are tightly connected and therefore the changes in one of the pools
would eventually affect the other one. Finally, in case of the mGlu1 and mGlu2/3 receptors their
high percentage of change suggests at least partial involvement of functional receptors on the
cellular surface.
A dramatic increase in the amount of the GluN2B-containing NMDARs that was observed one
week after MK801 treatment (Fig. 3.3) suggests a global change in the basic excitability properties
of neurons within the dorsal and intermediate hippocampus. Importantly, the identity of the GluN2
subunit defines a range of biophysical properties of the whole NMDAR including Ca2+
permeability, strength of Mg2+ block and gating kinetics (Wyllie et al., 2013). Here, the
GluN1/GluN2B-containing receptors exhibit high Ca2+ permeability and high Mg2+ sensitivity
(Vicini et al., 1998). Their open probability is about 3 to 5 times lower than for the GluN2Acontaining receptors, but when activated they remain in the open state much longer, i.e. for
approximately 400 ms (Monyer et al., 1994). Additionally, their activation requires a sufficiently
stronger membrane depolarization compared to the activation of GluN1/GluN2A receptors (Vicini
et al., 1998; Erreger et al., 2005). Thus, changing the ratio between GluN2A- and GluN2Bcontaining NMDARs to a much higher content of the GluN1/GluN2B receptors could be expected
to lower cellular excitability that would in turn, increase the threshold for synaptic plasticity to
occur. Interestingly, it is only the dorsal and intermediate hippocampal subdivisions that showed
such an increase while the ventral part remained spared of such changes. The possible reason for
this could be already high levels of the GluN2B-containing NMDARs within the ventral
hippocampus that were showed in the second part of this project (Fig. 3.14).
Moreover, the resulting increase in the threshold for the induction of synaptic plasticity is likely to
mediate impairments in synaptic plasticity that were reported in the dorsal CA1 region one week
after MK801 treatment (Wöhrl et al., 2007). Here, various forms of synaptic plasticity were
suppressed including homosynaptic LTP in Stratum lacunosum-moleculare and long-term
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heterosynaptic population spike depression at the Schaffer collateral synapse following high
frequency stimulation (HFS) of the direct cortical input to the CA1. Here, however, very strong
HFS delivered to the Stratum radiatum could still induce homosynaptic LTP, which complies with
increased levels of the GluN2B-containing NMDARs. Similar processes are likely to occur within
the intermediate hippocampus with even additional reduction in cellular excitability produced
through lower expression of the autoinhibitory GABAB receptors (Fig. 3.8).
The metabotropic glutamate mGlu1 receptor is another essential player that modulates synaptic
neurotransmission and cellular excitability (Lesage & Steckler, 2010; Mukherjee & ManahanVaughan, 2013). In the hippocampus, it is expressed on both principal cells and interneurons
(Martin et al., 1992; Lujan et al., 1996). Among three existing splice variants – mGlu1α, mGlu1β
and mGlu1ϲ (Pin et al., 1992; Saugstad & Ingram, 2008), the antibody used recognizes an amino
acid sequence that is homologous to mGlu1α and mGlu1β. Therefore these two variants, which are
also the prevalent forms in the forebrain, will be discussed in more detail here.
In all areas of the hippocampus, mGlu1α receptor immunoreactivity has been reported to occur
exclusively on interneurons (somatostatin-positive oriens-lacunosum moleculare and oriensbistratified; cholecystokinin-positive Schaffer collateral-associated cells and interneuron-selective)
at the perikaryon and across the entire length of dendritic tree (Baude et al., 1993; Ferraguti et al.,
2004). In contrast, the mGlu1β receptor isoform is found on both, principal cells and interneurons,
particularly on cell bodies and proximal dendrites (Ferraguti et al., 1998). As it is not known which
isoform of the mGlu1 receptor contributed the most to the observed down-regulation of protein
expression, for further discussion of the possible functional consequences it will be assumed that
both cellular populations were affected. Normally, activation of mGlu1 receptors on hippocampal
principal cells leads to an increase in intracellular Ca2+ resulting in cell depolarization (Miles &
Poncer, 1993). In interneurons, their activation was found to evoke slow oscillatory inward currents
and elevate the frequency of spontaneous inhibitory postsynaptic currents and their amplitude in
principal cells (van Hooft et al., 2000; Mannaioni et al., 2001; Lapointe et al., 2004). Moreover,
hippocampal interneurons seem to possess higher amounts of mGlu1 receptors than principal cells,
which upon activation reduce neuronal excitability through increased activation of interneurons and
GABA release (van Hooft et al., 2000; Lapointe et al., 2004). Given the ability of the mGlu1
receptors to modulate the NMDAR current, especially through its effect on the GluN2B subunit, it
might not be a coincidence that both of them (mGlu1 and GluN2B) showed an extensive upregulation across the intermediate hippocampus (Fig. 3.4). Here, they might both contribute to the
reduction of neuronal excitability at all elements of the trisynaptic circuit. With regard to the
increased mGlu1 levels on principal cells, their elevation might try to help neurons to strengthen the
synaptic plasticity when it is successfully triggered. Conversely, the reduction of mGlu1 levels
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within the dorsal DG region (Fig. 3.4) might lower interneuronal control over the principal cells
leading to the increased cellular excitability. It might try to counterbalance to certain extent the
reduced excitability due to the increased GluN1/GluN2B levels, but this was not sufficient, as
deficits in synaptic plasticity have been reported at this site one week after MK801 treatment:
specifically, greatly reduced LTP was found in the dorsal DG in two separate studies (ManahanVaughan et al., 2008a; Wiescholleck & Manahan-Vaughan, 2013a).
So far, our results provide a possible explanation as to why LTP is impaired in the DG and CA1
regions one week following MK801 treatment. Although no study has ever examined synaptic
plasticity in the CA3 after MK801 application, our findings suggest comparable if not even greater
impairments will occur in this region. Here, in addition to the GluN1/GluN2B and mGlu1
elevations, the group II metabotropic glutamate receptors (mGlu2 and mGlu3) were highly
increased (Fig. 3.6). Typically, they act as autoreceptors that inhibit excess of neurotransmitter
release from presynaptic terminals (Petralia et al., 1996; Schoepp 2001). They are activated at times
of intense synaptic activity (Lujan et al., 1997), thus preventing possible excitotoxic damage
(Dietrich et al., 2002; Marek 2010). However, given the highly increased levels of the mGlu2/3
receptors across the vento–intermediate two-thirds of the CA3 region, they are likely to become
active even at times of weak synaptic activity leading to a reduction of available glutamate within
the synaptic cleft. This alone (in case of the ventral CA3) or combined with the GluN2B- and
mGlu1-mediated reduction in cellular excitability (in case of the intermediate CA3) would disrupt
normal information processing at the CA3 site. The mGlu2/3 expression is especially high in layers
where auto-associative network and mossy fibers terminate (Petralia et al., 1996; Gu et al., 2008)
suggesting abnormal synaptic plasticity at these synapses as well.
On a functional level, the reduced ability of the hippocampal DG to express synaptic plasticity
would impair its pattern separation function (Yassa & Stark, 2011; Kesner 2013a) leading to
failures in discriminating between present and past events. Deficits in synaptic plasticity at the CA3
region would impair its pattern completion function (Gold & Kesner, 2005; Kesner 2013b) resulting
in an inability to recall previously stored information. While impairments in synaptic plasticity at
the CA1 region (Hasselmo 2005; Ji & Maren, 2008) would disrupt memory updating function
where incoming sensory information is compared to already stored information. Together, these
elements of the trisynaptic circuit carry out computational steps necessary for encoding of novel and
retrieval of already stored information: two processes that are impaired in patients with psychosis
and schizophrenia (Cirillo & Seidman, 2003).
With regard to the dorso–ventral hippocampal functional heterogeneity, our findings suggest
impairments in visuo-spatial memory mediated mostly by dorsal part (Moser & Moser, 1998),
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impairments in rapid memory updating and short-term memory mediated by intermediate part (Bast
et al., 2009; Takita et al., 2013) and impairments in aspects of emotional responses mediated by
ventral part (Fanselow & Dong, 2010). Findings from animal studies report deficits in
hippocampus-dependent learning including long-term spatial memory (Manahan-Vaughan et al.,
2008a) and long-term object recognition memory (Wiescholleck & Manahan-Vaughan, 2013a),
supporting our assumption of impaired visuo-spatial memory. Similarly, findings from patients
during their first episode of psychosis report deficits in verbal and non-verbal learning, memory and
working memory; immediate and delayed recall from verbal and non-verbal memory; increased
anxiety; and generalized cognitive slowing (Hoff et al., 1992; Riley et al., 2000), supporting
functional impairments of the entire hippocampus.
In a context of psychosis in human subjects, the first episode typically lasts for weeks or months
(Loebel et al., 1992; McGlashan 1999; Johannessen et al., 2001) suggesting that our results at the
one week time-point are likely to fall within this period. Therefore, changes in the expression of
plasticity-related receptors that were found one week after MK801 treatment may reflect how acute
psychosis initially changes the hippocampus. Additionally, they provide possible explanation as to
the mechanisms behind deficits in cognitive functioning in patients with psychosis. Finally, changes
in the receptor expression seen at this time-point are likely to be the first step in physiological
adaptations/restructuring that dramatically increase brain vulnerability after the first episode of
psychosis and set conditions for further establishment of the disease.
4.1.1.2.

The hippocampus continues to reorganize four weeks after MK801 treatment.
Partial recovery characterizes this period

The MK801 treatment produced the following effects on the total receptor protein expression four
weeks after the drug application (Fig. 3.11):
(i) a reduction in expression of the GluN1 subunit of the NMDAR in two layers of the dorsal DG
(~20%);
(ii) a down-regulation of the mGlu1 protein levels in the dorsal DG and CA3 regions (20–40%);
(iii) a massive reduction of the GABAB levels in all regions of the intermediate hippocampus where
CA3 appeared to be most affected (15–22%). Additional reduction was found in the dorsal DG and
CA3 layers that receive direct cortical input (~11–18%), as well as in the ventral CA3 and CA1
layers that receive direct cortical and subcortical projections (~10–15%);
(iv) a down-regulation of the GABAA protein levels specifically in the intermediate DG (~20–30%);
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(v) a reduction of the mGlu2/3 receptor protein levels throughout the layers of the ventral DG, CA3
and CA1 regions (10–20%) with additional reduction in the intermediate CA1 (~15%);
(vi) an up-regulation of the dopamine D1 receptor levels in the ventral hippocampus across all
layers of the DG and in slm of the CA1 region (~10%).
Interestingly, most of the changes that were evident one week after MK801 treatment have
recovered by the four-week time-point. This holds true for the elevated GluN1/GluN2B and mGlu1
levels within the dorso–intermediate hippocampal two-thirds. However, in case of the reduced
expression of mGlu1 receptor in the dorsal DG, the effect remained and spread to the dorsal CA3 at
four-week time-point. Similarly, the GABAB immunoreactivity remained down-regulated within the
intermediate hippocampus, but has expanded to more layers and appeared in the DG and CA3
regions of the dorsal, and CA3 and CA1 regions of the ventral hippocampus. In case of the elevated
mGlu2/3 levels, the changes reversed and encompassed all regions of the ventral hippocampus and
additionally appeared in the intermediate CA1. Therefore, changes in the expression of plasticityrelated receptors found four weeks after MK801 treatment are likely to reflect the major
reorganizational processes that continue to take place in the hippocampus early after the first
episode of psychosis (Borgwardt et al., 2008; Haijima et al., 2012).
A massive reduction of the GABAB immunoreactivity throughout the entire hippocampus that was
found four weeks after MK801 treatment (Fig. 3.8) suggests an overall change in basal neuronal
excitability. In the hippocampus, as in the rest of the brain principal cells are under tight regulation
of inhibitory system (Gassmann & Bettler, 2012; Degro et al., 2015). This inhibition is typically
exerted through the neurotransmitter GABA, which activates its GABAA and GABAB receptors. At
the presynaptic site, activation of GABAB receptors leads to reduction of neurotransmitter release
from either GABAergic terminals (called here autoreceptors) or all other neurotransmitter systems
terminals (heteroreceptors) (Bettler et al., 2004; Gassmann & Bettler, 2012). Thus, down-regulation
in the expression of GABAB receptors would result in disinhibition of GABAergic and/or
glutamatergic terminals leading to increased amounts of GABA and/or glutamate in the
extracellular space. Moreover, the reduction of the GABAB receptors at the postsynaptic site would
reduce its inhibitory control over the postsynaptic cell leading to its disinhibition and higher
excitability. Therefore, a complex picture emerges of disinhibited neurons on the one hand, and
increased levels of ambient GABA and/or glutamate on the other. As antibodies used in the study
do not possess the compartment specificity, it is best to assume that both pre- and postsynaptic
fractions of GABAB receptors are down-regulated. In this case, the hippocampal neurons are likely
to have higher propensity toward engaging into different types of synaptic plasticity due to an
increase in the cellular excitability. Here, the higher levels of GABA may try to counterbalance this
108

DISCUSSION

increase, but the non-sufficient levels of GABAergic receptors in the postsynaptic membrane would
not be able to fully compensate for this elevation. It seems that the intermediate hippocampus
mainly employs such a mechanism for lowering the threshold for synaptic plasticity to occur. An
additional reduction of the GABAA receptors in the intermediate DG region is likely to contribute to
the increased neuronal excitability at this site (Fig. 3.7). Given that more than 80% of GABAA
receptors are bound to the plasma membrane with the rest remaining internally (Galvan et al.,
2004), there is a high chance that the observed ~20–30% reduction has actually involved functional
receptors on the cellular surface. Thus, reduction in the expression of GABAergic receptors across
the intermediate hippocampus is likely to result in neuronal disinhibition that would in turn, lower
the threshold for the induction of synaptic plasticity. As a result, the weak incoming signals are
likely to activate the GluN2B-containing NMDARs and trigger robust LTP at times when the
information should be stored only temporarily in a form of STP.
In case of the dorsal hippocampal DG and CA3 regions (Fig. 3.4), reduced mGlu1 levels on
interneurons suggest their weaker recruitment and lower control over principal cells, while the
reduction on neurons is expected to produce impairments in the induction and maintenance of longterm synaptic plasticity. Together with the down-regulated GABAB receptors (Fig. 3.8) they seem
to have formed the conditions that eventually increased basal neuronal excitability in the dorsal DG
and CA3 regions. Evidence for the neuronal disinhibition of dorsal hippocampal cells were recently
provided by Grüter and colleagues in 2015. Here, they used the same animal model of MK801induced psychosis and examined basal neuronal activation of dorsal hippocampal neurons four
weeks after the drug treatment. They found a significantly increased basal expression of Arc gene,
which is an activity-dependent marker of neuronal activation, in the DG, CA3 and CA1 regions in
naïve animals that did not further increase following the spatial learning (Grüter et al., 2015).
Importantly, despite the increased neuronal excitability the capacity toward expressing long-term
synaptic plasticity may still be impaired. This holds true for LTP in the dorsal DG four weeks after
MK801 treatment as was shown in two separate studies (Manahan-Vaughan et al., 2008a;
Wiescholleck & Manahan-Vaughan, 2013a). Here, reduced levels of the GluN1 subunit of the
NMDAR (Fig. 3.1), which is an essential part of the functional receptor, together with the reduced
mGlu1 levels on principal cells are likely to have contributed to the reported suppression of LTP.
Interestingly, the magnitude of LTP in the dorsal DG reported in these studies displayed partial
recovery as opposed to the findings following one week of MK801 injection (Manahan-Vaughan et
al., 2008a; Wiescholleck & Manahan-Vaughan, 2013a). Similarly, the work from Wöhrl and others
(2007) reported partial recovery of homosynaptic and heterosynaptic plasticity in the dorsal CA1
region after stimulation of the direct cortical input, which was profoundly impaired at the one-week
time-point. In support of the recovered synaptic plasticity, the dorsal CA1 has also recovered from
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receptor alterations that were found in this project one week after MK801 treatment. However, the
information processing within the CA1 would remain impaired as it receives input that was
abnormally processed in the DG and CA3 regions.
In case of the ventral hippocampus a substantial reduction of autoinhibitory mGlu2/3 receptors was
found across all regions of the trisynaptic circuit with CA3 showing the highest loss (Fig. 3.6). The
finding suggests an increase in basal neuronal excitability as a result of increased glutamate release
from the presynaptic terminals. Additionally, the dopamine D1 receptors were up-regulated in all
layers of the ventral DG and in a layer of direct cortical input to the CA1 region (Fig. 3.9). In the
hippocampus, the D1-like receptors (D1 and D5) are known to be pivotal for assigning attributes of
novelty, saliency and reward to information that is being processed (Beaulieu & Gainetdinov, 2011;
Hansen & Manahan-Vaughan, 2014). Specifically, they shape experience-dependent information
storage through the modulation of hippocampal synaptic plasticity (Hansen & Manahan-Vaughan,
2014). Dopamine D1 receptors are exclusively postsynaptically localized (Beaulieu & Gainetdinov,
2011). Upon activation they increase excitability of the hippocampal neurons, thus, lowering the
threshold for the induction of synaptic plasticity and memory formation (Hansen & ManahanVaughan, 2014). Various studies have shown that agonists of the D1-like receptors facilitate LTP
and LTD in the DG and CA1 regions, while antagonists produce inhibitory effect on the induction
or expression of both types of synaptic plasticity at these sites (Lemon & Manahan-Vaughan, 2006,
2012; Wiescholleck & Manahan-Vaughan, 2014). Therefore, it is possible that the observed
increase in the D1 protein levels would enhance the incidence of synaptic plasticity in the DG and
CA1 regions. Moreover, together with the reduced mGlu2/3 expression, such increase is likely to
assign aberrant salience to a wider range of sensory information that under other circumstances
would not be stored as such.
All in all, the findings from the four-week time-point suggest an overall increase in neuronal
excitability throughout the hippocampal transverse and longitudinal axes. This would in turn, allow
weak and irrelevant sensory stimuli to gain access to the synaptic storage leading to a formation of
false and exaggerated experiences and memories. Involvement of the ventral hippocampus suggests
impairments in emotional perception resulting in assignment of emotional value to neutral by nature
information. Interestingly, it is reported that deficits in emotional perception appear after the first
psychotic episode and are not present in individuals at high risk for developing psychosis (Pinkham
et al., 2007). Thus, changes in the expression of plasticity-related receptors found four weeks after
MK801 treatment are likely to reflect processes that happen early after the psychotic event.
Moreover, they provide possible explanation as to the mechanisms behind increased hippocampal
basal activity; formation of false perceptions, thoughts and memories; and deficits in emotion
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recognition and misinterpretation that are reported in patients with early schizophrenia (Hoff et al.,
1992; Riley et al., 2000; Kapur, 2003; Ntouros et al., 2014).
Additionally, the observation of reported partial recovery of the hippocampal synaptic plasticity in
the DG and CA1 regions, and object recognition memory (Wöhrl et al., 2007; Manahan-Vaughan et
al., 2008a; Wiescholleck & Manahan-Vaughan, 2013a) may relate to the course of psychosis in
human patients. The symptoms usually wane to an extent after the initial psychosis and often
reemerge only months or years after the illness onset (Kapur, 2003; Berge et al., 2016). The same is
likely to hold true in this animal model, where one month after MK801 treatment the symptoms
display partial recovery but do not return to the healthy state.
Finally, the processes that are triggered by the acute psychosis continue to affect the profile of
receptor expression and distribution along the hippocampus at four-week time-point and appear as a
unique phenotype displayed in the three-month results.
4.1.1.3.

MK801 treatment results in chronic establishment of hippocampal reorganization

The MK801 treatment produced the following effects on the total receptor protein expression three
months after the drug application (Fig. 3.11):
(i) a massive down-regulation of the GluN2A subunit of the NMDAR across the entire CA1 region
and in the intermediate CA3 region (~13–30%);
(ii) an up-regulation of the mGlu5 receptor across the entire CA1 region and in the intermediate DG
region (~5–10%);
(iii) a reduction of the GABAB receptor protein levels in the dorsal CA1 and CA3 regions (~15%);
(iv) an increase of the GluN1 subunit of the NMDAR across the intermediate CA1 region (~10–
20%);
(v) a down-regulation of the dopamine D1 receptor levels in the ventral CA1 region (~7%).
Similarly to the four-week time-point results, most of the changes that were evident previously have
completely recovered and became substituted with more chronic changes. The convergence of
reorganizational processes on the hippocampal CA1 region suggests the chronic establishment of
the disease. It seems plausible in light of clinical findings from patients in the prodromal stage that
later progressed to psychosis and those who are already in the early stage of schizophrenia.
Particularly, it is reported that the basal cerebral blood volume is significantly increased specifically
in the CA1 region of the patients that have progressed to psychosis (Ho et al., 2016). Also, the CA1
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is the first region that shows volumetric reduction early in the course of schizophrenia that later
engulfs other elements of the trisynaptic circuit as the disease progresses (Schobel et al., 2009).
Thus, it may be that alterations in the expression of plasticity-related receptors that were found in
the CA1 region reflect part of the mechanism leading to the volumetric abnormalities or already are
the consequence of the metabolic malfunction that follows the first episode of psychosis.
Consequently, they are likely to form the basis for the long-term impairments in synaptic plasticity
that are reported in animals and in cognition that are reported in patients with schizophrenia
(McGhie & Chapmal, 1961; Bowie & Harvey, 2005; Keefe & Harvey, 2012; Voineskos et al.,
2013).
The finding of down-regulated GluN2A levels across the CA1 region (Fig. 3.2) suggests an overall
change in the GluN2A/GluN2B ratio on neurons in favor of higher amounts of the GluN2Bcontaining NMDARs. This means that the GluN2A-dependent forms of synaptic plasticity would be
significantly impaired. Moreover, given the predominant localization of the GluN1/GluN2A
assemblies on the cellular surface rather than intracellularly (Mcllhinney et al., 1998), it is likely to
be the case. Additionally, the GluN2A-containing NMDARs are also expressed on interneurons,
although in smaller quantities than on the principal cells (Nyiri et al., 2003; Wang & Gao, 2009).
They were found to be important for the maintenance of PV and GAD67 immunoreactivity in the
hippocampal cultured PV-containing interneurons (Kinney et al., 2006). Application of the nonselective NMDAR antagonist ketamine was shown to produce significant decrease in the protein
levels of PV and GAD67, specifically in the PV-containing interneurons with the effect being
closely resembled with GluN2A-selective antagonist (Kinney et al., 2006). Thus, provided low
levels of the NMDARs on fast-spiking cells (Wang & Gao, 2009), even a small change in their
number could have a drastic effect on neuronal activity. Currently, the follow-up study is taking
place to ascertain that observed GluN2A reduction affected PV-cells as well. Until then, it is best to
assume that GluN2A down-regulation occurred in both, neurons and interneurons. Thus, in addition
to impaired GluN2A-mediated types of synaptic plasticity, the principal cells would be disinhibited
and desynchronized as a result of reduced activation of PV-interneurons. This would allow easier
activation of the GluN2B-containing NMDARs by weak afferent stimulation leading to a formation
of robust LTP when it is not needed. In case of the dorsal CA1 region, additional loss of the
GABAB receptors (Fig. 3.8) would lower the threshold for the induction of synaptic plasticity even
more resulting in a formation of erroneous ‘memory traces’.
Increased expression of the mGlu5 receptor (Fig. 3.5), which greatly contributes to the induction
and maintenance phases of synaptic plasticity (Mukherjee & Manahan-Vaughan, 2013) suggests an
additional increase in cellular excitability and synaptic transmission throughout the entire CA1
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region and in the intermediate DG region. In hippocampal neurons the mGlu5 receptors are known
to co-cluster with the NMDARs (mainly GluN2B-containing ones) and potentiate their responses
through a direct physical interaction via Homer, Shank, guanylate-kinase-associated protein
(GKAP) and post-synaptic density 95 (PSD-95) proteins (Tu et al., 1999; Perroy et al., 2008). Thus,
in addition to easier activation of the GluN1/GluN2B receptors, the synaptic plasticity would be
maintained for a longer time through the mGlu5-potentiating mechanism. As a result, the finetuning of LTP and memory that is provided through NMDARs would be disrupted leading to
inability in discriminating between subtly different incoming stimuli, which are normally mediated
by the GluN1/GluN2A receptors. Eventually, erroneous and inflexible memories are likely to form
reflecting those that occur in patients with schizophrenia (Kapur, 2003). Moreover, the mGlu5
receptor results go in line with the post-mortem findings where significantly increased protein
levels of mGlu5 receptor and its trafficking molecules were found in the hippocampal CA1 region
of individuals with schizophrenia (Matosin et al., 2015). This further supports the assumption of
chronic establishment of the disease that is reflected in the three-month receptor expression
findings.
In case of the intermediate CA1 region, a simultaneous increase in the protein expression of the
GluN1 subunit of the NMDAR was evident (Fig. 3.1). Here, provided the reduced GluN2A
expression, the GluN1 up-regulation may reflect slightly increased numbers of other types of
NMDARs that could also contribute to robust and persistent LTP.
Finally, in case of the ventral CA1 region, an additional reduction of the D1 receptor
immunoreactivity was detected in layers receiving Schaffer collateral and cortical inputs (Fig. 3.9).
The effect contrasts the D1 receptor up-regulation in the ventral hippocampus during the four-week
time-point. Given the existence of the direct hippocampal projections to the nucleus accumbens,
specifically from the ventral CA1 region, it might not be a coincidence that the D1 levels
significantly decreased at this site. Here, an increased neuronal excitability that seems to arise from
the down-regulated GluN2A receptors on the PV-positive cells is likely to increase an output of the
CA1 region onto the nucleus accumbens neurons. This, in turn, would lead to increased inhibition
of the ventral pallidal cells reducing their tonic inhibitory control over the ventral tegmental area
neurons and resulting in an increased amount of spontaneously active dopaminergic cells (Lodge &
Grace, 2006). These cells projecting back to the ventral hippocampus would increase cellular
excitability of the hippocampal principal cells even more through increased dopamine levels thus
forming the positive feedback loop. Therefore, a reduction in the D1 protein expression is likely to
be a compensatory attempt toward elevated dopamine release. However, whether this positive
feedback loop would self-escalate over time leading to a new episode of psychosis remains
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speculative and requires further verification. Nevertheless, this assumption makes sense as
psychosis typically reemerges after some period of time following the initial episode (Kapur, 2003;
Berge et al., 2016). Thus, changes in the expression of plasticity-related receptors detected three
months after MK801 treatment may reflect an establishment of the positive feedback loop as well as
the disease itself.
Interestingly, the MK801 treatment did not affect expression of the D2 receptors in the
hippocampus (Fig. 3.10). The finding is consistent with the post-mortem data from individuals with
schizophrenia, where the lack of alterations in the D2 receptor density in the hippocampus is
reported (Goldsmith et al., 1997). It might seem unexpected in light of the accepted role of the D2
receptor antagonists as clinically effective antipsychotics (Seeman 2006). However, given the
existence of the two isoforms of the D2 receptor, where the D2-short is expressed presynaptically
(autoinhibitor) and the D2-long is postsynaptically (inhibits adenylyl cyclase production and
cellular excitability) (Beaulieu & Gainetdinov, 2011), there is a possibility of the quantitative
reorganization of these two forms within the hippocampus that remains undetectable as the total
amount of receptor remains unchanged. Additionally, blockade of the D2 receptors that is provided
by neuroleptics (Lavretskaia et al., 1985; Seeman 1990) would annihilate its negative regulation on
hippocampal cellular excitability that could actually compensate for the loss of function of the D1
receptors. Thus, the findings of down-regulated D1 receptors and unaltered D2 receptors, alongside
with the action of antipsychotics do not contradict but rather supplement each other.
Taken together, the three-month findings suggest a state of persistently increased neuronal
excitability in the entire hippocampal CA1 region and in parts of the CA3 and DG regions. As a
result, higher numbers of synaptic connections will be strengthened that would inaccurately reflect
the actual input leading to a formation of false ‘memory traces’. Thus, chronic changes in the
expression of plasticity-related receptors that became established three months after the MK801
treatment are likely to underlie the long-term changes in the cognition and behavior that occur in the
patients with psychosis and schizophrenia (Bowie & Harvey, 2005; Keefe & Harvey, 2012).
4.1.1.4.

The expression profile of plasticity-related receptors obtained as a result of the
NMDAR-hypofunction supports the notion of an altered inhibition-excitation
balance in psychosis and schizophrenia

As discussed herein, the pattern of the early changes in the receptor abundance one week after
MK801 treatment was absolutely distinct from the longer-term changes that were seen three months
after the injection (Fig. 3.11). These data suggest that acute alterations in receptor expression may
reflect an immediate adaptive response that is replaced by the chronic alterations that, in turn, might
mediate cognitive impairments that develop as a psychosis becomes established.
114

DISCUSSION

Moreover, the profile of receptor changes starting from the four weeks and up to the three months
after MK801 treatment suggests a state of persistently increased basal hippocampal neuronal
excitability, which is one of the core endophenotypes of psychosis and schizophrenia (Rosen et al.,
2015). In turn, this increase would result in higher incidences of synaptic plasticity across the
hippocampus leading to a formation of excessive ‘memory traces’ representing false perceptions,
thoughts and memories, as well as miss-assignment of emotional value to events compromising
social interaction and functioning in individuals with psychosis and schizophrenia. Thus, the longterm changes in the expression of plasticity-related receptors that were found in this project provide
an insight into the neurobiological mechanisms that lay behind altered inhibition-excitation balance,
at least on the level of the hippocampus.
Additionally, these findings support the NMDAR-hypofunction hypothesis of schizophrenia origin
(Snyder & Gao, 2013) where reduction in the NMDARs functioning during adolescence leads to a
global disinhibition of neurons across various brain regions that eventually produce behavioral
manifestations reminiscent to those seen in patients with psychosis and schizophrenia (Krystal et
al., 1994). Similarly, the convergence of pathological changes at the three-month time-point on the
hippocampal CA1 region would spread the overactivation in this region to other brain regions with
which the hippocampus is connected.
Finally, our findings provide evidence that psychotic episode by itself is sufficient and necessary to
reach the threshold that would drive pathological changes and produce persistent deficits in the
hippocampal function and cognition. Thus, the means that would normalize the excitation-inhibition
balance specifically in the CA1 region early following the psychosis are likely to have the highest
potential in ameliorating the hippocampus-dependent impairments, as well as the alterations in the
other brain regions connected to the hippocampus.
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4.1.2.

Differential expression of plasticity-related receptors defines conditions of intrinsic
cellular excitability in the dorsal, intermediate and ventral hippocampus

In the second part of the project, differences in the expression of the same plasticity-related
receptors were examined between the dorsal, intermediate and ventral hippocampal subdivisions.
The expression profile of the receptors displayed in the Stratum radiatum of the CA1 region reflects
the global pattern of results across the hippocampal longitudinal axis; therefore, all further
explanations will be focused on this region (Fig. 3.22). Overall, the findings provide better
understanding of the mechanisms that underpin differences in information processing within the
hippocampal dorsal, intermediate and ventral subdivisions.
First, the results obtained demonstrate no overall differences between dorsal, intermediate and
ventral hippocampus in the expression of the GluN2A subunit of the NMDAR (Fig. 3.13). This
profile suggests that the capacity toward expressing GluN2A-dependent forms of synaptic plasticity
is similar across the hippocampal longitudinal axis. In case of the GluN1 and GluN2B subunits of
the NMDAR the lowest levels were found in the dorsal part, medium in the intermediate part and
the highest in the ventral part (Fig. 3.12 and 3.14). As a result, a differential ratio between
GluN2A- and GluN2B-containing NMDARs exists within each of these subdivisions suggesting
differences in the magnitude of synaptic plasticity responses (in case of the GluN2A-dependent
forms), as well as differences in propensity toward expressing GluN2B-dependent form of synaptic
plasticity. Additionally, differences in the GluN2A/GluN2B ratio would affect cellular excitability
so that the dorsal hippocampus will be more excitable than the intermediate part, which in turn, will
be more excitable than the ventral part. The GluN2A-containing NMDARs could simply be more
spatially separated at the ventral pole compared to the dorsal end, due to the higher content of the
GluN2B-containing NMDARs resulting in the weaker/smaller synaptic plasticity at this site. In line
with the assumption of differences in cellular excitability, various studies report a greater
susceptibility of the dorsal, but not ventral hippocampus to ischemic damage (Ashton et al., 1989;
Maggio et al., 2015). In experimental paradigms of oxygen/glucose deprivation, which is used to
mirror ischemic event, the neuronal damage occurs as a result of increased glutamate release (Wahl
et al., 1994). Consequently, it is likely to exert stronger excitotoxic damage on the dorsal
hippocampus, as it expresses higher GluN2A-to-GluN2B ratio, where the GluN2A-containing
NMDARs are the easiest to activate and possess the highest open probability among all NMDAR
subtypes (Fig. 4.1) (Vicini et al., 1998; Erreger et al., 2005). Moreover, in case of the ventral
hippocampus a vast amount of data provide evidence of its higher vulnerability to epileptiform
discharges as opposed to the dorsal subdivision (Gilbert et al., 1985; Engel 2001;
Papatheodoropoulos et al., 2005). It is likely to stem from greater amounts of the GluN2Bcontaining NMDARs at this pole and is supported with electrophysiological findings of
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significantly longer NMDAR-mediated currents at the ventral Schaffer collateral–CA1 synapse
compared to the dorsal one (Pandis et al., 2006). Furthermore, as is shown in this project the ventral
hippocampus expresses significantly lower GABAA levels than the dorso–intermediate two-thirds
(Fig. 3.18). Thus, at times of pathologically reduced inhibition, the ventral hippocampus would be
the first to display spontaneous epileptiform activity due to the lack of intrinsically weak GABA Amediated inhibition and higher contents of the NMDARs.
As was just mentioned, the ventral hippocampus was found to express lower levels of the GABA A
receptors compared to the dorsal and intermediate hippocampal parts (Fig. 3.18). This finding goes
in line with already existing work from Sotiriou and others (2005) on the GABA A expression
gradient and suggests that efficacy of inhibition is much weaker in the ventral subdivision as
opposed to its counterparts. In turn, this suggests that excitability threshold would be lower in the
ventral hippocampus, which would counterbalance already reduced excitability created with lower
ratio of GluN2A- to GluN2B-containing NMDARs enabling the expression of weak forms of
synaptic plasticity at this site. Additionally, significantly higher content of the GABA B receptors in
the ventral as opposed to the dorsal hippocampus (Fig. 3.19) would autoinhibit GABA release
allowing even further increase in excitability. In case of the intermediate hippocampus, the
GABAA-mediated inhibition seems to be as strong as in the dorsal part, but it has intermediate
GABAB levels compared to its counterparts resulting in somewhat intermediate inhibitory profile.
With regard to the metabotropic glutamate receptors, there were no differences between dorsal,
intermediate and ventral hippocampus in the amount of the mGlu5 receptors expressed (Fig. 3.16).
This suggests that the mGlu5 receptors have equal capacity in potentiating the NMDAR function
and supporting long-term synaptic plasticity to an extent that is similar in every hippocampal
subdivision. The mGlu1 levels were comparable between the dorsal and intermediate CA1 region,
but were significantly higher in the ventral part (Fig. 3.15). Given the predominant localization of
the mGlu1 receptors on the interneurons, the relative inhibitory control would be stronger in the
ventral hippocampus. Additionally, the mGlu2/3 receptors that act as autoinhibitors at glutamatergic
terminals are found in higher quantities in the intermediate and ventral subdivisions as opposed to
their dorsal counterpart (Fig. 3.17). This suggests that during synaptic activity the glutamate release
will be reduced much faster in the ventro–intermediate hippocampal two-thirds than in the dorsal
hippocampus. Thus, the complement of the metabotropic glutamate receptors endows the ventral
hippocampus with the least excitable characteristics, the dorsal hippocampus with the most
excitable characteristics, and the intermediate hippocampus with in-between characteristics.
Furthermore, higher dopamine D1 levels were detected in the intermediate and ventral subdivisions
compared to their dorsal counterpart (Fig. 3.20), while no differences were found for the D2
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receptor expression (Fig. 3.21). As a result, greater D1-to-D2 ratio exists within the ventro–
intermediate hippocampal two-thirds suggesting stronger impact of dopamine on cellular
excitability at these sites. Consequently, the dorsal hippocampus would show the lowest increase in
the cellular excitability upon dopamine release, compared to a much stronger elevation in the
intermediate and ventral subdivisions.
All in all, the results obtained describe a unique complement of plasticity-related receptors within
the dorsal, intermediate and ventral hippocampal subdivisions. Here, relative to the basal
excitability properties in the dorsal hippocampus, the intermediate part has higher levels of the
GluN2B-containing NMDARs, mGlu2/3 receptors that together with high GABA A content would
substantially reduce neuronal excitability at this site with only a slight counterbalancing effect of
higher D1 levels. Similarly, the ventral hippocampus has high levels of the GluN2B-containing
NMDARs, mGlu1 and mGlu2/3 receptors that would greatly decrease neuronal excitability, but will
be counterbalanced to an extent with low GABAA levels, high GABAB and high D1 expression.
Thus, it may be that the resulting total neuronal excitability will be lower in the ventral part as
opposed to the dorsal subdivision, and the lowest in the intermediate part as it shows even less of
the counterbalancing mechanisms.
Finally, these results provide an insight into the characteristics of the cellular excitability that seem
to be exclusive for each hippocampal part. These, in turn, would modulate the ability of local
networks to engage into different types of synaptic plasticity and the formation of the ‘memory
traces’. In the end, these differences are likely to contribute to differences on a functional level
between dorsal, intermediate and ventral subdivisions of the hippocampus.

Figure 4.1: Schematic view on the composition, binding sites and biophysical properties of
four main NMDAR assemblies
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4.1.3.

Basal synaptic properties differ between the dorsal, intermediate and ventral CA1
regions

Two methods were used to measure the basic synaptic properties of the dorsal, intermediate and
ventral CA1 regions, namely the input–output relationship and the paired-pulse responses:
Input–output curves represent an essential primary step before the commencement of any synaptic
plasticity experiments. By doing this one can estimate the optimal intensity of stimulation that is
later applied, as well as receive information about the input/stimulation–output/response
relationship that depends on the basic cellular excitability properties. It was found that none of the
hippocampal subdivisions differed in the amplitude of their field potential responses within the lowto-medium range of stimulus intensities (60–420 µA) (Fig. 3.23). However, starting from 480 µA in
case of the intermediate part and 540 µA in case of the ventral part and up to 600 µA, the dorsal
Schaffer collateral–CA1 responses were significantly lower than corresponding potentials from its
counterparts. The results suggest that under the conditions of strong afferent stimulation the CA1
region from ventro–intermediate two-thirds is able to respond to a greater extent than the dorsal
segment. This hypothesis is supported by the previous observation where both, intermediate and
ventral subdivisions possess higher amounts of GluN2B-containing NMDARs (Fig. 3.14) that
require greater stimulation for their activation.
Paired-pulse facilitation is a form of an ultra-short term synaptic plasticity, which lasts milliseconds
and reflects neurotransmitter release probability that rapidly and reversibly changes synaptic
strength (Regehr 2012). In turn, the probability of neurotransmitter release depends on the size of its
readily releasable vesicle pool, as well as on the feed-back and feed-forward mechanisms that act on
several glutamatergic and GABAergic receptors (Albertson & Joy, 1987; Joy & Albertson, 1993).
At short inter-pulse intervals (20, 25 and 50 ms), a higher neurotransmitter release probability was
detected at the ventro–intermediate Schaffer collateral–CA1 synapses compared to the dorsal CA1
responses, where a significantly higher facilitation could be observed (Fig. 3.24). The results may
reflect a much larger pool size of presynaptic neurotransmitter vesicles that are readily released at
the intermediate and ventral segments or differential contribution of the GABA A, GABAB and
NMDARs at these sites compared to their dorsal counterpart. Alternatively, both mechanisms are
likely to contribute to the synaptic responses.
For the most part, our results are in line with the findings from Papatheodoropoulous and
Kostopoulos (2000a), and Maruki with colleagues (2001), where a significantly stronger facilitation
for the dorsal CA1 compared to the ventral sections for a range of inter-pulse intervals (~20–320
ms) was reported. However, interpreting obtained paired-pulse data from the perspective of the
involved receptors is not that straightforward. Several works have shown that GABA A receptor-
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mediated fast inhibition is maximal at 10–20 ms IPIs and is weaker in the ventral CA1 compared to
its dorsal counterpart (Papatheodoropoulos et al., 2002; Petrides et al., 2007). It corresponds nicely
to the receptor expression findings, where the ventral hippocampus has less GABAA receptors but is
not reflected in the paired-pulse experiments. The reasons for this might come from differences in
the CA1 layers that were used for investigation, comprising Stratum pyramidale in the former study
and Stratum radiatum in the current project. Additionally, an array of ion channels and other
receptors are likely to interact in complex ways that would eventually contribute to the observed
profile of responses. Moreover, variations in the applied stimulation intensity greatly affect the
paired-pulse ratio (Papatheodoropoulos 2015).
Interestingly, at the 200 ms interpulse-interval, the intermediate CA1 showed significantly higher
facilitation as opposed to the dorsal and ventral subdivisions. The finding, on the one hand is
puzzling, as other works have shown difference between dorsal and ventral responses at this
interval (Papatheodoropoulous & Kostopoulos, 2000a; Maruki et al., 2001); and on the other is
novel, as no previous study has ever examined paired-pulse responses at the intermediate Schaffer
collateral–CA1 synapses.
All in all, these findings support higher neurotransmitter release probability at ventral compared to
the dorsal hippocampus and show that the intermediate segment is similar to the ventral counterpart
with regard to this parameter.
4.1.5.

Differences in the long-term synaptic plasticity between the dorsal, intermediate
and ventral CA1 regions result from the local differences in synaptic excitability

Up until now, differences in the expression of plasticity-related receptors, in the input–output
relationship and in the neurotransmitter release probability were detected between the dorsal,
intermediate and ventral CA1 regions. These, in turn, are likely to affect the ability of the
hippocampal regions to express persistent forms of synaptic plasticity. Here, two forms of longterm synaptic plasticity were examined, namely LTP and LTD.
Following the TBS, the CA1 region from the dorsal, intermediate and ventral hippocampus
successfully expressed the LTP form of synaptic plasticity (Fig. 3.25). The dorsal hippocampus
exhibited significantly greater potentiation compared to the ventral and intermediate subdivisions,
while the latter two showed similar profile of responses. These findings are in line with already
published results reporting greater LTP in the dorsal CA1 as opposed to its ventral counterpart
(Papatheodoropoulos and Kostopoulos, 2000b; Maggio and Segal, 2007). However, the difference
between the dorsal and ventral LTP that is described in the literature is much greater than the
difference that was observed in the current project, where a substantial potentiation occurred in the
ventral subdivision. This discrepancy is likely to come from differences in stimulation protocols
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applied: while all published studies used HFS, an electrical pattern that is more in a physiological
range of the hippocampal innate activity was used here, namely TBS. Thus, the ventral CA1 region
is able to express and maintain high levels of LTP. Additionally, differences in the magnitude of
potentiation displayed between the dorsal and ventro–intermediate two-thirds of the CA1 region are
likely to reflect differences in the NMDAR content and neurotransmitter release probability
parameters. Here, the medium stimulation intensity that was used for all electrophysiological
experiments (50% of the maximum value from the input–output curve) together with the weak TBS
may have resulted in a preferential activation of the GluN2A-containing population of the
NMDARs (Ballesteros et al., in press). Moreover, given the higher content of the GluN2Bcontaining NMDARs in the intermediate and ventral subdivisions the resulting net activation is
likely to be lower at these sites. In addition, higher neurotransmitter release in the ventro–
intermediate two-thirds of the CA1 region may have reduced the relative impact of the TBS on the
expression of LTP. Thus, differences in LTP recorded from the dorsal, intermediate and ventral
CA1 regions seem to come from differences in cellular excitability that are, in turn, result from
differences in the expression of plasticity-related receptors along this axis.
In case of the LTD-inducing protocol, both dorsal and ventral CA1 regions expressed persistent
depression following the low-frequency burst stimulation, while the intermediate CA1 showed STD
(Fig. 3.26). Similarly to the literature findings (Maggio and Segal, 2009), the magnitude of LTD
was comparable between the dorsal and ventral CA1 regions. A possible molecular mechanism
behind equivalent LTD at these sites may come from differential expression of the mGlu2/3
receptors in the dorsal and ventral hippocampus and from differences in an overall excitability
within these parts. It has previously been shown that the mGlu2/3 receptors are specifically
involved in the expression of LTD in the hippocampal CA1 region (Manahan-Vaughan 1997;
Altinbilek & Manahan-Vaughan, 2009). Given the finding of higher mGlu2/3 content in the ventral
compared to the dorsal hippocampus it would seem plausible to suggest that the ventral CA1 should
express greater LTD than its dorsal counterpart. However, as is discussed in section 4.1.2, under
physiological conditions the ventral hippocampus is likely to be less excitable compared to the
dorsal hippocampus, which suggests a higher threshold toward developing LTD in the ventral part.
Thus, provided that the dorsal CA1 has lower mGlu2/3 receptors content and higher neuronal
excitability, while the ventral CA1 has higher mGlu2/3 receptors content and lower neuronal
excitability, the resulting net response to the same pattern of electrical stimulation may be
comparable in both regions. Following this line of argument, the STD recorded in the intermediate
CA1 seems reasonable in light of its even lower cellular excitability compared to the ventral CA1
region. The already mentioned ratio of GluN2A-to-GluN2B-containing NMDARs is likely to
contribute to differences in neuronal excitability, which together with preferential involvement of
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the GluN1/GluN2A receptors into LTD expression fit the proposed explanation. The GluN2Bcontaining NMDARs seem to support only LTP and have no or minimal effect on LTD expression
(Tang et al., 1999; Zhou et al., 2007).
On a functional level, the LTP and LTD that were recorded from the dorsal, intermediate and
ventral CA1 regions may relate to mechanisms underlying ‘memory traces’ that encode spatial,
contextual and emotional aspects of long-term memory representations (Manahan-Vaughan &
Braunewell KH, 1999; Kemp & Manahan-Vaughan, 2004; 2007; Fanselow & Dong, 2010).
However, in the case of intermediate STD it may be specifically suited to functional needs of the
intermediate hippocampus that mediates rapid learning and flexible use of newly acquired
information, possibly through a mechanism of short-term changes in synaptic weights (Bast et al.,
2009; Kenney & Manahan-Vaughan, 2013b).
Taken together, the expression pattern of the plasticity-related receptors in the dorsal, intermediate
and ventral hippocampus seems to create unique local conditions that shape the expression of
different forms of synaptic plasticity at each of these sites. Moreover, these expression differences
may support some of the functional heterogeneity that is attributed to the hippocampal longitudinal
axis (Moser & Moser, 1998; Bast et al., 2009; Fanselow & Dong, 2010; Strange et al., 2014).
4.2.

Limitations and open questions

When interpreting the results from this project, one has to keep in mind several limitations that go
with any experimental work. Given that the major part of the data of this project derived from
immunohistochemistry techniques, the first limitation comes with the method itself. In order to
increase antibody permeability inside the tissue slice a non-ionic detergent such as Triton X-100 is
routinely added during several incubation steps. Being a detergent by nature, Triton X-100 disrupts
the integrity of the cellular membranes, thus allowing the antibodies to access the deeper layers
within the tissue slice (Koley & Bard, 2010). By this means, the corresponding epitopes across the
whole slice become available for antibody detection. Moreover, the antibodies are now able to bind
to the receptors that are not only expressed on the cellular membrane but to the intracellular pools
as well. Therefore, the observed staining corresponds to the total amount of receptors on a protein
level. This creates the first limitation of the work – the lack of discrimination between surface and
internal receptor pools. For some receptors this weakness of the technique might not be as crucial
for further interpretation as for the others. For example, the size of the surface membrane bound
pool of the GluN2B subunit of the NMDAR is more than 90% while for the GluN1 subunit it is less
than 50% (Hall & Soderling, 1997), making possible functional interpretation easier for the former
but not for the latter one.
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The second limitation relates to the lack of cell- and compartment-specificity of antibodies that
were used. Many of the receptors are found on the different cell types (neurons, interneurons, and
glia), as well as at the different locations (pre- and postsynaptic, synaptic, and peri- and
extrasynaptic) increasing the complexity of their functional interplay. Thus, due to the ubiquitous
pattern of receptor expression it is extremely difficult to appreciate the true contribution of different
cell types and receptor locations to the observed up- or down-regulations.
Consequently, with limitations come new questions for further investigations. The next step with
regard to the psychosis part of the project would be to engage in cell-specific examinations of the
receptor changes. This would be of a particular importance at the three-month time-point where the
GluN2A subunit of the NMDAR displayed massive down-regulation with the mGlu5 up-regulation
across the whole CA1 region. Additional evaluation of interneuronal number at this and other
regions would be essential as well. Furthermore, this project did not include the two-month timepoint, thus leaving the possibility of another intermediate pathological phenotype before converging
on the CA1 region.
Similarly to the first part of the project, the dorso–ventral part requires additional validation of the
receptor expression findings. In order to test the proposed here hypothesis of preferential activation
of the GluN2A-containing population of the NMDARs in the synaptic plasticity experiments, the
same LTP-inducing protocol could be delivered at a greater intensity leading to additional
recruitment of the GluN2B-containing NMDARs. A follow-up study on this is currently taking
place. Additionally, further in vitro and in vivo electrophysiological work is needed as very little is
known about the ventral hippocampus and even less about the intermediate part. Eventually, this
work will help us to fully appreciate and understand the inner workings of the hippocampus that
enable its highly complex and vital functioning.
4.3.

Conclusions

Taken together, the findings from the first part of the project suggest that a single MK801-induced
schizophreniform psychotic event leads to persistent and long-lasting alterations in the expression
of plasticity-related receptors. These changes, in turn, suggest an establishment of continuously
increased neuronal excitability in the hippocampus that is likely to contribute to cognitive deficits
that follow psychosis. Overall, the results provide valuable insight into the time course of
pathological changes and into the role of psychotic event for the progression of schizophrenia
disease.
In the second part of the project, the possible underlying mechanisms of the hippocampal functional
separation into the dorsal, intermediate and ventral domains were explored. The results suggest the
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existence of a unique profile in the expression of plasticity-related receptors that define
characteristics of cellular excitability at each of these parts. Additionally, they seem to modulate the
ability of local networks to express different forms of synaptic plasticity, as well as the magnitude
of synaptic change. In the end, these differences are likely to contribute to differences on a
functional level between dorsal, intermediate and ventral subdivisions of the hippocampus.
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