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ABSTRAKT 

Úvod: Schizofrénia je neuropsychiatrická porucha vyznačujúca sa kognitívnymi deficitmi, 

taktiež ako aj pozitívnymi a negatívnymi symptómami. Keďže dnešné antipsychotiká 

nepotláčajú všetky aspekty tejto choroby, je nutné sústrediť ďalší výskum na vývoj nových 

liečiv. Psychóza je stav, ktorý sa typicky vyskytuje u pacientov so schizofréniou, ale môže 

pri prítomný aj pri iných poruchách. V tejto štúdii bol za pomoci aplikácie látky MK-801, 

nekompetitívneho antagonistu glutamátergného NMDA receptora, farmakologicky 

modelovaný psychóze-podobný stav. MK-801, väzbou na NMDA receptory inhibičných 

interneurónov, vyvoláva nadmernú excitačnú odpoveď kortikálnych aj hipokampálných 

pyramidálnych neurónov, čo u laboratórnych hlodavcov môže viesť k hyperlokomócii, 

stereotypiám alebo ku kognitívnemu zhoršeniu. Agonista metabotropných 

glutamatergných receptorov skupiny II, LY 379268, sa viaže na presynaptické a 

postsynaptické receptory pyramidálnych neurónov. Táto štúdia sa zameriava na 

hodnotenie účinkov látky LY 379268 v animálnom modeli psychózy, pričom naša hypotéza 

bola, že LY 379268 zmierni deficity vyvolané látkou MK-801. 

Materiál a metódy: Látky MK-801 [0.15 mg/kg] a LY 379268 [1 mg/kg] boli 

intraperitoneálne aplikované laboratórnym potkanom, 30 a 60 minút pred začiatkom 

experimentu. Zmeny v behaviorálnej flexibilite boli hodnotené pomocou testu Morrisovo 

vodné bludisko.  

Výsledky:  Ko-aplikácia MK-801 a LY 379268, v dávkach efektívnych aj pri samostatnom 

podaní, vedie k zvýšenému času potrebného na nájdenie ostrovčeka a taktiež ku zvýšenej 

miere tigmotaxie. Ko-aplikácia látok v podprahových koncentráciách, vyvolala 

signifikantné zvýšenie latencie k nájdeniu ostrovčeka a taktiež k signifikantnému zvýšeniu 

tigmotaxie. Skupina, ktorej boli podané obe látky, vykazovala hĺboký procedurálny deficit. 

Ko-aplikácia daných látok sa prejavovala hyperlokomóciou, stereotypiami a poruchami 

motorických funkcií. 

Záver: Pri spoločnej aplikácii vykazujú látky MK-801 a LY 379268 synergistický, teda 

navzájom posilňujúci efekt, čo je v rozpore s výsledkami predošlých výskumov. Efekt 

posilnenia sa prejavil v správaní spájanom so psychóze-podobnými stavmi u animálnych 

modelov. LY 379268 sa nezdá byť vhodnou látkou na zmierňovanie psychóze-podobných 

stavov a kognitívneho deficitu u animálnych modelov psychózy-podobných stavov 

vyvolaných látkou MK-801. 

Kľúčové slová: správanie, učenie a pamäť, MK-801, LY 379268, kognícia, psychóze-

podobný stav  



 

 

ABSTRACT 

Introduction: Schizophrenia is a neuropsychiatric illness characterized by impairments in 

cognition and positive and negative symptoms. As currently used antipsychotics do not 

treat all symptoms of the disease, further research of the therapeutic potential of various 

drugs in the treatment of this disease is crucial. Psychosis is a condition or a mental state 

that usually accompany schizophrenia, as well as other disorders. We used MK-801, a non-

competitive antagonist of NMDA receptors to induce an experimental model of psychosis 

in rats. By binding to the NMDA subtype of glutamate receptors located on inhibitory 

interneurons, MK-801 has been shown to elicit an overactivation of cortical and 

hippocampal pyramidal neurons, leading to behaviors such as hyperlocomotion, 

stereotypy or cognitive impairments. LY 379268, an agonist of group II metabotropic 

glutamate receptors, binds to both presynaptic and postsynaptic receptors on pyramidal 

neurons. It has been suggested that it could alleviate the MK-801-induced hyperactivity of 

the principal neurons. In this study, we sought to demonstrate the effects of LY 379268 in 

the MK-801 animal model of psychosis and hypothesized that LY 379268 will ameliorate 

deficits in the reversal learning induced by MK-801. 

Materials and methods: Long Evans rats received intraperitoneal injections of MK-801 

[0.15 mg/kg] and LY 379268 [1 mg/kg], 30 min and 60 min before subjecting them to the 

reversal testing in the Morris water maze taxing behavioral flexibility.  

Results: Co-application of MK-801 and LY 379268 at effective doses strongly increased 

escape latencies to the hidden platform and thigmotaxis. Furthermore, co-application of 

MK-801 and LY 379268, at doses that did not evoke behavioral alterations when applied 

separately, elicited significantly higher escape latencies and thigmotaxic behaviors 

compared to controls and the MK-801 and LY 379268 groups, suggestive of procedural 

impairment. Co-application of sub-effective doses of MK-801 and LY 379268 resulted in 

severely impaired usage of proper search strategies in the Morris water maze.  

Conclusions: In contrast to the experiments of other laboratories, the tested compounds 

showed synergistic, rather than antagonistic effects. The potentiating effects were shown 

in behaviors that are associated with the psychosis-like state. LY 379268 may not be a 

suitable drug for alleviating psychosis-like symptoms nor cognitive deficits in MK-801-

induced animal models of psychosis. 

Keywords: behavior, learning and memory, MK-801, LY 379268, cognition, psychosis-like 

state 
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Abbreviations 

2A - serotonergic 5-HT2A receptor 

AC - adenylyl cyclase 

Ach – acetylcholine  

cAMP - cyclic adenosine monophosphate 

DA – dopamine 

CaMK - calcium/calmodulin-dependent protein kinase 

CAMKII - calcium/calmodulin-dependent protein kinase II  

ERK 1/2 - extracellular signal-regulated kinase 1/2 

FS – fast-spiking 

GABA - gamma-aminobutyric acid 

GSK3β - Akt/glycogen synthase kinase 3β pathway 

HPC – the hippocampus 

IPHYS - Institute of Physiology 

LTD – long-term depression  

LTP - long-term potentiation  

mPFC – the medial prefrontal cortex 

MS – medial septal region 

mGlu2/3 - group II metabotropic glutamate 2 and 3 receptors 

mGluRs – metabotropic glutamate receptors 

NA – nucleus accumbens 

NMDAR - N-methyl-D-aspartic acid receptor 

PAM – positive allosteric modulator 

PCP – phencyclidine 

PP1 - protein-phosphatase-1 

PV – parvalbumin 

sc. – subcutaneous injection 

SWMT - spatial working memory test 

VTA – the ventral tegmental area 

GAD67 - glutamic acid decarboxylase 67 
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Introduction 

Schizophrenia belongs to the group of psychotic illnesses characterized by positive 

symptoms (delusions, hallucinations, disorganized thinking, and speech), negative 

symptoms (anhedonia, emotional flattening) and cognitive deficits. Schizophrenia is also a 

heterogeneous disorder that has devastating effects on the everyday life of an individual, 

increases suicidal behaviors and is a high economic cost for the society. Psychosis is a 

syndrome that occurs commonly in patients with schizophrenia. However, because of the 

complexity, heterogeneity, and unknown causes of the disease, the currently prescribed 

antipsychotics are not completely effective in alleviating all the symptoms of the disease. 

They are most effective against positive symptoms, to lesser (if any) extent against 

negative symptoms, but not cognitive symptoms. It should be emphasized that cognitive 

symptoms are significantly contributing to the impaired functioning of patients. 

Furthermore, extrapyramidal symptoms and metabolic syndrome are common side-

effects of antipsychotics of first and second-generation, respectively. This, in addition to 

the decrease in the quality of life and further health complications caused by the use of 

additional medicaments, often contributes to the withdrawal of the drug usage, resulting 

to relapse of the disease.  

Several pharmacological animal models of psychosis focus on the NMDA subtype of 

glutamate receptors. Antagonists of NMDA receptors provoke positive, negative and 

cognitive symptoms in animal models of psychosis, resulting in behaviors such as 

hyperlocomotion, decrease in social interactions or impairments in cognitive tasks. Also, 

the antagonists of NMDA receptors provoke psychosis-like symptoms in healthy 

individuals and worsen psychiatric symptoms in individuals with schizophrenia 

(Newcomer and Krystal, 2001). Preferential binding to hippocampal GABAergic 

interneurons after the application of NMDA antagonists results in a decrease in the 

inhibitory function of these neurons, resulting in stronger firing of the pyramidal neurons. 

This causes network dysregulation that further affects distant brain areas such as the 

prefrontal cortex, resulting in characteristic symptoms. Furthermore, the brain structures 

and neuronal circuits affected by NMDA antagonists are analogous to those affected in the 

patients with schizophrenia.  

As the aforementioned antipsychotics, typically antagonizing dopaminergic and/or 

serotonergic receptors, do not satisfactorily ameliorate all symptoms of schizophrenia, the 

research further targets substances from different groups of drugs. In this thesis, the 

effects of LY 379268, an agonist of the group II metabotropic glutamate receptors, mainly 

on behavioral flexibility, were evaluated. Mechanism of action of LY 379268 in mitigating 

exacerbated glutamatergic release from principal cells has been suggested, by it is not 
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completely understood due to the evidence in action on both presynaptic and postsynaptic 

pyramidal neurons. Also, the ambiguous results from other laboratories emphasize the 

need for further research of this substance to elucidate its potential in treating psychiatric 

disorders 
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The pathophysiology of schizophrenia 

Schizophrenia is a complex disease that is not dependent on the effect of one 

strong gene, rather it is associated with an interaction of multiple genes and the 

environment (Harrison, 2005). As for neurotransmitter/receptor systems, its 

pathophysiology is not based on the disbalance of one neurotransmitter system, on the 

contrary, it seems that gamma-aminobutyric acid (GABA), dopamine (DA), glutamate and 

acetylcholine are all involved (Lisman et al., 2008). 

The dopaminergic theory 

DA was the first neurotransmitter to be associated with schizophrenia. 

Hyperdopaminergic state is believed to be related to acute psychosis in patients with 

schizophrenia, which is alleviated by antagonists of D2-like dopaminergic receptors 

(Seeman, 1987). Psychosis involves hallucinations and delusions and these symptoms fall 

under positive symptoms of schizophrenia. Positive symptoms may be provoked by an 

extensive release of DA caused by an application of amphetamine to healthy subjects 

(Bramness et al., 2012). For understanding this disease, it is also important to identify the 

affected brain structures. Brain regions thought to be involved in the pathophysiology of 

psychosis (Fig. 1) encompass the substantia nigra and ventral tegmental area (VTA), that 

sends dopaminergic projections to the striatal complex. The striatal complex further 

dispatches inhibitory projections to the thalamus, via GABAergic interneurons, which act 

as a filter of sensory information that reaches the cortex. In a hyperdopaminergic state, 

characteristic for psychosis, the dopaminergic receptors on the neurons of the striatal 

complex are activated and the inhibitory actions of the thalamus are inhibited, therefore 

the thalamus stops acting as a filter, gets overexcited and the cortex gets overstimulated. 

The striatal complex is also regulated by excitatory glutamatergic inputs from the cortex 

and its activity is inhibited by the brainstem. Therefore, psychosis may occur depending 

on hyperdopaminergic inhibition of inhibitory projections to the thalamus as well as due 

to reduced output from the glutamatergic projections from the cortex (Carlsson, 2006).  
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Fig. 1: The neural network involved in psychosis (source: Carlsson, 2006). 

Neural network disinhibition in the hippocampus (HPC) also plays a role in the 

disbalance of the dopaminergic system and thus in evoking psychosis (Lisman et al., 2008) 

(Hammad and Wagner, 2006); (Fig. 2). Artificially activating the subiculum, an output 

structure of the HPC, results in the activation of dopaminergic neurons in the VTA 

(Floresco et al., 2001), that has reciprocal connections to the HPC. VTA-HPC connections 

play a role in long-term potentiation (LTP) and long-term memory forming. When HPC 

processes novel stimuli, it activates the VTA and consequently, the VTA releases DA within 

the HPC modulating the process of LTP (Lisman, et al., 2005). Extensive DA release from 

the neurons of VTA alters synaptic transmission in HPC and further contributes to 

disbalance (Hammad and Wagner, 2006) and therefore through hippocampal-cortical 

connections hyperdopaminergic state may further influence cognitive processes resulting 

in cognitive impairment (Seamans and Yang, 2004). Finally, negative symptoms of 

schizophrenia may be caused by low DA levels in the mesocortical pathway (Olijslagers et 

al., 2006). 
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Fig. 2: Simplified circuitry showing the relationships of structures involved in the generation of 

psychosis. Loop in the hippocampal region, which includes GABA-ergic interneurons that 

provide feedback to glutamate pyramidal cells and vice versa, is disbalanced in schizophrenia. 

Hyperexcitation of pyramidal cells further contributes to excessive activation of the ventral 

tegmental area (VTA), which results in excessive DA release, further contributing to 

neurotransmission disbalance and resulting in psychosis. The loop involving fast-spiking 

interneurons and pyramidal cells is ubiquitous in the hippocampus and cerebral cortex and it is 

important for the homeostasis and generation of gamma-frequency oscillations. Abnormalities 

in these oscillations may result in cognitive deficit and negative symptoms. Fast-spiking 

interneurons receive input from the medial septal region (MS) mediated by acetylcholine. The 

connection of the hippocampal-VTA loop is schemed as monosynaptic for simplicity, although it is 

polysynaptic through striatum and ventral pallidum. (Ach – acetylcholine; FS – fast-spiking; MS – 

medial septal region; VTA – ventral tegmental area). (Edited from Lisman et al., 2008). 

The glutamatergic theory 

Schizophrenia is a disease with three characteristic classes of symptoms – positive 

symptoms, negative symptoms, and cognitive impairment. The dopaminergic theory of 

schizophrenia is not explaining all manifestations of schizophrenia sufficiently for several 

reasons. First, the dopaminergic theory accounts mainly for positive symptoms and 

cognitive deficits (Javitt, 2007). Second, an application of DA antagonists results in 

cognitive and psychotic symptoms, typically inducing visual hallucination (Ellison, 1983). 

On the contrary, antagonists of ionotropic glutamatergic receptors, mainly NMDA 

receptors, provoke negative, cognitive and positive symptoms with auditory 

hallucinations (Allen, 1978), which is more consistent with the situation in patients with 

schizophrenia, who often report inner voices. Third, the etiology of dysfunctions of the 
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dopaminergic system is still not clear (Javitt, 2007). Therefore, it seems that glutamatergic 

antagonists may provide a wider and more robust model of schizophrenia (Rung et al., 

2005). The conjunction of glutamatergic and dopaminergic theory may explain some of 

the obscurities of the dopaminergic theory. Antagonists of ionotropic glutamatergic N-

methyl-D-aspartic acid receptors (NMDARs) provoke disturbances comparable to those 

seen in schizophrenia (Javitt, 2007). The inhibition of the activity of NMDARs might also 

contribute to the state of excessive dopaminergic release (Aalto et al., 2005). Based on 

these observations and on the fact that NMDARs regulate DA-releasing circuits, it was 

suggested that dysregulations of the dopaminergic system in the striatal regions and 

prefrontal cortex (PFC) may relate to dysfunctions in the glutamatergic system, 

particularly NMDAR-modulatory feedback mechanisms, lying in excessive release of 

glutamate (Javitt, 2007).  

The dopaminergic hypothesis of SZ was based on, firstly, the hypoactivity of 

mesocortical pathways to the PFC resulting in decreased release of DA in this region and 

therefore hypodopaminergic state responsible for cognitive impairment and negative 

symptoms, and secondly, hyperactive mesolimbic subcortical projections resulting in 

positive symptoms. This was, however, challenged with data unveiling the role of 

glutamate in the pathophysiology of the disease. Moreover, it was shown that NMDAR 

antagonist MK-801 induces hyperactivity even in mice depleted of monamines, including 

dopamine, as shown by Nobel Prize winner and discoverer of dopamine as a 

neurotransmitter (Carlsson and Carlsson, 1989). A new view was proposed, based on the 

finding, that an increase in striatal D2 receptors and inhibition of GABAergic inhibitory 

interneurons in the PFC is typical for the pathophysiology of SZ. Overexpression of striatal 

D2 receptors in transgenic mice follows inhibition of the activity of interneurons, resulting 

in an increase in excitatory postsynaptic currents in pyramidal neurons of cortical layer V. 

This might be due to activation of the thalamus or overactivation of dopaminergic 

pathways projecting to the cortex. Also, the sensitivity of inhibitory transmission of the 

PFC to DA is reduced, the reasons for this are unclear. However, it might be due to D2 

receptor internalization in response to exacerbated DA leakage from dopaminergic 

pathways to the PFC. These data suggest that disinhibition of GABAergic interneurons in 

the PFC is secondary to the receptor alterations in the striatum. Also, the transgenic mice 

showed impairment in the execution of cognitive functions associated with PFC (Bach et 

al., 2008) (Li et al., 2011). 

Dysfunction of NMDARs in psychiatric disorders and their animal models results in 

an overall inability to regulate the impulses of the excitatory pathways resulting in 
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network disbalance and hyperstimulation of corticolimbic neurons. Furthermore, the 

firing of the corticolimbic neurons is not regulated due to the dysfunctions of NMDARs, 

resulting in abnormal activation of other neurons and further dysregulation. These 

changes result in disrupted mental functions (Olney et al., 1999). NMDARs are distributed 

throughout the brain, therefore dysfunction in the glutamatergic transmission is present 

practically throughout the cortex and subcortical areas, in contrast with the dopaminergic 

theory that suggests dopaminergic dysfunction, affecting mesocortical and mesolimbic 

areas, that further results in secondary deficits. As indicated, not all glutamatergic 

receptors are affected in the same manner in the pathophysiology of schizophrenia and 

the most involved are the NMDARs. Although, NMDARs work in association with other 

glutamatergic receptors contributing to normal neurophysiology. Some of them are also 

targets for novel medical treatments (Javitt, 2007), that will be discussed further. 

Glutamate is the main excitatory neurotransmitter in the brain and it also acts as a 

modulator of inhibitory activity mediated by the NMDARs on GABAergic, dopaminergic 

and serotonergic neurons. Glutamate, therefore, acts as an excitatory neurotransmitter on 

one hand, and on the other hand, it stimulates the release of molecules inhibiting major 

excitatory pathways of cortical and limbic regions.  Glutamate activates NMDAR on 

GABAergic interneurons, that inhibit the activity of pyramidal neurons primarily releasing 

excitatory signals. This inhibitory activity maintains neurophysiological balance in the 

normal range and prevents overexcitation (Olney et al., 1999). The role of NMDAR in 

maintaining normal excitatory and inhibitory neurotransmission was also supported by 

an application of NMDAR antagonists in animals (Pawlowski, 1990) and also humans 

(Aalto et al., 2005). In the striatum, activation of NMDAR induces spiking of the inhibitory 

GABAergic interneurons. The striatal dopaminergic D2 receptors have the opposite effect, 

producing interneuron inhibition. Therefore, NMDAR antagonists and DA agonists have 

the same inhibitory effects on GABAergic outflow depending on different mechanisms – 

NMDAR antagonists prevent interneuron activation, and DA agonists increase inhibition 

(Cepeda and Levine, 1998). Furthermore, recurrent inhibition of interneurons caused by 

NMDAR antagonists evokes physiological disruption in several brain regions (Lisman et al. 

2008). Consistent with this, in patients with schizophrenia, there are abnormalities in the 

sensory cortices (Butler et al., 2007) and PFC (Goldman-Rakic, 1995) linked with impaired 

sensory processes and working memory consequently. 

There are several genetic, neurochemical and environmental implications in favor 

of the involvement of NMDARs in the pathophysiology of schizophrenia. Apart from the 

aforementioned behavioral effects of NMDARs antagonists, it was hypothesized that 
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perinatal hypoxia was associated with neurotoxic degeneration of NMDA-bearing cells 

that might result in behavioral changes later in development (Olney et al., 1999).  

Furthermore, serum levels of molecules involved in activation and function of the 

NMDARs, such as D-serine, glycine or alanine, are lower in patients with schizophrenia, 

and they may, therefore, be used as a marker of the disease (Ohnuma and Arai, 2011). 

Dystrobrevin-binding protein (dysbindin) is associated with cognitive processes, including 

memory and attention deficits. Dysbindin gene is necessary for evoking NMDARs-

mediated currents in pyramidal neurons located in the PFC and the HPC. In mice with a 

null mutation in the dysbindin gene, a decrease of expression of the N1 subunit of the 

NMDARs in prefrontal pyramidal neurons correlates with the performance on a spatial 

working memory task (Karlsgodt et al., 2014). It is assumed that both genetic and non-

genetic factors are instilled in the brain in the early stages of ontogenesis and an insult in 

later life may provoke display of schizophrenic symptoms typically in post-adolescence 

and early adulthood. The onset of symptoms may depend on the maturation of brain tissue 

giving support for the pathophysiological changes to be expressed (Olney et al., 1999). 

Pyramidal cells and GABAergic interneurons 

There are several types of pyramidal neurons typical for different brain structures, 

layers, and species. Although some differences, pyramidal cells of different types share 

similarities in structure and functions. The basal and apical dendrites descend from the 

base and apex of the pyramidally shaped soma. The dendrites branch thoroughly and 

make many contacts with other neural cells along their length. Their action is mediated by 

an excitatory neurotransmitter glutamate (Spruston, 2008). Pyramidal glutamatergic cells, 

that constitute about 80 percent of the total neuronal population of the cerebral cortex 

(Marín, 2012), arrange communication between several cortical areas, furthermore 

between cortical areas and other brain regions (Klausberger and Somogyi, 2015). Also, 

other forebrain structures, such as the HPC, are constituted mainly of pyramidal neurons 

and interneurons (Kazanovich and Mysin, 2018). However, pyramidal neurons are mostly 

found in structures associated with the execution of cognitive functions (Spruston, 2008).  

Soma, axons, and dendrites receive synaptic inputs from other cells. Dendrites 

typically receive excitatory synaptic drive and synapses associated with axons and soma 

are typically inhibitory (Spruston, 2008). The activity of pyramidal neurons is modulated 

by interneurons and this process is necessary for the maintenance of the physiological 

neural activity (Marín, 2012) and therefore it is essential for cortical functions (Maffei et 

al., 2006). Interneurons are types of inhibitory neurons that regulate the activity of 

neuronal ensembles in local networks or they play a role in connecting and regulating 

https://www.thesaurus.com/browse/thoroughly
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relatively distant brain structures by the release of GABA (Pelkey et al., 2018). 

Consequently, the perturbations in excitatory-inhibitory balance, that may lay in the loss 

in some type of populations of interneurons (Lodge et al., 2009) or reduction in 

interneuron–pyramidal cell synapses (Woo et al., 1998), may lead to hyperexcitability and 

contribute to the rise of several psychiatric disorders (Marín, 2012). Genetic specification 

of cortical interneurons is set in early development and its disruption may have a relation 

to the emergence of some neuropsychiatric conditions which are related to impaired brain 

development (Lewis and Levitt, 2002) (Walsh et al, 2008). Such an insult may influence 

the number, location, or patterns of interneural connectivity (Marín, 2012). 

GABAergic interneurons may be divided into several subpopulations characterized 

by morphological differences, biochemical properties (Beasley et al., 2002) and presence 

of typical calcium-binding proteins – parvalbumin, calbindin and calretinin (Celio, 1990). 

Post-mortem studies based on the presence of these proteins in the brain tissue may bring 

forth if pathological changes associated with this disease were present in the brain, 

therefore if there was a loss in the number of neurons in a particular subpopulation based 

on the levels of the proteins in the tissue compared to controls (Beasley et al., 2002). 

However, the pathologic changes are not exquisitely linked to the loss in the populations 

of some interneurons, nonetheless, the pathophysiology may lay in some subtle functional 

changes in the neuronal circuits (Marín, 2012), even as subtle as myelination of 

interneurons´ processes (Stedehouder and Kushner, 2017).  

Not all classes of interneurons are affected in the same measure in the 

pathophysiology of schizophrenia (Benes et al., 2013). Basket and chandelier types of 

interneurons contain calcium-binding protein parvalbumin (PV) and their axons 

terminate on the spike-initiating region of pyramidal cells, and they are therefore thought 

to have a crucial role in regulating brain networks (Lisman et al., 2008). These 

interneurons receive high excitatory inputs and have a high basal firing rate (Kawaguchi, 

2018). There are implications that PV interneurons are the most affected of all the types of 

interneuron classes, however, some studies (Bygrave et al., 2016) offer different 

conclusions. 

A decrease of glutamic acid decarboxylase 67 (GAD67), an enzyme that synthesizes 

GABA, that was detected in the PV interneurons of dorsolateral PFC in patients with 

schizophrenia, speaks in favor of the initial statement about the deficits of PV interneurons 

in the pathophysiology of the disease. This decrease may be linked to the loss of inhibitory 

activity and hyperexcitation (Hashimoto et al., 2003). PV interneurons receive signals 

from pyramidal cells and further negatively regulate their activity releasing inhibitory 
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neurotransmitter GABA, which gives rise to gamma oscillations (Fisahn and Pike 1998) 

with frequency range 30-80 Hz (Marín, 2012). The oscillations are reflecting synchronous 

firing activity of groups of pyramidal neurons that are associated with the organization of 

the neural code important for the communication of different parts of the brain, and it is 

hence important for executing cognitive functions (Lisman et al., 2008). The oscillations 

are disrupted in individuals with schizophrenia when performing working-memory tasks 

(Barr et al., 2010) and the degree of disruption correlates with the severity of negative 

symptoms (Lee et al., 2003). Since NMDAR channels contribute to the interneuron 

excitation, antagonists of NMDAR reduce gamma oscillations (Cunningham et al., 2006). 

Furthermore, NMDAR agonists mimic negative and positive symptoms and also cognitive 

deficits in healthy individuals (Krystal et al. 2005) and worsen symptoms of patients 

(Lahti et al., 1995). A knock-out mouse strain with ablation of a subtype of the NMDAR in 

cortical and hippocampal PV interneurons also results in dysregulation of inhibitory and 

excitatory balance in mice, and therefore in schizophrenia-like symptoms like those 

evoked by NMDAR antagonists. A decrease in the activity of PV interneurons resulted in 

GAD67 reduction and this might further contribute to the neurotransmitter disbalance 

(Belforte et al., 2010). The evidence in favor of the involvement of the PV interneurons in 

the HPC may be post-mortem studies in patients with schizophrenia that conclude large 

decreases in PV neuron counts in this structure (Zhang and Reynolds, 2002). Also, rats 

used in a neurodevelopmental model of schizophrenia based on social isolation model 

demonstrated schizophrenia-like behavior accompanied by a decrease in hippocampal 

levels of PV and calbindin (Harte et al., 2007).  

The NMDA receptor 

Glutamate binds to two subtypes of receptors – metabotropic and ionotropic 

receptors. The latter is divided into following subtypes based on their pharmacological 

properties: AMPA (2-amino-3-3-hydroxy-5-methyl-isoxazol-4-yl propanoic acid), kainate, 

NMDA (N-methyl-D-aspartic acid) and GluD (δ) receptors (Vyklicky et al., 2014). 

Ionotropic glutamatergic receptors are integral membrane proteins consisting of four 

subunits that form a cation-permeable channel pore. Four domains of the receptors are – 

the extracellular amino-terminal domain, the extracellular ligand-binding domain, the 

transmembrane domain and an intracellular carboxyl-terminal domain (Traynelis et al., 

2014). NMDARs, named after the most potent exogenous agonist NMDA, are located 

throughout the brain and play a fundamental role in executing important brain functions 

including learning, memory, and maturation of synapses during development (Zito, 2009). 
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The next sections will deal with the NMDARs in detail because of their relevance to 

experiments in this thesis. 

Structure of the NMDA receptor 

The ligand-gated NMDAR (Fig. 3) is a heterotetramer consisting of two obligatory 

GluN1 subunits with either two GluN2 or combination of GluN2 and GluN3 subunits 

(Traynelis et al., 2014). The GluN2 subunit has a glutamate binding site and either glycine 

or D-serine binds to the glycine modulatory site on the GluN1 or GluN3 subunit (Paoletti et 

al., 2013). The two mentioned sites are required to be occupied for the receptor activation 

(Kleckner and Dingledine, 1988). The channel pore also harbors a binding site for a 

magnesium ion present in the inactive state of the receptor at resting membrane 

potentials and its voltage-dependent dissociation induced by depolarization is necessary 

for the receptor activation (Vargas-Caballero and Robinson, 2004). In the channel pore, 

there is also a binding site for channel blockers such as MK-801 (Wong et al., 1986), PCP 

and ketamine (Lodge and Mercier, 2015). The NMDAR is also sensitive to the conditions of 

the microenvironment since it has several other modulatory sites (Paoletti et al., 2013), 

for example for polyamines, zinc ions, protons, neurosteroids, and redox agents such as 

glutathione (Javitt, 2007). Seven different receptor subtypes have been discovered (GluN1, 

GluN2A-D, GluN3A-B), therefore there are several subtype combinations typical for 

specific stages of ontogenesis, brain areas or disease states. Also, different constitutions of 

isomers give rise to diverse pharmacological properties, for example, single-channel 

conductance and calcium permeability (Traynelis et al., 2014).  

 

Fig. 3: Structure of the NMDA receptor – left: schematic drawing of binding sites, right: secondary 

and tertiary structures and location in the membrane (source: Benarroch, 2011, Hansen et al., 

2018). 
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Activation of NMDA receptors 

Glutamate released from the vesicles of the presynaptic neuron diffuses to the area 

of postsynaptic neuron called postsynaptic density that is located on the surface of 

a dendritic protrusion called a spine. This area harbors AMPA and NMDARs that are 

activated by glutamate. First, after the binding of glutamate, the AMPA receptors open and 

permit a flow of depolarizing current (Di Maio and Ventriglia, 2016). The activity of the 

NMDARs depends on the partial depolarization caused by AMPA receptors resulting in the 

release of the magnesium ion from the channel pore (Nowak, 1984) and binding of two 

molecules – glutamate and co-agonists either glycine or D-serine (Paoletti et al., 2013). 

The opening of the NMDAR ionotropic channel allows the influx of calcium (Szczurowska 

and Mareš, 2013) and sodium ions and efflux of potassium ions (Sibarov and Antonov, 

2018). The influx of calcium modulates molecular mechanisms in the cell by interacting 

with several cellular kinases, for example, protein kinase A, protein kinase C or 

extracellular signal-regulated kinase 1/2 (ERK1/2) (Szczurowska and Mareš, 2013). The 

activation of NMDARs, therefore, plays a role in cell survival and excitotoxicity (Sweatt, 

2004), LTP, and long-term depression (LTD). LTP and LTD play a role in converting 

specific patterns of neural activity into functional and morphological synaptic changes 

underlying higher cognitive functions (Meldolesi, 1995), including attention and feedback 

regulation (Javitt, 2007). Although calcium influx has an important role in 

neurophysiological processes, excessive activation of NMDARs and therefore redundant 

calcium influx may result in cell death and neurodegeneration seen in Alzheimer’s, 

Parkinson’s or Huntington’s disease (Zito, 2009).  

Mechanism of action: focus on the hippocampus and neocortex  

NMDARs play an important role in brain plasticity alternating synaptogenesis and 

synaptic pruning through regulation of excitatory synaptic transmission in response to 

external stimuli. Therefore, NMDARs are crucial in maintaining LTP and LTD (Fig. 4), the 

main processes involved in learning and forming memory. The strengthening (LTP) and 

weakening (LTD) of the synapses that neighbor and show similar activity patterns works 

on a principle that states that neurons which fire together, wire together (Zito, 2009).  

Voltage- and ligand-dependent activation of NMDARs is the first step of LTP and 

LTD induction. The opening of the NMDAR calcium-permeable channel pore results in 

postsynaptic cell calcium increase. Whether LTP or LDP will take place, depends on the 

frequency of the stimuli. High-frequency stimuli allow a great increase in intracellular 

calcium concentrations resulting in calcium/calmodulin-dependent protein kinase (CaMK) 

enzyme activation, which further activates calcium/calmodulin-dependent protein kinase 
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II (CAMKII) that phosphorylates AMPA receptors, facilitating their delivery to the 

postsynaptic membrane (Hayashi et al., 2000). This causes long-lasting enhancement of 

synaptic transmission in the area where LTP was completed (Manabe, 2017). CaMK also 

activates nitrous-oxide synthase enzyme that induces production of nitrous oxide that 

may stimulate the production of guanylate cyclase which either further contributes to LTP 

or diffuses to the presynaptic neuron where it stimulates glutamate release (Haley et al., 

1992).  

Induction of LTD is conditioned by low-frequency activation, resulting in low 

calcium increase in the post-synaptic cell, that activates calcineurin, an enzyme that has a 

higher affinity to calcium compared to CaMK. Calcineurin activates Protein-Phosphatase-1 

(PP1) that suppresses the phosphorylation of AMPA receptors and therefore inhibits their 

incorporation into the membrane of the cell. To prevent PP1 activation during high 

calcium concentrations, during this state, CaMK activates protein kinase A which 

suppresses the activity of PP1(Winder and Sweatt, 2001). 

During LTP, post-synaptic NMDARs in the hippocampal CA1 region are activated 

by impulses from afferent fibers (Schaffer collaterals) originating from pyramidal cells of 

hippocampal region CA3 (Manabe, 2017). HPC constitutes the basis of memory forming. It 

is associated with working memory storage, formation and recall of long-term memory, 

integration of stimuli of different modalities, or space and time orientation (spatial and 

episodic memory), (Kazanovich and Mysin, 2018). Although external stimuli are primarily 

processed in the HPC based on synaptic changes, remote memories may be stored in forms 

of engrams in the neocortex. This rises from hippocampal activation of neocortical 

structures and further neocortical recreation of the experiences, which are being encoded 

in long-term memory (Teyler and Discenna, 1986).  
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Fig. 4: Intracellular mechanisms involved in the processes of memory formation (source: Winder 

and Sweatt, 2001). 

Interactions between the HPC and PFC play an important role not only in memory 

formation, retention, and retrieval, but also in maintaining other cognitive functions, such 

as working memory or motivational and emotional behaviors (Sigurdsson and Duvarci 

2016). Hippocampus is subdivided into several subfields – the dentate gyrus, subiculum 

and four Cornu Ammonis areas (CA1-4), (Lisman and Redish, 2018). There seems to be 

a dorsoventral gradient in the HPC; the dorsal hippocampus is mainly responsible for the 

spatial organization and memory, and the ventral HPC for emotional processing, anxiety, 

locomotor regulation and motivation (Bannerman et al., 2004). A great source of 

hippocampal inputs comes from the entorhinal cortex, which also connects this structure 

to the neocortex (Moser et al., 2010).  The PFC is most prominent among animals in 

primates, especially humans (Fuster, 2015), and plays a great role in higher cognitive 

functions and emotional processes. According to functions, medial PFC (mPFC) is involved 

in cognition such as working memory, attention and executive control (Kesner and 

Churchwell, 2011) and ventral PFC is mainly responsible for emotional and motivational 

functions (Hiser and Koenigs, 2019).  

The HPC and the mPFC are connected by monosynaptic projections from ventral 

HPC projecting to mPFC (Phillips et al., 2019) and oppositely, from PFC to dorsal HPC 

(Rajasethupathy et al. 2016).  Also, beyond these direct connections, HPC and PFC may 
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communicate through their projections to the nucleus reuniens of the thalamus, which is 

not only linked with both dorsal HPC and ventral HPC but also with mPFC (Vertes, 2006). 

Communication of these structures was measured based on the correlation of their 

neuronal activities in time which concluded that hippocampal and prefrontal neurons 

often spike within a short time (∼100 ms) and prefrontal neuron spikes may lead or lag 

behind the hippocampal spikes (Siapas et al., 2005).  

Spatial working memory test (SWMT) is a task that measures the ability to 

remember spatial locations in the short-term course, and this ability is also dependent on 

the intact HPC-PFC crosstalk. In an SWMT, rodents decide in the “choice phase” which arm 

of the maze to enter based on their short-term experience and this tests their short-term 

spatial learning capacity (Dudchenko, 2004). HPC-PFC synchrony was measured in the 

choice phase recorded from the two studied structures at the same time. The increase in 

synchrony was absent when the animals made the wrong choice (Jones and Wilson, 2005). 

In another experiment, the HPC-PFC synchrony increased parallelly with the improvement 

in the task, suggesting that plasticity in this circuit may have an impact on behavioral 

performance (Sigurdsson et al., 2010). Moreover, lesions to the PFC in one hemisphere 

and HPC in the other hemisphere resulted in impairment in the SWMT task because the 

connections between the two hemispheres are ipsilateral, therefore when the left HPC is 

lesioned, the right part of the PFC is disabled to signal to its attributable hippocampal part. 

The communication pathway between these structures is therefore inactivated leading to 

impairments in the functions associated with this pathway. Lesions to the PFC and HPC in 

one hemisphere typically do not cause behavioral effects because the remaining structures 

are allowed to communicate (Wang and Cai, 2018). 

Involvement in disruption of cognition 

HPC is a structure that has been implicated in the pathophysiology of 

schizophrenia. Increased hippocampal metabolic activity may precede the atrophy of the 

structure and predict the transition to the disease (Schobel et al., 2013). Furthermore, in 

schizophrenics, because of the decreased inhibitory activity of GABAergic neurons, the 

hippocampal activity is still elevated under resting conditions (Heckers, 2001). The 

hippocampal overactivity may further disrupt the metabolism of efferent structures (Bast, 

2011). Also, the structure and connection pattern of both excitatory and inhibitory 

neurons in the PFC is altered in schizophrenia (Volk and Lewis, 2010). Abnormalities in PV 

interneurons, which generate gamma oscillations, occur, and this results in cognitive 

impairment (Barr et al., 2010). Additionally, functional connectivity is decreased between 

the PFC and temporal lobe and its structures, therefore also with the HPC. However, the 
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brain disconnectivity, hence the state when the communication between spatially distinct 

brain areas is hypo- or hyperactive, is not impaired only in specific regions, although it 

concerns structures throughout the whole brain (Liang, 2006). 

As mentioned above, a great part of the HPC and PFC is constituted of excitatory 

pyramidal neurons and inhibitory interneurons that spike after the activation of the 

NMDARs. GABA-ergic inhibition is pivotal in shaping neuronal activity in the HPC and 

neocortex, underlying normal cognitive functions (Mann and Paulsen, 2007). The activity 

of the disinhibition is dependent on time and brain area location, and contextual decrease 

in inhibition in specific synapses may result in adequate processing of stimuli, resulting in 

enhanced cognitive functions (Letzkus et al., 2015). Although, abnormal disinhibition of 

inhibitory interneurons, which is not connected to specific synapses may cause 

dysregulation in neurotransmission locally and it may also impact structures that connect 

with the impaired area, which emerges into further disbalance (Bast et al., 2017). Tonic 

disinhibition, which takes place in psychiatric disorders or their attributable animal 

models, interferes with phasic inhibition which arises when inhibitory interneurons are 

activated, and also with tonic inhibition mediated by steady concentrations of 

extracellular GABA (Farrant and Nusser, 2005).  

In conclusion, the disrupted activity of pyramidal neurons, caused by inhibition of 

the activity of NMDARs on inhibitory interneurons, both in the HPC and in the PFC causes 

firstly, dysregulation of local networks, therefore impairments in functions that are 

associated with the disabled structures, and secondly, the dysregulated areas cause 

further disbalance in the afferent structures. As in the previously mentioned example, 

dysregulated hippocampal networks extensively activate VTA, provoking an abnormal 

increase in DA release that activates the striatum. The striatum increases its inhibitory 

action on the thalamus, which overexcites the cortex. Due to overexcitation, the cortex 

further activates the striatum, resulting in a vicious circle. This mechanism may account for 

the integration of pathophysiology of positive and cognitive symptoms. Additionally, the 

HPC-PFC interaction is also disrupted, as many other brain structure interactions, further 

contributing to cognitive impairments.  

NMDA receptor antagonists and behavior 

Since the discovery that dissociative anesthetic PCP, an antagonist of NMDAR, 

provokes schizophrenia-like symptoms in healthy individuals (Luby et al., 1921), NMDAR 

antagonists became a subject of interest of further research. PCP, ketamine, and MK-801 

are non-competitive antagonists of NMDARs that bind into the binding site in the channel 

pore of the receptor (Wong et al., 1986). The binding is possible only if the receptor is 
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activated, therefore when the channel pore is opened due to partial depolarization by 

AMPA receptors, binding of an agonist, binding of a co-agonist glycine or serine, and 

voltage-dependent magnesium release from the pore. Dissociation of the agonist closes 

the channel pore with the possibility that the antagonist is still binding. In this situation, 

ligand-mediated activation of the receptor is necessary for the recovery to occur 

(Huettner, 1988). The subunit composition of NMDAR, which is crucial in ligand binding 

affinity, varies throughout brain regions. Therefore, the affinity of NMDAR antagonists 

differs depending on the subtype constitution in a specific brain area (Bresink et al., 1995). 

Antagonists of the NMDAR model in rodents all three main aspects of schizophrenia – 

psychosis, negative symptoms, and cognitive deterioration.  

MK-801 [(+)-MK-801; dizocilpine] is the most potent (Lodge et al., 1994) 

substance to investigate the impairment caused by a blockade of the NMDAR (Wegener et 

al., 2011) among the above-mentioned antagonists, with slow kinetics of dissociation 

(Monaghan and Jane, 2009) and high binding affinity (Bresink et al., 1995). The substance 

has anticonvulsant (Wong et al. 1986), anxiolytic (Xie, 1992), and neuroprotective effects 

during brain ischemia (Simon et al., 1984). However, due to its neurotoxic effect at 

relatively small doses resulting in Olney´s lesions (Olney et al., 1988), effects on cognitive 

abilities (Harder et al., 1998), disruption of circadian rhythms (Colwell et al., 1990), and 

inducing psychosis-like symptoms such as stereotypy and ataxia (Manahan-Vaughan et al., 

2008),  its usage in medicine was stopped long time ago. It is, however, widely used in 

neuroscientific research. MK-801 models not only behavioral aspects of the disease but 

also neurochemical alterations in rodent models that resemble those in first-episode 

schizophrenic patients (Eyjolfsson et al., 2006). Furthermore, prolonged exposure to MK-

801 results in morphological changes seen in human schizophrenia (Braun et al., 2007). 

PCP and ketamine are also effective in inducing schizophrenia-like symptoms. These 

substances augment glutamatergic transmission via NMDAR blockade that results in 

hyperlocomotion in animals, that could be an indicator of psychosis in humans, 

stereotypic movements possibly modelling stereotypic thoughts and cognitive impairment 

(Moghaddam, 1998) (Razoux et al., 2007).  

Animal models do not possess the whole symptomatology of schizophrenia 

because of the obvious difficulty of modeling some symptoms, such as hallucinations or 

delusions, and the ambiguity of interpreting neurochemical changes in the rodent brain 

and behavior in comparison with pathological changes in humans. However, a good animal 

model of a disease should fulfill some criteria – face, construct, and predictive axes of 

validity. Face validity reflects that the observable symptoms of a disease should be 
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manifested in the animal model. Construct validity represents the idea that the cause or 

suspected mechanisms of the disease in humans can be reflected in the animal model.  

Last, predictive validity, in the most general sense, is the ability to tell or predict 

hypotheses on the disease from the animal model. In the case of pharmacological models, 

the disease-like symptoms are evoked by the application of a substance and not by, e.g. 

interactions of genes and environmental stimuli. Therefore, the construct validity of 

modeling schizophrenia-like symptoms by antagonists of NMDARs is not fulfilled. 

Nonetheless, NMDAR antagonist induced behavior and neurochemical changes resemble 

the symptoms seen in human schizophrenia (Jentsch et al., 1998) and are also functional 

in the research of a novel potential treatment (Patil et al., 2007) (Bubenikova-Valesova et 

al. 2008) (Vales et al., 2010). Although, due to a still obscure picture of the 

pathophysiology of the disease and vagueness in mechanisms of action of the substances 

that might be used in treatment, further research in the field of novel drug development is 

necessary. 

Cognitive impairment 

Since current antipsychotics fail in treating cognitive symptoms of schizophrenia 

(Blot et al., 2013), it is crucial to draw attention to - first, further research in the 

pathophysiology that lies behind the cognitive impairments, and second,  investigation of 

novel substances that are potent in alleviating such symptoms. Such a decline in cognitive 

functions may be provoked by the application of non-competitive NMDAR antagonists. 

MK-801 appears to be a promising way to induce experimental psychosis accompanied by 

disruption of cognition. 

Impaired cognition in patients with schizophrenia is linked to dysfunction in the 

medial PFC (mPFC) (Weinberger et al., 1994), detected when performing tasks testing 

working memory (Driesen et al., 2008).  Actions of antagonists of NMDARs on GABAergic 

interneurons lead to lowering the activity of interneurons in the mPFC (Homayoun and 

Moghaddam, 2007), or/and HPC (Jodo et al., 2005). Inhibition of fast-spiking interneurons 

is more plausible as the inhibition of pyramidal neurons because of the greater frequency 

of activity of NMDARs on these cells compared to slow-spiking pyramidal neurons both in 

mPFC and HPC (Blot et al., 2013). Inhibition of interneurons of PFC resulted in an 

increased firing rate of pyramidal cells, causing cortical excitation. Based on the fast firing 

rate of the inhibited interneurons (Kawaguchi, 2018), the majority of affected 

interneurons may be PV-containing. The disinhibition of the cortical network generates 

impairment of executive functions associated with the disabled area (Homayoun and 

Moghaddam, 2007).   
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Application of NMDAR antagonist PCP induces cognitive impairment and 

hyperlocomotion possibly due to a mechanism of dysregulation in the PFC. Disbalance in 

the PFC further activates glutamatergic release in the VTA via the mesocorticolimbic 

pathway, resulting in DA release and further DA utilization in the PFC and nucleus 

accumbens (NA) (Jentsch et al., 1998). Hyperlocomotion is provoked by increased DA 

activation of NA (Mccullough and Salamone, 1992) by the PFC and it may account for 

positive symptoms of schizophrenia due to activation of the dopaminergic 

mesocorticolimbic pathway. Also, direct injection of PCP to PFC increased DA utilization in 

NA and led to hyperlocomotion  (Jentsch et al., 1998). Local administration of CNQX, which 

blocks AMPA and kainate receptors, into the VTA results in inhibition of MK-801 provoked 

DA release in the NA leading to inhibition of hyperlocomotion (Svensson et al., 1998). 

Spontaneous activity of VTA is regulated by its excitatory amino acid inputs and 

some subdivisions of VTA are regulated by NMDAR subtypes, that preferentially control 

outputs to the PFC. Experiments with MK-801 also reported activation of the VTA and 

further hyperlocomotion. After the administration of MK-801, the firing rate of 

dopaminergic neurons of the paranigral nucleus, a subdivision of VTA, connecting with 

NA, became high-frequent. Although, the firing rate of the parabrachial pigmented nucleus, 

another subdivision of VTA ascending to PFC and preferentially controlled by NMDARs, 

displayed a reduced firing rate (Kalivas et al., 1989). Systemic administration of MK-801, 

therefore, causes an increase in extracellular levels of glutamate in the VTA, resulting in 

dysregulation of the dopaminergic mesocorticolimbic pathway (Svensson et al., 1998).  

The assumption that antagonists of NMDARs cause cognitive impairment affecting 

the PFC was supported by the fact that lesion of the PFC alleviates hyperlocomotion 

induced by PCP, but hyperlocomotion induced by amphetamines or novelty was not 

mitigated (Jentsch et al., 1998). This suggests that the PFC is the primary site of the action 

of PCP that further elicits discharge in the mesolimbic pathway. Contrary to Jentsch et. al 

(Jentsch et al., 1998), a local injection of PCP (Suzuki et al., 2002) or ketamine (Lorrain et 

al., 2003) to mPFC did not increase the firing rate of local mPFC neurons. Also, 

intraperitoneal administration of PCP did increase the firing rate of mPFC neurons and 

evoked behavioral changes. Based on findings of these authors, the mechanism of 

antagonistic action mediated by NMDARs on the activity of mPFC, which further alternates 

transmission in other brain areas, seems to be mediated by inputs from different brain 

structures (Suzuki et al., 2002). A candidate structure seems to be the HPC, which’s 

connections with the mPFC are important in maintaining normal cognitive functions. Local 

injection of PCP into the ventral HPC, which has dense glutamatergic projections to mPFC 
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(Jay et al., 1992), followed an increase in the spontaneous firing rate of mPFC, further 

manifesting in hyperlocomotion. Local application of MK-801, a more selective NMDAR 

antagonist,  into the ventral HPC increased, under anesthesia, the activity of most neurons 

projecting to mPFC (Jodo et al., 2005). Additionally, the structure with the densest binding 

sites for MK-801 is the hippocampus, followed by the cortex and striatum (Wong et al., 

1986). This suggests that NMDAR antagonists may primarily act on hippocampal 

inhibitory interneurons causing further dysregulation in different brain regions (Fig. 5).   

 

Fig. 5: Suggested mechanism of action of NMDAR antagonist ketamine, that binds to NMDAR on 

distant structures causing increased release of GLU in the mPFC. Activation of NMDAR may further 

activate a feedback loop outside the mPFC. Ketamine may also cause inhibition of inhibitory 

neurons to increase DA release in the areas distant to PFC. On the other hand, an NMDAR agonist 

NMDA, through activation of inhibitory neurons decreases DA release (boxed area). The image also 

shows metabotropic glutamatergic receptors that have potential in relieving hyperglutamatergic 

state and are located on afferent neurons to mPFC or the efferent loop (source: Lorrain et al., 2003). 

Disturbances in LTP lead to impairments in information processing, including 

learning and memory, and may result in an outbreak of abnormal association generation 

in schizophrenia. Acute systemic injection of MK-801 at high doses resulted in increased 

locomotion, stereotypy and ataxia, which disappear within 24 hours. Furthermore, MK-

801 caused deterioration of molecular mechanisms of LTP, impaired long-term spatial 

memory forming, but not working memory, even after 4 weeks. MK-801, therefore, models 

acute psychosis with long-lasting impairment in synaptic plasticity associated with 



30 

 

learning (Manahan-Vaughan et al., 2008). MK-801 further causes cognitive impairment in 

a set-shifting task. Animals tested on a rotating arena had to associate the room 

framework with a sector of an arena where shocks were given when stepped on. When the 

reference room cues were changed in reversal, therefore the above-mentioned triangle 

was replaced to another sector, the set-shifting abilities of rats applied MK-801 were 

impaired (Svoboda et al., 2015). The effects on behavioral flexibility were also confirmed 

in the Morris water maze (Lobellova et al., 2013).  

Positive and negative symptoms 

The effects of administration of MK-801 are dose-dependent and result in 

behaviors that may be correlated to positive symptoms seen in schizophrenia. The MK-

801 evoked symptoms include hyperlocomotion, stereotypical movements such as head 

weaving and ataxia. The symptomatology provoked by NMDAR antagonists resembles the 

effects after the administration of DA agonists (Wu et al. 2005), (Maj et al., 1991), (O’Neill 

and Shaw, 1999). Both groups activate NA, resulting in hyperlocomotion and provoking 

ataxia. On the one hand, the mechanisms that underlie such behaviors seem to differ 

because of the possibility to provoke increased locomotion by NMDAR antagonists in 

monoamine depleted rats (Carlsson and Carlsson, 1989). On the other hand, since MK-

801-induced hyperlocomotion is attenuated by D1 and D2 antagonist haloperidol (Corbett 

et al., 1995), this implicates that activation of dopaminergic neurotransmission may be 

suppressed by application of dopaminergic D1 and D2 receptor antagonists which 

ameliorate psychosis-like symptoms. Hyperlocomotion is most visible when the dose is 

low and decreases when the dose increases, and then ataxia occurs (Wu et al., 2005). 

Horizontal locomotion reflects the activity of the mesolimbic dopaminergic system (Masuo 

et al., 1995), but the administration of MK-801 also enhances DA concentrations in the PFC 

in the mesocortical system. Although, experiments on tissue cultures concluded, that low 

concentrations of MK-801 antagonizes the NMDARs but only high concentrations increase 

the release of DA (Mount et al., 1990). Therefore, the effects of MK-801 on enhanced 

dopaminergic transmission might be due to binding to NMDAR independent phencyclidine 

binding sites. A further connection between these two neurotransmitter systems may lay 

in the effects of MK-801 on the striatum. MK-801 increased the density of D1 receptors in 

the rat striatum 24 hours after administration, however it had no effect on striatal 

dopaminergic extracellular concentrations (Wedzony et al., 1993).  

The state of decreased blood flow and therefore reduced metabolic activity in the 

PFC, also referred to as hypofrontality, is associated with schizophrenia and it seems to be 

correlated to executive function deficits (Paulman et al., 1990). PCP induces the state of 
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hypofrontality in intoxicated objects and it is also associated with reduced neural 

dopaminergic metabolism and negative symptoms, such as avolition, impairment in 

attention and emotional flatness (Svensson et al, 1998).  Moreover, MK-801 induces social 

withdrawal and hyperlocomotion in rats, modeling both negative and positive symptoms 

of the disease (Rung et al., 2005).  

Metabotropic glutamate receptors  

Current antipsychotics are effective in alleviating positive symptoms, for example, 

delusions and hallucinations, however, they are not effective in treating negative 

symptoms, such as social withdrawal and flatness of emotions, and cognitive impairment 

manifesting, for instance, in deficits of memory and cognitive flexibility. Furthermore, the 

usage of current antipsychotics comes with abundant secondary adverse effects.  

Extrapyramidal symptoms, impairments in the movement that involve spasms, motor 

restlessness or rigidity, occur in patients treated by the first generation of antipsychotics. 

Metabolic syndrome, involving type II diabetes, hyperlipidemia, and weight gain, may 

result from using the second generation of antipsychotics. As the side effects might 

support discontinuing the usage of the drug (Maksymetz et al., 2017), (Lieberman et al., 

2005), there is, therefore, a need for further research in new ways of treatment.  

The discovery of metabotropic glutamate receptors (mGluRs) shed light on novel 

mechanisms of function of glutamate, other than mediated by ionotropic channels. In the 

past, it was thought that other molecules, such as serotonin, DA or norepinephrine, 

modulate neuronal activity in glutamatergic circuits by activating G-protein-coupled 

receptors. The discovery of mGluRs altered this view and glutamate was thought of as not 

only an excitatory neurotransmitter, but also a modulator of neuronal activity (Conn and 

Pin, 1997). The mGluRs are divided into three groups – I, II and III. This thesis is focused 

on group II glutamatergic 2 and 3 (mGlu2/3) receptors. mGlu2/3 receptors are an object of 

interest in research of schizophrenia. First, it is because of the occurrence of these 

receptors in structures associated with neuropsychiatric disorders, such as the neocortex, 

thalamus, striatum, amygdala, HPC, NA and caudate nucleus (Ohishi et al., 1998) (Marek, 

2010); (Fig. 6). Second, abnormal alterations in gene transcription coding mGlu2/3 

receptors seem to be associated with schizophrenia (Kordi-Tamandani et al., 2013). 

Finally, mGlu2/3 receptors have been shown to alleviate symptoms of psychosis-like 

behavior in laboratory rodents (Wierońska et al., 2013).  
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Fig. 6: A sagittal section of the rat brain showing autoradiography imaging of binding of an mGlu2/3 

receptor agonist [3H]LY354740. Red color represents the areas with the greatest occurrence of 

binding sites, therefore the highest density of mGlu2/3 receptors, and blue represents the lowest 

binding activity. The greatest density of mGlu2/3 receptors was represented in the areas mostly 

implicated in schizophrenia – the prefrontal cortex, striatum, and hippocampus. Also, the high 

density of mGlu2/3 receptors was found in the thalamus, another structure involved in the 

pathophysiology of the disease (source: Marek, 2010). 

mGlu2/3 receptors are membrane-bound G-protein-coupled receptors (Niswender 

and Conn, 2010) expressed on the axonal extrasynaptic terminals of the presynaptic 

neurons, where they can be activated by glutamate from the astrocytes or excessive 

glutamate release from the presynaptic neurons (R. S. Petralia et al., 1996). They also 

harbor on postsynaptic neurons, where they mediate intracellular signaling resulting in 

structural and functional changes (Tyszkiewicz et al., 2003). mGlu2/3 receptors are also 

located on modulatory neurons that may be GABAergic, cholinergic, dopaminergic, 

serotonergic or noradrenergic. The main function of mGlu2/3 receptors in these cells is to 

negatively regulate neurotransmitter release from glutamatergic and GABAergic 

presynaptic neurons and modulatory neurons (Maksymetz et al., 2017). After binding of 

glutamate or other agonists to the extracellular part of the receptor, the signal is further 

transduced traditionally through the Gαi/o pathway resulting in inhibition of adenylyl 

cyclase (AC) and other signaling pathways (Niswender and Conn, 2010). mGlu3 receptors 

are also located on astrocytes (Ohishi et al., 1993), where they contribute to astrocyte-

neuron communication and have a neuroprotective functions (Durand et al., 2013). 

According to the location of mGlu2/3 receptors, their activation occurs when a glutamate 

spillover reaches areas outside of the synaptic cleft, e. g. due to the hyperglutamatergic 

state or blockade of glutamate uptake (Scanziani et al, 1997); (Fig. 7). Therefore, mGluRs 
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play a role in the regulation of neurotransmission and maintaining it within the normal 

physiological range (Imre 2007).  

 

Fig. 7: Location of mGluRs on cells participating in neurotransmission. mGlu2 (purple) harbor 

mainly on axonal preterminal regions of presynaptic neurons, postsynaptic neurons, and 

modulatory neurons. mGlu3 (dark blue) are primarily located on the presynaptic neurons on 

preterminal axonal regions, modulatory neurons, astrocytes and postsynaptic neurons. Other types 

of mGluRs are also depicted in the image– mGlu1 (light blue), mGlu5 (yellow), mGlu4 (red), 

mGlu8 (orange) and mGlu7 (green). mGlu6 is not shown since it is restricted to the retina 

(Maksymetz et al., 2017). Edition – the original image did not contain the postsynaptic mGlu2 

receptor, which was added based on Petralia et al.’s paper (Petralia et al., 1996).  

The density of mGlu2 and mGlu3 furthermore differs through brain regions. mGlu2 

receptors are most concentrated in structures such as the mPFC, hippocampal regions CA1 

and dentate gyrus. Regions enriched in mGlu3  include dorsolateral entorhinal cortex, the 

hippocampal CA1 field, the piriform cortex, the substantia nigra or the thalamus (Wright 

et al., 2013). 
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Agonists of metabotropic glutamatergic receptors  

Because of the wide distribution of mGlu2/3 receptors through the central nervous 

system, and therefore their contribution in various neuronal processes, mGlu2/3 receptors 

were targeted in the research of treatments of various conditions such as schizophrenia, 

anxiety, depression, epilepsy, and addictive disorders (Brady and Conn, 2008). Since the 

application of NMDAR antagonists in animal models of psychosis results in increased 

glutamate release in the PFC, further research of glutamate release mitigating agonists of 

mGlu2/3 receptors may give rise to novel medicaments for psychiatric diseases. 

Mechanism of action 

PCP and amphetamine evoked psychosis-like state is manifested by 

hyperlocomotion and decreased time spent in rest. As this behavior was mitigated by 

agonist LY 404039 in mGlu3 deficient, but not mGlu2 receptor-deficient mice, it seems that 

the antipsychotic actions of mGlu2/3 receptor agonists are mediated by activation of mGlu2 

receptors (Ly et al., 2008). On the other hand, mGlu3 mediates neuroprotective actions due 

to its localization on glia (Durand et al., 2013).  

mGlu2/3 receptor agonists may activate several signaling pathways resulting in 

different changes in cell physiology. An agonist binding to the mGlu2/3 receptor coupled 

with Gαi/o protein on the presynaptic neuron inhibits the activity of AC enzyme and this 

further decreases the conversion of cyclic adenosine monophosphate (cAMP) from 

adenosine triphosphate. The decrease in cAMP concentrations inhibits the activity of 

serine/threonine-specific protein kinase A, which results in inhibition of presynaptic 

glutamate release (Li et al., 2015), (Anwyl, 1999) (Schoepp et al., 1999).  

Concerning signaling pathways involved in actions of mGlu2/3 receptor agonists in 

the postsynaptic neurons, a mGlu2/3 receptor agonist APDC increases the activity of 

protein kinase C following NMDAR phosphorylation (Tyszkiewicz et al., 2003). APDC also 

increases the activity of Rab4 protein that interacts with syntaxin which is necessary for 

SNARE complex formation, leading to increased NMDAR exocytosis (Cheng et al., 2013). Xi 

et al. proposed a mechanism involving the activation of postsynaptic receptors, leading to 

activation of the Akt/glycogen synthase kinase 3β (GSK3β) pathway. The composition of 

NMDAR differs between excitatory pyramidal and inhibitory interneurons. Actions of MK-

801 in the PFC result in a disruption in the expression of NR2A and NR2B subunits in the 

PFC. Changes in NMDAR subtypes composition may affect the excitatory-inhibitory 

balance between pyramidal neurons and interneurons. Low doses of MK-801 provoked an 

increase in NR2A and NR2B subunit expression associated with cognitive impairment, and 
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high doses of MK-801 resulted in a decrease of NR2A and NR2B expression manifesting in 

positive symptoms. As receptor phosphorylation plays a crucial role in receptor trafficking 

and function, impairment in this function also alters NMDAR hypofunction. Following the 

application of mGlu2/3 receptor agonist LY 379268, LY 379268 activates the Akt/GSK-3β 

pathway and normalizes NMDAR subtype expression and phosphorylation, manifested by 

an increase in NMDAR evoked currents. The role of postsynaptic neurons in alteration of 

disruptive mechanism evoked by MK-801 is supported by several facts. First, 

enhancement in NMDAR evoked currents by LY 379268 is presynaptic neuron-

independent. Second, the increase in protein expression and phosphorylation is probably 

associated with the postsynaptic actions of LY 379268. Third, changes evoked by LY 

379268 were attenuated by GSK-3β inhibitors (Xi et al., 2011). Increased activity of GSK3β 

and ERK1/2 induced by LY 379268 further leads to surface expression and function of 

AMPA receptors (Wang et al., 2013). Activation of postsynaptic mGlu2/3 receptors may also 

lead to a decrease in the activity of the AC-cAMP-PKA pathway and thereby to indirect 

activation of Src kinase. Src signaling results in enhancement of NMDAR function by 

potentiating NMDAR currents (Trepanier et al., 2013). To summarize, it seems that 

activation of presynaptic receptors results in immediate direct action, and activation of 

postsynaptic receptors follows slower effects resulting in cellular changes (Li et al., 2015).  

It seems that the presynaptic and postsynaptic actions of mGlu2/3 receptor agonists 

are in contrast. On the one hand, due to the presynaptic inhibition of glutamate release 

and on the other hand, mGlu2/3 receptor agonists support the strength of glutamatergic 

transmission by postsynaptic reinforcement of ionotropic receptor functions and density. 

Nowadays, it is unclear how to reconcile the two contrasting ways of the function of the 

mGlu2/3 receptor agonists that may play a role in inhibiting the hyperdopaminergic state in 

schizophrenia (Li et al., 2015).   

Maladaptive epigenetic mechanisms also play a role in the pathophysiology of 

schizophrenia. LY 379268 affects mechanisms of demethylation by an increase in the 

synthesis of Gadd45-β, in the PFC and HPC, that binds to promoters of reelin, BDNF, and 

GAD67, that were methylated by application of methionine. This Gadd45-β-promoter 

bound results in a decrease in methylation of these regions. LY 379268 also led to an 

improvement in diminished social interaction in this animal model. Therefore, the 

modulation of epigenetic mechanisms may be another way of mGlu2/3 receptor agonists 

mediated antipsychotic actions (Matrisciano et al., 2011). 

Because of the complexity of the brain, disbalance in one neurotransmitter system 

does not remain in a single circuit, on the contrary, it alternates other brain regions, 
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circuits, and synapses by efferent pathways. Therefore, alterations in glutamate release 

may also affect dopaminergic and serotonergic systems, both implicated in the 

pathophysiology of schizophrenia. In pharmacological models, it seems that mGlu2/3 

receptor agonists LY 379268 and LY 354740 do not interact with dopaminergic D2 

receptors (Fell et al., 2009), however, in some studies, it exacerbated drug-induced 

dopaminergic transmission (Maeda et al., 2003). mGlu2 receptor interacts with 

serotonergic 5-HT2A (2A) receptor that is activated by substances such as lysergic acid 

diethylamide (LSD), resulting in schizophrenia-like symptoms. mGlu2 and 2A receptors are 

connected through transmembrane helix domains in the cortex and when activated by 

hallucinogenic drugs, they induce unique signaling responses. Activation of mGlu2 

receptors abolishes the signaling associated with hallucinations. Also, in post-mortem 

studies of brain tissues of untreated schizophrenic patients, the 2A receptor was 

upregulated and mGlu2 receptor downregulated (González-Maeso et al., 2009). Just as 

NMDAR antagonists do not cause alternations in one neurotransmitter system, mGlu2/3 

receptor agonists may also alter signaling of several neurotransmitters. This may 

contribute to the discrepancies in the results of alleviating schizophrenia-like symptoms 

by mGlu2/3 receptor agonists among laboratories. 

Effects in animal models 

LY 379268 is a potent mGlu2/3 receptor orthosteric agonist binding with high 

affinity and higher mGlu3 receptor selectivity. The substance was suggested to have 

potential in treating psychiatric and neurodegenerative disorders associated with elevated 

glutamatergic transmission (Imre, 2007). Its neuroprotective actions lie in a decrease of 

hyperglutamatergic release, preventing excitotoxicity (Carter et al., 2004). Also, glial cell 

activation, which contributes to uptake and synthesis of glutamate,  may mediate 

neuroprotective effects through activating intracellular pathways resulting in protein 

synthesis (Bruno et al., 1997). Systemic administration of ketamine evokes 

hyperglutamatergic and hyperdopaminergic states in the mPFC. Oppositely, direct 

injection to the mPFC does not alter glutamate levels, although it increases dopaminergic 

release. Systemic, but not local, administration of LY 379268 attenuates 

hyperglutamatergic state evoked by ketamine, suggesting its special role in regulating 

glutamatergic, but not dopaminergic transmission. The effectivity of systemic, but not the 

local injection of LY 379268 suggests an involvement of mGluRs in antihyperglutamatergic 

effects located in brain areas sending efferent projections to mPFC (Lorrain et al., 2003).  
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Application of mGlu2/3 receptor agonists in unaffected animals 

Effects of group II mGluR agonists on in vitro GABAergic and glutamatergic 

neurotransmission in HPC, cortex, and striatum were shown to be diminishing when 

administered chronically. In vivo administration of LY 379268 decreased basal GABAergic 

transmission in the HPC, but not basal glutamatergic overflow. This suggests, that the 

inhibition of GABA release might result in hyperexcitability in HPC. When LY 379268 

provokes excitation effects in non-affected animals, LY 379268‘s effects on 

neurochemistry and behavior in animal models of psychiatric disorder might be masked 

or the mechanism of action might differ in non-affected and psychotic individuals.  The 

latter statement might be supported by a pilocarpine-evoked animal model of seizures 

manifesting in increased glutamate release, that was completely abolished and no 

significant changes in GABA levels were observed after intrahippocampal perfusion of LY 

379268. Although, because of the remaining increase in excitatory behavior after LY 

379268 application, the substance evoked only partial-anticonvulsant effects (Smolders et 

al., 2004). 

mGlu2/3 receptor agonist LY 354740 reduced excitatory postsynaptic potentials in 

the HPC and elicited a delay-dependent deficit in spatial learning in the Morris water maze 

(MWM). Conversely, another mGlu2 receptor agonist LY 341495 caused cognitive 

improvement seen in acquisition in spatial learning (Higgins et al., 2004). When LY 

379268 was applied alone, possible due to anxiolytic actions, no changes in startle reflex 

were provoked, but a decrease in exploratory behavior was shown. Also, no alterations in 

the basal glutamate levels were shown (Imre et al., 2006), although LY 379268 increased 

dopaminergic transmission, metabolization and serotonin metabolization in the rat mPFC. 

This is compliant with the actions of atypical antipsychotic clozapine. LY 379268 further 

increased the metabolization of DA and serotonin in NA and striatum. The actions of 

mGlu2/3 receptors may, therefore, cause turnover in DA and serotonin activity in regions 

associated with the mechanism of action of atypical antipsychotics (Cartmell et al., 2000a).   
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Aims of the diploma thesis 

We hypothesized that MK-801-induced hyperexcitability of the hippocampal 

network demonstrated in the previous studies could be alleviated by concurrent 

treatment with LY-379268, resulting in mitigation of the behavioral flexibility deficit 

induced by MK-801. Such deficit was demonstrated previously by Lobellova et al. (2013) 

in the reversal phase of the hidden-platform test in the Morris water maze. The aim was 

therefore to evaluate the effect of LY 379268 on cognitive impairment in an animal 

model of psychosis elicited by an intraperitoneal application of MK-801 and to 

contribute to the ambiguous results on the mechanisms of action and effects of LY 

379268. The particular aims of this study were the following: 

 

Induction of a deficit of the behavioral flexibility with systemic application of MK-

801. MK-801 is a non-competitive antagonist of NMDA receptors that evokes psychosis-

like state in the laboratory rodents manifested by hyperlocomotion, stereotypy, and 

impairment in motor and cognitive functions and social behavior.  Impairments caused 

by MK-801 were tested in a task aimed at evaluating the behavioral flexibility of a spatial 

navigation task in the Morris water maze.   

 

Evaluation of the potential effect of LY 379268 in the animal model of inflexibility 

elicited by MK-801 in the Morris water maze. LY 379268’s effects in alleviating 

psychosis-like symptoms evoked by NMDAR antagonists are not fully understood due to 

the ambiguous results from other laboratories. However, due to its binding on the 

metabotropic glutamate receptors, it could mitigate exacerbated activation of the 

hippocampal network resulting in further neural disbalance showing in disrupted 

behavioral flexibility. 
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Materials and methods 

Animals  

We used male 2-3-month-old Long Evans (Rattus novegicus) from the breeding 

colony of the Institute of Physiology (IPHYS) of the Czech Academy of Sciences, Prague. 

The rats were derived from the Charles River breeding colony and bred for multiple 

generations at the IPHYS. The rats were kept in the animal room of the Laboratory of the 

Neurophysiology of Memory, IPHYS. They were housed in pairs in plastic transparent 

boxes in an air-conditioned animal room with the 12/12 light-dark cycle (lights on 

between 6:00 and 18:00) and constant air temperature and humidity. Long Evans rats 

used in the pilot study (n = 74) had free access to water and food (standard laboratory 

pellets) and in the final study (n = 36), rats underwent food restriction to 90% of their 

free-feeding body weight. Pellets were given to them after completion of the experimental 

sessions each day. Water was always freely available. The weight of the rats differed 

between the pilot study (400 – 550g) and the final experiment (320 - 460g). The food 

restriction was introduced in the final experiment to facilitate the pharmacokinetics of the 

drugs. The experimental animals were acclimatized to the animal room for a minimum of 

10 days before handling and conducting the experiment. All experiments were approved 

by the local and Ministry Committee for Animal Protection and conducted according to the 

Animal Protection Act of the Czech Republic and EU directives (2010/63/EC). 

Drugs 

(+)-MK-801 hydrogen maleate [(+)-5-methyl-10,11-dihydro-5H-

dibenzocycloheptene- 5,10-imine maleate; dizocilpine maleate; Sigma Aldrich s.r.o., Czech 

Republic] was dissolved in saline (0.9% NaCl) at concentrations 0.15 and 0.2 mg/ml. LY 

379268 disodium salt [(−)-2-oxa-4-aminobicyclo [3.1.0] hexane-4,6-dicarboxylate; Bio-

Techne R&D Systems s.r.o., Czech Republic] was also diluted in saline at concentrations 1 

and 2 mg/ml and before application, a sonicator was used for better solution of LY 379268 

in saline. MK-801, in form of powder, was kept in a refrigerator and LY 379268, also in the 

form of powder, in a freezer. After preparing the stock solutions, the two substances were 

kept in a refrigerator between the experimental days. Due to different times of onset of the 

effect of both drugs, LY 379268 was applied one hour (at doses 1 and 2 mg/kg) and MK-

801 (at doses 0.15 and 0.2 mg/kg) thirty minutes before the start of the experiment 

(based on previous literature reports). Due to the necessity of the application of two 

substances in the group that was co-administered LY 379268 and MK-801, groups 

administered with either MK-801, LY379268 or saline alone received a second additional 

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
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saline injection. Substances were applied intraperitoneally and injected volume was 

always 1 ml/kg (of saline or saline solution of the drug).  

Apparatus 

The Morris water maze (MWM) used in this experiment (Fig. 8) was a plastic 

circular pool filled with water with temperature 22±2 oC. The water was made opaque by 

a non-toxic acrylic white paint (OBI Arktik white). The tank was 180 cm in diameter and 

up to 28 cm in depth. The MWM is not a typical labyrinth, however, it is a maze in a sense 

that the animals search for a small escape platform that is submerged underwater. The 

platform was transparent to further minimize its visibility.  

Depending on the experimental day, a transparent 10 cm wide circular platform, 

that represents an escape from the water, was placed in the MWM. The platform was 

located in the middle of predefined maze quadrants corresponding to cardinal compass 

directions. The wall of the maze was marked with these points of the compass – north, 

north-east, east, south, south-west, north-west, south-west and west - to help 

experimenter´s orientation when releasing the rats into the maze. The starting points´ 

locations were randomized to make the rats use spatial cues to orient in the maze rather 

than to learn specific routes from steady starting points to the platform. Also, each day the 

four selected positions were unique, therefore the rat was never released twice from the 

same position on the same day. Each rat had four swims in each daily session.  

A digital web-camera was mounted above the maze to monitor the trajectories of 

rats and to send data to the computer. The data were digitized and processed with a 

Tracker software package (Biosignal Group, USA). The rats were gently released to the 

maze facing the wall of the maze and the trial (swim) ended when they found and climbed 

onto the platform. The program automatically stopped the trial when the rats remained on 

the platform for 1.5 seconds. When the experimental animals did not find the platform 

within 60 seconds, they were gently navigated to the platform by the experimenter´s hand. 

The rats were left on the platform for 10 seconds and transferred to a plastic aquarium 

lined with paper towels and without access to food or water.  

Furthermore, probe trials were conducted after 1 hour after the acquisition phase 

and 1 and 24 hours after the last trial of the reversal phase. The probe trial, when the 

platform was removed from the MWM, was introduced to give a proxy of the retention of 

the previous platform position in the memory. However, the probe was not evaluated, as 

we found parameters more suitable for the analysis of behavioral flexibility. After the daily 
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session, animals were transferred to home cages in the animal room. The experiment was 

conducted during daylight hours (between 9:00 to 17:00). 

 

Fig. 8: Schematic illustration of the experimental room. In this image, a version of the Morris water 

maze used in the acquisition phase is shown. The MWM was filled with water containing a small 

amount of white paint and a transparent plastic platform was submerged approximately 2 cm 

under the water level. The circular wall of the maze was marked with points of the compass for 

better orientation in platform placement and rat release from the starting points. The trajectories 

were monitored by a camera above the maze that was connected to a computer and the data were 

processed by a program Tracker (Biosignal Group, USA). The room contained several distal cues 

necessary for spatial orientation and navigation to the platform, e.g., windows or a door. The clipart 

of the rat and the computer used in this figure were downloaded from 

https://www.cleanpng.com/png-mouse-cat-rodent-gerbil-fancy-rat-raton-4917724/download-

png.html and https://www.clipart.email/view/?icode=1889209, respectively (© Dominika 

Rišňovská). 

https://www.cleanpng.com/png-mouse-cat-rodent-gerbil-fancy-rat-raton-4917724/download-png.html
https://www.cleanpng.com/png-mouse-cat-rodent-gerbil-fancy-rat-raton-4917724/download-png.html
https://www.clipart.email/view/?icode=1889209
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Design of the experiment 

The rats were initially handled by the experimenter for 4 days, each rat for 3 min. 

The experimental procedure (Fig. 9) lasted for six daily sessions (+ one extra day of the 

probe trial with 24-h latency). The first daily session of the experiment consisted of the 

four swims with a visible platform, followed by three daily sessions of acquisition with a 

hidden platform in one position and two next days of reversal with the reversed location 

of the platform.  Each day, the rats underwent four swims (+ one additional swim of the 

probe on the last day of acquisition, last day of reversal and on the extra seventh day when 

only the probe trial was conducted).  

 

Fig. 9: Experimental design of the procedures, applied substances and the visibility of the platform 

on each experimental day. The image of the syringe in the experimental design was downloaded 

from  http://www.pngmart.com/image/111162 (© Dominika Rišňovská). 

Visible-platform session  

The visible platform (Fig. 10) was approximately 1 cm above the water level, and it was 

made more visible with a black removable circle put on the top of it. The platform was in a 

constant position throughout the visible-platform session, but the release points differed 

between swims. On this day, the rats learned the procedural aspect of the task, therefore, 

how to navigate oneself and climb onto the visible platform. This is important to 

understand the principle of completing the task and because some cognition-unrelated 

deficiencies that may impair the task performance may be detected, for example, impaired 

sight or motor skills. In the visible platform session, no drugs were applied. 

http://www.pngmart.com/image/111162
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Fig. 10: The drawing shows the configuration of the water maze during the first session – the 

learning trial (© Dominika Rišňovská). 

An acquisition training phase 

In the following three daily sessions, the acquisition was completed with a submerged 

platform 2 cm under the water level (Fig. 11). During this phase, saline was applied to 

minimize the stressing effect of injection application on behavior on the following days of 

reversal. For each rat, the platform was in the same position during the whole acquisition. 

For randomization, during the experiment, the position of the platform position was 

changed between rats. This means that the first rat had the hidden platform on the south, 

second on the southwest and so on. As the position of the hidden platform did not differ 

during acquisition for a given rat, the location of the starting point differed with every 

swim. This was so because the training aimed at spatial memory - rats were localizing the 

platform relative to spatial cues, for example, door and windows. Therefore, the rats were 

prevented from learning stereotyped paths to the platform from the same starting point, 

but they were required to orient relative to the coordinate frame of the room. 

 

Fig. 11: The drawing shows the configuration of the water maze during three days of acquisition 

(© Dominika Rišňovská). 
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Reversal testing phase 

In the following two daily sessions of reversal, rats were randomly assigned to groups: 

controls, MK-801, LY 379268 and group co-administered with MK-801 and LY 379268. 

The hidden platform was changed, i.e., relocated to a quadrant opposite to training 

location (Fig. 12). The ability of the rats to reverse learning of the platform position was 

tested. Therefore, differences in reversal learning under the influence of the drugs were 

evaluated to assess their effects on behavioral flexibility. 

 

Fig. 12: The drawing shows the configuration of the water maze during the two days of reversal (© 

Dominika Rišňovská). 

Pilot study  

In the pilot study, six groups of rats were tested – saline [1ml/kg, n = 12], MK-801 

[0.15 mg/kg, n = 12); MK-801, [0.2 mg/kg, n= 12 ], LY 379268 [2 mg/kg, n = 12], LY 

379268 [2 mg/kg] co-applied with MK-801 [0.15 mg/kg, n = 12] and LY 379268 [2 mg/kg] 

co-applied with MK-801 [0.2 mg/kg, n = 12]; (Table 1). The rats were given food and 

water ad libitum. 

group 1st substance 2nd substance 

Control (n = 12) saline saline 

LY 379268 (n = 12) LY 379268 [2] saline 

MK-801 (both n = 12) 
saline MK-801[0.15] 

saline MK-801 [0.2] 

co-administered (both n = 12) 
LY 379268 [2] MK-801 [0.15] 

LY 379268 [2] MK-801 [0.2] 

Table 1: Assignment to groups of rats in the pilot experiment. The doses of applied substances are 

in [mg/kg]. 

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
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Final experiment  

Based on the pilot study, we designed the final experiment in which we used rats 

that had undergone food restriction to 90% of their free-feeding weight. Pellets were 

given to them each day after experimenting. The food restriction was done based on the 

observation that the pharmacokinetics, and therefore the effect, of MK-801 might be 

influenced by the weight and fat body deposits of the rats. MK-801 might be transported 

to and stored in fat deposits and therefore, the weight of the animal could influence the 

effect of the substance. Since the concentrations used in the pilot study had effects on the 

behavior of non-deprived rats, we introduced the food-deprivation and lowered slightly 

the doses. Four groups were established – saline (1ml/kg), LY 379268 [1 mg/kg], MK-801 

[0.15mg/kg] and the group that was co-applied LY 379268 and MK-801 (Table 2). 

group 1st substance 2nd substance 

control (n = 9) saline saline 

LY 379268 (n = 10) LY 379268 [1] saline 

MK-801(n = 9) saline MK-801 [0.15] 

co-applied (n = 9) LY 379268 [1] MK-801 [0.15] 

Table 2: Four groups of the final experiment. The doses of drugs are in [mg/kg]. 

 

Data analysis and statistics 

When conducting the experiment, the data were acquired online and processed by 

the program Tracker (Biosignal Group, USA). Off-line analysis of the data from all 

experiments was done by the Carousel Maze Manager open-access software running 

under the Python environment (Bahník, 2014). The analyzed parameters were total 

distance and thigmotaxis. Total distance, or the escape distance, is the distance the rats 

had swum from the moment of release to the moment they climbed onto the hidden 

platform. Thigmotaxis, or edge preference, is the tendency to stay near the wall of the 

arena and in some studies, it is used to measure anxiety-like behavior, especially in dry 

arenas and open-field tasks. In the Morris water maze, trying to climb upon and scratching 

of the pool wall is usually interpreted as an inability to pursue the proper search strategy, 

suggesting serious procedural impairment. Thigmotaxis was measured on a scale from 0 

to 1, where 0 represents that a rat was swimming in the center of the arena, while 1 

represents localization in the periphery of the arena. 

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
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 The possibility of evaluation of other parameters was also discussed, although 

they were found not to express the measure of the learning perfectly. The data from the 

pilot experiment were used for exploratory analysis of the effects and verifying the 

suitability of the two analyzed parameters and were not analyzed with statistics. We also 

used them to verify the selection of parameters, screen for the doses, and detect external 

factors that might influence the results of the experiment, which has been the weight of 

the animals. Data from the final experiment were submitted to the statistical analysis. We 

analyzed the data from the first reversal session as a sensitive measure of flexibility 

(Lobellova et al., 2013). We intentionally avoided analyzing many parameters to avoid 

false-positive results. We also did not analyze the data from the probe trials, again to avoid 

false-positives. If the data were not normally distributed, they were log-transformed and 

rounded.  We analyzed the measures via univariate analysis of variance for each swim and 

day. Hochberg’s post hoc test was used to evaluate the significance of differences between 

the groups. Differences were considered significant when the score of probability was p < 

0.05. The statistical analysis was conducted in the SPSS program.  
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Results 

Pilot study  

In the pilot study, six groups (N = 74) - saline, MK-801 [0.15 mg/kg, n = 12], MK-

801 [0.2 mg/kg, n = 12], LY [2 mg/kg, n = 12], MK-801 [0.15 mg/kg] + LY [2 mg/kg, n = 12] 

and MK-801 [0.2 mg/kg] + LY [2 mg/kg, n = 12] - were tested. For simplification, the 

groups in the graphs are abbreviated to saline, MK0.15; MK0.2; LY, MK0.15+LY and 

MK0.2+LY, respectively. Visualizing the data from pilot experiments in boxplots suggested 

that rats co-applied with MK-801 and LY 379268 showed an increase in both analyzed 

parameters (total distance and thigmotaxis) compared to controls or groups, that were 

applied with drugs separately. Based on a discussion on which parameters are the most 

suitable to express the proficiency in the task, the total distance and thigmotaxis were 

selected.  

Total distance  

In the third swim of the first day of reversal (Fig. 13), the groups saline, MK0.15, 

and MK0.2 had similar total distances to find the platform. Based on this, it seems that the 

doses of MK-801 used in this study did not evoke cognitive impairment, however, we 

observed that the weight of the animals may influence the effect of the substance. Contrary 

to the results of the above-mentioned groups, most of the rats applied LY 379268 had 

undergone greater distances, suggesting impairments in re-learning the reversed position 

of the hidden platform. The groups co-applied with MK-801 and LY 379268 showed longer 

distances as the groups that were injected only with MK-801. At the last swim of the 

reversal (Fig. 14), the behavior of groups saline, MK0.15 and MK0.2 remained similar, 

although the total distance of the group MK0.15+LY decreased. On the other hand, the 

total distance of the MK0.2+LY group remained comparable to the results from the swim 

3. This discrepancy may be due to the lower concentrations of MK-801 used in the first co-

administered group. The co-application of the two substances increased the distance to 

locate the hidden platform.  

 

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
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Fig. 13: Boxplot of the total distance (mean ± S.E.M.) in meters of the third swim on the first day of 

reversal.  

 

 

Fig. 14: Boxplot of the total distance (mean ± S.E.M.) in meters of the fourth swim on the first day of 

reversal.  
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Thigmotaxis 

Thigmotaxis was measured on a scale from 0 to 1, where 0 represents the 

measure of locomotion spent in the center of the arena, while 1 represents maximal 

thigmotaxis, therefore, the measure of locomotion spent in the periphery of the arena. 

On the first day of reversal, third swim (Fig. 15), the measure of thigmotaxis of groups 

saline, MK0.15 and MK0.2 was comparable and this means that these groups spent more 

time is searching for the hidden platform, therefore re-learning its position. This suggests, 

that the applied substances of MK-801 were not effective in inducing cognitive deficits. 

Animals applied with LY, either alone or in a combination with MK-801 spend much time 

swimming near the wall of the pool.  At the final swim of the first day of reversal (Fig. 16), 

thigmotaxis was also higher in the groups applied with LY, either alone or in combination 

with MK-801. This suggests, that LY 379268 is an substance, that provoked psychosis-like 

state in both unaffected and MK-801 applied animals. Visual inspection of the figures 

suggests that the thigmotaxis was generally lower in the final swim than in the third swim 

in this first reversal session. 

  

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
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Fig. 15: Boxplot of thigmotaxis (mean ± S.E.M.) of the third swim on the first day of reversal.  

 

 

Fig. 16: Boxplot of thigmotaxis (mean ± S.E.M.) of the fourth swim on the first day of reversal.  
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Final experiment 

Based on the data from the pilot experiment, four groups were included (N = 37) – 

saline [1ml/kg, n = 9], MK-801 [0.15 mg/kg, n = 9], LY 379268 [1 mg/kg, n = 10] and group 

co-applied MK-801 [0.15mg/kg] and LY 379268 [1 mg/kg, n = 9]. For simplification, the 

groups were abbreviated to saline, MK-801, LY, and MK+LY, respectively, within the 

graphs. Based on the observation, that the effect of the substances might be mitigated in 

animals with higher weight, the rats were food-restricted to 90% of their free-feeding 

weight. Also, the doses of the substances were either decreased compared to those used in 

the pilot study [LY 379268 (1mg/kg)] or the lower dose of the two tested was selected 

[MK-801 (0.15mg/kg)]. Initially, the higher dose of MK-801 [0.2 mg/kg] was applied, 

however, preliminary visual screening of food-deprived rats with this dose in the MWM 

exhibited great impairments in motor abilities and strong hyperlocomotion, that would 

interfere with our proper behavior in the maze, the lower dose of MK-801 was selected.   

Visual observations during the experiment suggested that the rats applied with LY 

379268 and MK-801 separately showed no motor impairments nor hyperactivity. 

Surprisingly, their learning abilities were comparable to controls. Conversely, rats co-

applied with MK-801 and LY 379268 exhibited hyperactivity, an increase in thigmotaxis 

(Fig. 17), and impairments in motor and general procedural skills shown in the inability to 

stay on the hidden platform when transferred to it by hand.  
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Fig. 17: Typical trajectories of the rats on the first day of reversal, fourth swim. The green dot 

represents the hidden platform and the red dot symbolizes the rat in time either when the rat 

climbed on the platform or when the swim was ended after 60 seconds. Trajectory number 4 

depicts typical circling behavior seen in rats co-applied MK-801 and LY 379268. This behavior was 

typically present, but not exclusively, during all four swims. Order of the groups is - 1 – saline; 2 - 

MK-801; 3 – LY 379268; 4 – MK-801 + LY379268. Note: trajectories of swims from the pilot study 

are not shown since the weight of the animals influenced the effect of the applied substances.  
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Total distance 

To achieve normal data distribution necessary for the analysis, the data were log-

transformed and rounded. On the third day of acquisition (Fig. 18), when saline only was 

applied, rats showed approximately equal values of the total distance, also none had a 

deficiency in learning the location of the hidden platform based on room cues. Since after 

acquisition the rats were randomly assigned to groups, the acquisition phase was not 

analyzed. For the first day of reversal (Fig. 19), first swim, a one-way ANOVA (effect of 

groups) revealed a significant main effect of groups [(F/3; 33) = 3.659; p < 0.05] and post 

hoc test confirmed a significant difference between groups LY379268 + MK-801 and 

LY379268 [p = 0.018]. For the second swim [(F/3; 33) = 3.798; P < 0.05], post hoc 

confirmed differences between MK+LY and saline [p = 0.031], and MK+LY and LY [0.039]. 

For the third swim [(F/3; 33) = 4.692; p < 0.05], post hoc confirmed difference between 

MK+LY and saline [p = 0.008], and MK+LY and LY [p = 0.036]. Finally, for the last swim 

[(F/3; 32) = 12.859; p < 0.05], post hoc confirmed post hoc confirmed difference between 

MK+LY and saline [p = 0.001], MK-801 [p = 0.008] and LY [p = 0.00].  

On the first day of reversal, rats had greater distances in general than in the final 

session of acquisition training. That might be due to the re-learning phase when rats were 

searching for the platform in the original location and it took more time to find the new 

location than on the third day of the acquisition when the platform was in the same place 

for three days. Rats in control and LY 379268 groups showed similar measures of total 

distance, therefore their learning ability was similar. Despite visual inspection of Fig. 19 

suggests, that MK-801 may have acted to increase escape latencies, however, no 

statistically significant difference was detected. The main result is, that the group that was 

co-administered MK-801 and LY 379268 showed high values of escape latencies during 

the whole trial, therefore suggesting a failure to learn the new position of the platform.  
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Fig. 18: Total distance in meters (mean ± S.E.M.)  measured on the third day of acquisition when 

saline only was applied. 

 

Fig. 19: Total distance in meters (mean ± S.E.M.), measured on the first day of reversal, when MK-

801 [0.15 mg/kg] and LY379268 [1 mg/kg] were applied.  
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Thigmotaxis 

On the third day of acquisition (Fig. 20), when saline only was applied, the index of 

thigmotaxis was similar between groups and constant during all swims on this day. Since 

after acquisition the rats were randomly split into groups, this day was not analyzed. 

Due to visual inspection, rats co-applied MK-801 and LY 379268 at the following 

day of reversal, showed constant levels of thigmotaxis during the whole trial. 

Furthermore, this group showed motor impairments seen in the inability to stop and 

maintain balance on the platform. Groups applied saline, MK-801 and LY 379268 alone 

showed behavioral flexibility, therefore re-learning the position of the platform without an 

increase in thigmotaxis. The measure of thigmotaxis was comparable between the control 

group and groups applied substances alone and these rats did not show any signs of motor 

or re-learning impairment. 

For the first day of reversal (Fig. 21), the first swim, a one-way ANOVA (effect of 

groups) revealed a significant main effect of groups [(F/3; 33) = 5.525; p < 0.05] and post 

hoc test confirmed a significant difference between groups MK-801 + LY 379268 and 

saline [0.007] and MK-801 [0.008]. For the second swim [(F/3; 33) = 12.304; p < 0.05], 

post hoc confirmed significant difference between MK-801 + LY 379268 and saline [0.00], 

MK-801 [0.00] and LY 379268 [0.00]. For the third swim [(F/3; 33) = 9.285; p < 0.05], 

significant differences were also between MK-801 + LY 379268 and saline [0.001], MK-

801 [0.00] and LY 379268 [0.003] and likewise in the last swim [(F/3; 32) = 21.237; p < 

0.05], where significant differences were between groups MK-801+LY 379268 and saline 

[0.00], MK-801 [0.00] and LY 379268 [0.00].  
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Fig. 20: Thigmotaxis (mean ± S.E.M.) measured on the third day of acquisition when saline only was 

applied.  

 

 

Fig. 21: Thigmotaxis (mean ± S.E.M.) measured on the first day of reversal when MK-801 [0.15 

mg/kg] and LY 379268 [1 mg/kg] were applied.  
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Discussion 

The first finding of this thesis was that it was impossible to induce a clear deficit in 

the behavioral flexibility with the application of MK-801, especially in the final 

experiment. The second finding is that LY 379268 acted synergistically with MK-801, 

rather than antagonizing the effects of MK-801.   

The data from the pilot study are difficult to evaluate because of several 

complications. First, this phase was used to evaluate the effect of MK-801 in Long-Evans 

rats, obtained from a new breeding core, derived from the Charles River colony, while 

previous experiments of the Laboratory of the Neurophysiology of Memory that showed 

clear deficits in pigmented rats were obtained with previous, old breeding core derived in 

the second half of 20th century. Another complicating factor found was the apparent 

differences in actions of MK-801 and LY 379268 in these new animals compared to the old 

breeding core, possibly due to altered sensitivity to those drugs. We predicted that some 

of this insensitivity may have been supported by weight-dependent effects on each 

individual, based on the content of fat in the body that could have affected the drug 

pharmacokinetics. In the pilot study, we observed that higher doses of MK-801 [0.2 

mg/kg] and also both drugs (MK-801 and LY 379268) co-applied elicited behaviors 

suggestive of general procedural impairment, e.g., deficits in maintaining balance on the 

platform and failure to follow the hand of experimenter leading the rats to the hidden 

platform after the trial had elapsed. These disruptions were seen only in some animals. 

Rats applied with MK-801 at the higher dose [0.2 mg/kg] but sometimes also the lower 

dose [0.15 mg/kg] showed circular swimming around the pool, however often with lower 

thigmotaxis and scratching on the walls compared to the group injected with both drugs. 

However, group means of escape latencies between MK-801-treated rats were not overtly 

higher in the pilot experiment than of control rats (the pilot study was not statistically 

analyzed). 

The behavior of some individuals treated with the higher dose of MK-801 [0.2 

mg/kg] corresponds to results from Wegener’s study (Wegener et al., 2011), where at this 

dose [0.2 mg/kg], the rats showed hyperlocomotion, increased swim speed and inability to 

climb on the platform during spatial learning in the MWM. In general, rats from the group 

injected with a lower dose of MK-801 [0.15 mg/kg] did not show motor impairments in 

maintaining themselves on the platform. This corresponds to our previous study by Vales 

et al. (2006), where MK-801 [0.1 mg/ml] increased locomotion only slightly, and [0.2 

mg/kg] caused the inability to solve the MWM task due to motor deficits and increased 

locomotion. The MWM performance of Long-Evans rats applied MK-801 at a low dose [0.1 

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22LY%20379268%22%5bCompleteSynonym%5d%20AND%2010197984%5bStandardizedCID%5d
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mg/ml] was comparable to controls (Vales et al., 2006). Behavioral flexibility tested in 

basically the same version of the MWM in a previous study by our lab (Lobellova et al., 

2013) was altered by doses in the range [0.10 - 0.15 mg/ml]. The cognitive deficits were 

also consistently accompanied by hyperlocomotion tested in a dry maze (Lobellova et al., 

2013). However, both studies (Vales et al., 2006; Lobellova et al., 2013) involved the old 

breeding core at the Institute of Physiology of the Czech Academy of Sciences. Therefore, 

the discrepancy between the results could be explained by changes in the Long Evans rat 

breeding core in the IPHYS, resulting in differences in sensitivity to MK-801. 

Regarding the group applied LY 379268 only, still in the pilot experiment, some 

individuals showed circular swimming, yet they were sometimes able to navigate to the 

platform. Rats co-applied MK-801 and LY 379268 showed typical thigmotaxic circling (like 

in Fig. 13 depicting trajectories from the final experiment) with no apparent motivation to 

scan the pool and search for the platform. During the four swims, the disorganization 

declined in some individuals, however not in all cases. They also exhibited motor 

impairments in the inability to follow the hand and maintain themselves on the platform. 

We did not analyze statistically the data from the pilot experiment, but based on these 

results, we confirmed the selection of parameters, adjusted the doses and introduced the 

food-deprivation (90% of the free-feeding weight) to enhance the pharmacokinetics of 

drugs. 

The potentiating effect of both drugs was confirmed in the final experiment. Co-

application of sub-threshold doses of MK-801 and LY 379268, that elicited no disruptions 

of the behavioral flexibility or the general sensorimotor functions, significantly increased 

the total distance to reach the hidden platform and thigmotaxis. This group showed 

general impairments in procedural motor behavior and displayed stereotypical behaviors 

such as head weaving. These symptoms are typical for disorganization caused by MK-801 

(Wu et al. 2005) (Manahan-Vaughan et al., 2008). This suggests that LY 379268 enhanced, 

rather than alleviated the typical effects of MK-801, that are hyperlocomotion, stereotypy, 

and impairments in cognition and motor skills. Based on this, the effects of the two 

substances in co-application are synergistic (potentiating each other) and therefore, the 

psychosis-like state evoked by MK-801 was probably enhanced by LY 379268 in this 

study. 

Our results stand in contrast with experiments of other laboratories. In a study 

with a different agonist of mGlu2/3 receptors LY 354740, this drug alleviated PCP-evoked 

exacerbation of glutamatergic, but not dopaminergic transmission in the PFC and NA. This 

resulted in amelioration of hyperlocomotion, stereotypy, and improvement of working 
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memory despite sustained dopaminergic hyperactivity (Moghaddam, 1998). Improvement 

in working memory deficits was also shown when ketamine-evoked disruptions in 

working memory were attenuated by LY 354740 in healthy humans (Krystal et al., 2005). 

It seems that the discrepancy in these and our study might be at least partly explained by 

the fact that PCP and ketamine are less potent antagonists of NDMAR compared to MK-

801, and also the fact, that the structures and therefore affinities of the discussed mGlu2/3 

receptor agonists differ. However, another study has shown that LY 379268 improved MK-

801-induced cognitive deficit tested in the novel object recognition task. Positive 

symptoms showing in head twitching and hyperactivity and negative symptoms such as 

decrease in social interaction were alleviated too (Wierońska et al., 2013). Furthermore, 

ketamine was found by a study by Imre et al. (2006) to increase the levels of glutamate, DA 

and serotonin metabolism in the dentate gyrus. Ketamine also elicited the 

hyperlocomotion and deficits in sensorimotor gating, while LY 379268 prevented this 

elevated glutamatergic but not dopaminergic transmission, leading to reduced 

hyperlocomotion. Sensorimotor deficits were however not improved (Imre et al., 2006). In 

cyclin D2 knock-out mice, a genetic animal model of schizophrenia, specific in dysfunction 

of PV interneurons in the HPC, that displayed many endophenotypes of the disease, Grimm 

et al. (2018) showed that increased locomotion in a novel environment, a rodent correlate 

to positive symptoms, was completely normalized by LY 379268. Impairments in 

executive functions and working memory were, however, resistant to LY 379268 (Grimm 

et al., 2018). LY354740 failed to alleviate working memory deficits in a study by 

Schlumberger et al. (1998) and additionally did not improve affected prepulse inhibition 

which represents a simple model of sensorimotor gating and information processing. 

However, the PCP-induced hyperlocomotion was improved. It is also important, that 

LY354740 alone induced deficits in working memory. Furthermore, Ossowska et al. 

(2000) observed, that neither the deficits of prepulse inhibition nor the deterioration in 

delayed alteration task that models frontal lobe deficits seen in schizophrenia were 

attenuated by LY354740. When PCP was co-administered with LY 379268, LY 379268 

aggravated the disruptions in cognitive tasks, such as attention, impulsivity, cognitive 

flexibility and speed processing (Amitai and Markou, 2010). Application of LY 379268 

dampened the impairment in gamma oscillation but does not improve deficits in working 

memory provoked by MK-801 (Sokolenko et al., 2019).  

From a different domain related to deficits in information processing, memory and 

behavior, an animal model of Alzheimer’s disease, characteristic with the elevated 

glutamatergic transmission in the HPC, was accompanied by a cognitive decline. Chronic 

treatment with LY 379268 did not show any improvement in the MWM learning task nor 
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reduced hippocampal glutamatergic tone. LY 379268 also did not improve deficits in 

sensorimotor gating in the prepulse inhibition test (Hascup et al., 2020). Furthermore, it 

was shown that LY 379268 given chronically might lead to tolerance to the drug effect 

(Galici et al., 2005). The increase of tolerance may be also taken into consideration when 

considering new treatment for patients, as for the maintenance of the effect, current 

antipsychotics are given chronically, not acutely. 

Altogether, our and other results seem to further stress the ambiguity of the effect 

of mGlur2/3 receptor agonists on the rat models of schizophrenia and psychosis affecting 

glutamate receptors. It is apparent, that the results from the above-mentioned studies are 

in conflict and prevent setting a clear-cut effect of mGluR2/3 agonists in alleviating various 

domains of impairment induced by NMDA-receptor antagonists. The discrepancies 

between studies evaluating the effects of mGlu2/3 receptor agonists may be due to different 

roles of mGlu2/3 receptor agonists in different cognitive modalities tested by different 

tasks. Amitai and Markou (2010) propose, that LY 379268-evoked augmentation of 

cognitive disruptions lies possibly in exacerbation of hyperdopaminergic state. This 

hypothesis is supported by several facts. First, the outcomes of NMDAR blockade include 

an increase in dopaminergic neurotransmission (Steinpreis 1996) and it was found that 

PCP and ketamine interact with DA receptors (Kapur and Seeman, 2002). The exacerbated 

dopaminergic release can affect several areas – the PFC, striatum (Hertel et al., 1996) or 

the HPC (Whitton et al., 1992a). Elevated dopaminergic transmission in the PFC is 

associated with cognitive impairment (Arnsten and Goldman-Rakic 2015). Actions of 

mGlu2/3 receptor agonists could primarily alleviate hyper-glutamatergic transmission 

without effects on the dopaminergic system (Lorrain et al., 2003), or they exacerbate 

dopaminergic transmission in the PFC, drug-induced (Maeda et al., 2003), or basal levels 

(Cartmell et al., 2000b). It seems, that as mGlu2/3 receptor agonists alleviate glutamate and 

DA release by binding on their receptors located on both glutamatergic and dopaminergic 

neurons, the enhancement of dopaminergic transmission by activation of mGlu2/3 

receptors seems to be altered by another pathway (Maeda et al., 2003). As the 

enhancement of dopaminergic transmission is associated with the psychosis-like state in 

animal models, the augmentation of the effects of MK-801 in the present study might be 

explained by interactions of LY 379268 with the dopaminergic system resulting in 

hyperlocomotion, ataxia and motor impairments. The exacerbation of non-cognitive 

behavior, such as locomotion, might shadow the effects of this compound on cognition, as 

demonstrated in the present study.  
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Besides the dopaminergic system, NMDAR antagonists can also elevate 

serotonergic transmission in the PFC (Martin et al., 1998), which is associated with 

impaired cognition (Santucci et al., 1996); and also hippocampus and striatum (Whitton et 

al., 1992b). The release of serotonin seems to be important in the actions of NMDAR 

antagonists on locomotion (Millan et al., 1999). The impact of mGlu2/3 receptor agonists on 

serotonergic transmission is today not completely elucidated. The possible absence of 

impact of mGlu2/3 receptor agonists on the serotonergic system might explain the failure in 

attenuating the effects of NMDAR antagonists (Amitai and Markou, 2010). The link 

between the glutamatergic and serotonergic systems was shown by the finding that effects 

of LY 379268 on MK-801-impaired cognition were attenuated following the 

administration of a serotonin 5-HT1A receptor antagonist WAY100635, and the sub-

effective dose of LY 379268 was enhanced by a sub-effective dose of a serotonin 5-HT1A 

receptor agonist (R)-(+)-8-Hydroxy-DPAT. This suggests that the effects of LY 379268 are 

serotonin-dependent (Wierońska et al., 2013). This connection may be considered in the 

evaluation of the co-application of antipsychotics of the second generation, affecting both 

dopaminergic and serotonergic transmission, with agonists of mGlu2/3 receptors. However, 

the co-application of a different mGluR agonist, LY 404039, with several types of second-

generation antipsychotic drugs did not provoke any significant improvement in patients 

with schizophrenia compared to the group applied the antipsychotic alone (Stauffer et al., 

2013). 

Another explanation for the discrepancies between various results may be in the 

dosage of the substance. Low doses of LY 379268 increased firing in the dorsolateral PFC 

and improved working memory in rhesus macaques. Conversely, high doses did not affect 

or even worsened the performance in the task. Therefore, the wide-scale of dosing might 

provoke different effects on cognition and this should be taken into consideration in 

further research in animals and also clinical trials (Jin et al., 2016).  

Clinical trials first indicated that agonists of mGlu2/3 receptors have the potential in 

treating psychotic symptoms. An oral prodrug of LY 404039 (LY 2140023) administered 

to patients with schizophrenia in a phase II study improved positive and negative 

symptoms compared to placebo. Importantly, the LY 404039-treated patients did not 

show increased measures of extrapyramidal symptoms or weight gain (Patil et al., 2007). 

However, the efficacy of LY 404039 was similar to the effects of placebo in a phase II study 

evaluating positive and negative symptoms (Downing et al., 2014). In another phase II 

study, comparing antipsychotic standards (olanzapine, risperidone, or aripiprazole) and 

LY 404039, the latter lead to significantly fewer extrapyramidal symptoms, less weight 
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gain and improvement in various metabolic parameters. However, patients with 

schizophrenia treated with LY 404039 showed significantly greater amounts of adverse 

effects such as vomiting, agitation, and dyspepsia. Importantly, antipsychotic standards of 

care were significantly more effective in alleviating positive and negative symptoms 

(Adams et al., 2013). In a phase III study, long-term treatment with LY 404039 resulted in 

significantly reduced weight gain compared to an atypical antipsychotic aripiprazole. 

However, the incidences of serious adverse events and discontinuation for adverse events 

was significantly higher for LY 404039 compared to aripiprazole. LY 404039 was also 

significantly less effective than aripiprazole, but it should be noted that only differences 

between the two drugs were evaluated as no placebo group was tested (Adams et al., 

2014). Alterations in cognitive impairments were not tested in the above-mentioned trials. 

To conclude, the use of LY 404039 induced lower incidence of extrapyramidal symptoms, 

weight gain, and metabolic dysfunctions, however, elicited different adverse side-effects. 

Furthermore, the discussed agonist of mGlu2/3 receptors either had no effects or was less 

effective in comparison to currently prescribed antipsychotics. This led to the 

discontinuation of clinical trials with this drug.  

It is evident that results from animal studies and clinical trials are not satisfactory. 

The next step could be considering the usage of agonists of mGlu2/3 receptors as adjunctive 

pharmacotherapies and/or searching for more effective compounds evoking fewer or no 

adverse side-effects. The target molecules could be positive allosteric modulators (PAMs). 

The actions of PAMs are more physiological as they enhance the function of the receptor 

activated by its endogenous ligand. PAMs are substances that bind to the allosteric site of 

the receptor, which is spatially distant but functionally linked to the orthosteric site. PAMs 

modulate the affinity or the effectivity of the orthosteric ligand only when a leakage of 

excessive glutamate occurs and activates the receptors located on the extrasynaptic 

neuronal terminals. Therefore, as PAMs do not continuously activate the receptors, 

receptor desensitization and downregulation are less likely to occur. As an orthosteric 

agonist is crucial in the activation of the receptor, the saturating concentrations of PAMs 

are unlikely to cause toxic effects. Also, PAMs posses better measures of blood-brain 

barrier permeability compared to glutamate-like orthosteric ligands (Ellaithy et al., 2015). 

Furthermore, PAMs have promising results in preclinical studies, as they alleviated 

cognitive disruptions (Galici et al., 2005) and psychosis-like states (Cid et al., 2012), and in 

clinical studies where they alleviated negative symptoms (Hopkins, 2013).  Due to the 

conflicting results and infectivity compared to antipsychotics standard of use, compounds 

from the mGlu2/3 receptor agonist group are showing as inadequate stand-alone 

treatments.  

https://www.thesaurus.com/browse/inadequate
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Conclusion 

The main aim of this thesis was to evaluate the effects of a mGlu2/3 receptor agonist 

LY 379268 in an animal model of psychosis, induced by MK-801. LY 379268 did not act 

against the effects of MK-801, instead, the effects of both drugs were potentiated. The final 

experiment even showed synergistic effects, i.e., that sub-threshold doses of drugs led to 

general procedural impairment when applied together. Due to this, the pure effects of LY 

379268 on cognitive impairment in the domain of behavioral flexibility could not be 

evaluated. The additional aim to reproduce a disruption of behavioral flexibility by MK-

801 [0.15 and 0.2 mg/kg], was attained in the pilot experiment, despite not statistically 

evaluated. The final study showed that the dose of 0.15 mg/kg was ineffective, which 

stands in contrast to previous studies by our lab. This discrepancy might be due to a 

change in sensitivity to this substance between the previous and current breeding cores of 

the Long-Evans rats at the Institute of Physiology. As discussed in the previous chapters, 

drugs modulating mGluRs have the potential in alleviating some aspects of psychosis-like 

state and cognitive impairment. Further research might focus on positive allosteric 

modulators that influence glutamate neurotransmission in more physiological manners.   
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