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Abstract
Titulaer, J. 2023. Finding improved drug strategies for schizophrenia. Preclinical studies
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Schizophrenia is a severe psychiatric disorder affecting approximately 20 million people
worldwide. The disease consists of positive symptoms e.g. hallucinations, negative symptoms
such as anhedonia, and cognitive deficits, e.g. impaired episodic memory. Most of the currently
available treatment options for schizophrenia only target the positive symptoms, possess severe
side effects and do not work for a large group of patients. In this thesis, the unique antipsychotic
drug lumateperone and adjunctive treatment of sodium nitroprusside (SNP) to sub-maximal
doses of conventional antipsychotic drugs are investigated in preclinical tests as novel treatment
options for schizophrenia

In paper I we showed that SNP enhances the antipsychotic-like effect of a sub-effective dose
of risperidone in the conditioned avoidance response (CAR) test in rats. Moreover, by using
microdialysis we showed that SNP significantly enhances risperidone-induced dopamine release
in the rat medial prefrontal cortex (mPFC) but not in the nucleus accumbens, indicating that
adjunct SNP could be used to improve the efficacy of antipsychotic drugs, while reducing their
dose and subsequently lower the risk of side effects.

In paper II we used microdialysis combined to the behavioral novel object recognition test
in rats to show that the release of both dopamine and norepinephrine is increased in the ventral
hippocampus in response to a novel object, suggesting that dopamine and norepinephrine may
play a crucial role in recognition memory.

In paper III we showed that SNP significantly enhanced the antipsychotic-like effect of sub-
effective doses of olanzapine in the CAR test, but not of clozapine, this could be explained by
the developed tolerance towards clozapine after repeated administrations.

In paper IV we used enzyme-coated microelectrode arrays to show that lumateperone
significantly increased cortical glutamate release in the mPFC of anaesthetized rats. By using
electrophysiology, we also show that lumateperone facilitates NMDA and AMPA-mediated
currents in a dopamine D1 dependent manner in layer V/VI pyramidal neurons in the mPFC of
rats. Moreover, lumateperone increases dopamine release in the mPFC of freely moving rats as
shown by using microdialysis. These mechanisms may improve cognitive deficits and contribute
to the clinically demonstrated antidepressant effects of lumateperone.

Taken together, these results show that lumateperone is a promising novel treatment option for
schizophrenia, and that adjunct SNP treatment may allow for improved efficacy at maintained
or even reduced dosage of conventional antipsychotic medication.
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Popular Science Summary 

Schizophrenia is a complex brain disorder that is often misunderstood. The 
symptoms of schizophrenia are frequently over- or underestimated or even 
confused with symptoms of other disorders. As for example, surveys found 
that 32- 64% of the general population of Germany, the United Kingdom and 
the USA believed that a split personality or having multiple personalities is a 
symptom of schizophrenia (Schomerus et al., 2007; National Alliance on 
Mental Illness, 2008; Luty et al., 2011). However, a split personality or mul-
tiple personalities are not associated with schizophrenia. This misconception 
emphasizes the need to better inform the public and reduce the stigma sur-
rounding schizophrenia. 

Schizophrenia is characterized by significant impairments in the way real-
ity is perceived. People are usually diagnosed when they experience their first 
psychosis. The symptoms of schizophrenia can be categorized in 3 clusters. 
The first cluster consists of positive symptoms such as hallucinations and de-
lusions, these are called positive symptoms as they are experiences that are 
gained after the start of the disease. The second cluster is composed of the 
negative symptoms, which include lack of motivation, social withdrawal, and 
the inability to enjoy activities that were joyful before. These symptoms are 
called negative symptoms, as they describe functions that are lost after the 
disease onset. The third and last cluster of symptoms are cognitive deficits, 
such as memory impairments, reduced attention and reduced social cognition. 
People suffering from schizophrenia are treated with antipsychotic drugs. 
These drugs are often quite effective in reducing the positive symptoms, but 
may not be so effective in treating the negative symptoms or cognitive deficits. 
Moreover, up to a third of the people with schizophrenia do not respond ade-
quately to antipsychotic drugs and many people experience severe side effects 
such as muscle spasms, weight gain or sedation because of these drugs. There-
fore, better treatment options with less side effects are urgently needed to help 
these people. To this end, we studied the potential of two novel treatment op-
tions for schizophrenia. 

First, we investigated sodium nitroprusside (SNP), which is a drug that has 
been used for over a hundred years to treat cardiovascular disease. Sodium 
nitroprusside is a nitric oxide donor that is hypothesized to enhance the effect 
of antipsychotic drugs without increasing the risk of side effects. Clinical stud-
ies on SNP show mixed results, but have suggested that SNP may be more 
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effective in younger patients. In our studies we found that SNP enhanced the 
antipsychotic-like effect of risperidone and olanzapine in rats in the condi-
tioned avoidance response test. Risperidone and olanzapine are two of the 
most commonly prescribed antipsychotic drugs. Our results show that adjunct 
SNP treatment may improve the effect of these antipsychotic drugs and allow 
for the usage of lower doses, which consequently reduces the risk of side ef-
fects. 

Second, we studied lumateperone, a drug that is currently available in the 
USA, but not yet in the rest of the world. This is an antipsychotic drug that 
was found to have fewer side effects than most antipsychotic drugs, while ef-
fectively treating the positive and negative symptoms of schizophrenia. More-
over, lumateperone may even improve the cognitive deficits of the disease. In 
our experiments we investigated the mechanism of action of lumateperone. 
We found that lumateperone increases dopamine and glutamate levels in the 
medial prefrontal cortex, a brain area that is associated with cognitive pro-
cesses. Dopamine and glutamate are important neurotransmitters or chemical 
messengers that are released by a neuron to stimulate or inhibit another neuron 
or cell. This indicates that lumateperone may improve cognitive deficits and 
negative symptoms of schizophrenia. 

Lastly, we investigated the importance of dopamine and norepinephrine re-
lease in the ventral hippocampus of rats for recognition memory. As people 
with schizophrenia often suffer from memory deficits, it is important to un-
derstand how different memory processes are regulated in the brain. We in-
vestigated this in the hippocampus, a crucial brain structure for memory pro-
cesses. Our study provides new insights into how the hippocampus signals 
novelty and suggests a crucial role for dopamine and norepinephrine release 
in recognition memory. 

In conclusion, lumateperone is a promising new drug for the treatment of 
schizophrenia and sodium nitroprusside may be an interesting new treatment 
option for young people with schizophrenia. 
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1 Introduction 

1.1 Schizophrenia 

Schizophrenia is a severe psychiatric disorder that has a substantial impact on 
the quality of life of people, as well as their family members. It is estimated 
that 20 million people suffer from schizophrenia worldwide (James et al., 
2018). Over half of these people (57%) are moderately to severely unaware of 
their disease or lack the belief that they are ill (anosognosia; Amador et al. 
1994; Pini et al. 2001), causing significant problems for treatment adherence 
(Lehrer and Lorenz, 2014). As schizophrenia is considered to be a chronic 
disease, it has a severe effect on the level of functioning and the ability to 
actively participate in society (American Psychiatric Association, 2013; Owen 
et al., 2016). This is exemplified by the fact that people with schizophrenia 
have an unemployment rates of 80-90% (Marwaha and Johnson, 2004). 

Schizophrenia is a complex disease that consists of a mixture of symptoms 
that can be divided into three main clusters; i) positive symptoms, such as 
hallucinations, delusions, suspiciousness, disorganized thinking and paranoia; 
ii) negative symptoms, which include lack of motivation, social withdrawal 
and anhedonia, and, iii) cognitive deficits, which constitute a cognitive decline 
that is associated with impairments in e.g. episodic memory, processing speed, 
social cognition and attention (Kahn and Keefe, 2013; Opler et al., 2014; 
Millan et al., 2016).  

1.1.2 Diagnosis 
There are no reliable biomarkers, or diagnostic tests available for the diagnosis 
of schizophrenia, therefore the clinical diagnosis is made after examination of 
someone’s mental state, based on the criteria described in the diagnostic and 
Statistical Manual of Mental Disorders (DSM-5; American Psychiatric 
Association 2013), or International Classification of Disease 11th revision 
(ICD-11; World Health Organization 2020). Schizophrenia is usually diag-
nosed during the first episode of psychosis (FEP). Interestingly, there is a clear 
sex difference present in the onset of the FEP, men generally are 20-25 years 
of age, while women are 25-30 years of age (Eranti et al., 2013; Millan et al., 
2016). In addition to this, the incidence ratio of schizophrenia for men relative 
to women is ~1.4 (Aleman et al., 2003; McGrath et al., 2008), and men seem 
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to have a more gradual development of psychosis along with a longer duration 
of untreated psychosis compared to women (Eranti et al., 2013). 

The onset of schizophrenia might occur long before the diagnosis, as schiz-
ophrenia is thought to be preceded by a prodromal phase, which can be char-
acterized by symptoms such as social isolation, anxiety and neurocognitive 
deficits (Kahn and Sommer, 2015; Millan et al., 2016). After the FEP, the 
disease progression often fluctuates with acute exacerbations of symptoms 
during psychoses. Moreover, recurrent psychoses tend to permanently worsen 
the level of functioning as is shown in Figure 1 (Millan et al., 2016; Owen et 
al., 2016; Lieberman and First, 2018). This emphasizes the need for treatment 
options that treat all symptoms of the disease and intervene early in the dis-
ease, preferably before the FEP. 

 

Figure 1: Illustration showing the progression of schizophrenia over time on the level 
of functioning. Before the onset of the prodromal phase, a healthy level of functioning 
is present, which worsens during the prodromal phase and deteriorates significantly 
during the first episode of psychosis. Afterwards every psychosis will have a deterio-
rating effect on the level of functioning, which leads to permanent disability, in which 
relapses and remissions can be observed. Picture modified after Lieberman 
(Lieberman and First, 2018) by Ottil Radhe. 

1.1.3 Mortality 
People with schizophrenia have an increased mortality rate and reduced life 
expectancy of approximately 15-20 years compared to the general population 
(Hjorthøj et al., 2017; Correll et al., 2022). In addition, the mortality rate of 
schizophrenia is increasing over time, and multiple studies show that the mor-
tality gap between the general population and people with schizophrenia is 
widening (Hoang et al., 2011; Hayes et al., 2017; Oakley et al., 2018). 
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However, this may be country specific, as Tanskanen and colleagues found 
that the standardized mortality ratio between schizophrenia and the general 
population in Finland has remained stable over the last 30 years (Tanskanen 
et al., 2018), and that use of antipsychotic drugs (APDs) significantly decrease 
mortality in both Sweden (Taipale et al., 2018) and Finland (Taipale et al., 
2020). Unfortunately, as the Tiihonen group states themselves, their results 
can only be generalized to Caucasian populations and high-income countries 
in which antipsychotic treatments are reimbursed by the state or require only 
very small co-payments (Taipale et al., 2018, 2020). 

The increased mortality rate observed in people suffering from schizophre-
nia may be due to increased somatic comorbidities such as cardiovascular- 
and/or respiratory disease, diabetes mellitus and high suicide rates (Brown et 
al., 2000; Ringen et al., 2014; Taipale et al., 2020; Correll et al., 2022), as well 
as smoking-related fatal disease, which is more prominent in people with 
schizophrenia (Brown et al., 2000). Moreover, two separate meta-analyses re-
port that people with schizophrenia have a global lifetime prevalence of 26.8% 
to commit a suicide attempt and a suicide mortality rate of 12.9% (Chesney et 
al., 2014; Lu et al., 2019). Lu and colleagues also found a strong geographic 
effect on suicide attempt prevalence, where people with schizophrenia in sub 
Saharan Africa and South Asia had significantly lower suicide attempts than 
people with schizophrenia in e.g. North America or Europe. Moreover, in a 
systematic review and meta-analysis by Correll and colleagues it was shown 
that suicide was the greatest relative risk factor for mortality for people suf-
fering from schizophrenia, having a relative risk score of 9.76 compared to the 
general population (Correll et al., 2022). People with schizophrenia also have 
a high risk of comorbid depression (28.6%; W. Li et al. 2020), significantly 
increasing the risk of suicide, especially during the FEP (Ayesa-Arriola et al., 
2015). Interestingly, recent studies showed that schizophrenia patients had a 
significantly higher adjusted mortality rate due to COVID-19 than the general 
population (Nemani et al., 2021). Moreover, people with mood or anxiety dis-
orders did not have an increased mortality rate (Nemani et al., 2021), empha-
sizing that schizophrenia is a risk factor for mortality in COVID-19 patients. 

1.1.4 Epidemiology and Risk factors 
The average lifetime prevalence of schizophrenia is 0.4-1%, but there are great 
geographical differences, prevalence rates can go up by fivefold, as more ur-
banized and higher latitude locations are associated with a higher risk of schiz-
ophrenia (Perälä et al., 2007; McGrath et al., 2008; Moreno-Küstner et al., 
2018). Additionally, several risk factors have been suggested to increase the 
risk of developing schizophrenia. 

Obstetric complications, such as bleeding during pregnancy, preeclampsia, 
abnormal fetal growth and development, and delivery complications (uterine 
atony, asphyxia, cesarean section) increase the risk for the child to develop 
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schizophrenia later in life (Cannon et al., 2002; Stilo and Murray, 2019). 
Moreover, maternal immune activation during the second- and third trimester 
due to for example influenza, herpes simplex virus, T. Gondii, rubella or bac-
terial pathogens has also been associated to schizophrenia development in the 
offspring (Brown and Derkits, 2010; Brown and Meyer, 2018; Ursini et al., 
2018). Furthermore, severe stress or food deprivation during pregnancy, espe-
cially during the first trimester, also increases the risk for the child to develop 
schizophrenia later in life (Susser and Shang, 1994; Os and Selten, 1998). In 
addition, being an older father also increases the risk of the child developing 
schizophrenia (Stilo and Murray, 2010; McGrath et al., 2014). 

Social factors can be a risk factor as well, as living and growing up in a 
large city (Pedersen and Mortensen, 2001), being a migrant with lack of social 
support or increased exposure to discrimination (Boydell et al., 2001; 
Kirkbride et al., 2007) significantly increases the risk of developing schizo-
phrenia. In addition, childhood adversities such as physical- or sexual abuse, 
maltreatment and bullying are also associated with an increased risk of devel-
oping schizophrenia later in life (Stilo and Murray, 2010; Varese et al., 2012). 
Furthermore, drug abuse increases the risk of schizophrenia and other psy-
chotic disorders (Murray et al., 2013), e.g. intense cannabis use during young 
adolescence increases the risk of developing the disease (Di Forti et al., 2009; 
Starzer et al., 2018; Rognli et al., 2022). Importantly in a large register based 
cohort study Starzer and colleagues observed that 41.2% of people with a can-
nabis-induced psychosis went on to develop schizophrenia (Starzer et al., 
2018). 

Perhaps most importantly, genetics contributes substantially to the risk of 
developing schizophrenia, as the disease has an estimated heritability of 79-
81%, i.e. 79-81% of the risk to develop schizophrenia is attributed to between-
individual genetic variation (Sullivan et al., 2003; Hilker et al., 2018; 
McCutcheon et al., 2020b). Hence, genetics are crucial for the etiology of 
schizophrenia. However, there is only a 33% concordance rate observed be-
tween monozygotic twins (Hilker et al., 2018), indicating that vulnerability to 
develop schizophrenia is for the most part dependent on non-genetic factors. 
Over the years genome wide association studies have revealed an increasing 
amount of genes associated with schizophrenia (Ripke et al., 2011, 2014; Li 
et al., 2017; Trubetskoy et al., 2022), with a recent study identifying a total of 
413 genic associations across 13 brain regions (Huckins et al., 2019). Moreo-
ver, there is also a high genetic correlation between schizophrenia and other 
psychiatric disorders such as bipolar disorder (Anttila et al., 2018; Lee et al., 
2019; Grotzinger et al., 2020; Romero et al., 2022; Trubetskoy et al., 2022). 
The complexity and heterogeneity of schizophrenia are highlighted by the fact 
that so many different risk loci are involved in the etiology of the disease and 
that they are not necessarily specific for schizophrenia. 
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1.1.5 Pathophysiology of schizophrenia 
As mentioned above, the pathophysiology of schizophrenia is not completely 
understood. However, there are several hypotheses revolving around different 
neurotransmitters that try to explain the pathophysiology of schizophrenia and 
are the basis for its treatment. The dopamine-, glutamate-, serotonin and nitric 
oxide (NO) hypotheses of schizophrenia are most relevant for this thesis and 
will be explained in more detail below. 

1.1.5.1 Dopamine 
Dopamine is synthetized in the ventral tegmental area (VTA) and in the sub-
stantia nigra (SN). Dopamine’s precursor tyrosine is converted into l-3,4-di-
hydroxyphenylalanine (L-DOPA) by tyrosine hydroxylase. L-DOPA is con-
verted into dopamine by DOPA decarboxylase. After synthesis, dopamine is 
stored in synaptic vesicles via the vesicular monoamine transporter 2 
(VMAT2), until it is released in the synaptic cleft after an increase of the pre-
synaptic Ca2+ concentration allows the vesicle to fuse with the membrane 
(Purves et al., 2013; Stahl, 2013). 

When dopamine is released in the synaptic cleft it may diffuse, bind to 
reuptake proteins, or bind to the dopamine receptors (D1, D2, D3, D4 and D5). 
All dopaminergic receptors are G-protein coupled receptors (GPCRs). The do-
pamine D1 and D5 receptors are coupled to the GSα G protein, which activates 
adenylyl cyclase, increasing the formation of second messenger cyclic aden-
osine monophosphate (cAMP). The dopamine D2, D3 and D4 receptors are 
coupled to the Giα protein, which inhibits adenyl cyclase and thus cAMP for-
mation (Neves et al., 2002; Neve et al., 2004). 

There are several key dopamine pathways in the brain, the pathways most 
relevant to this thesis are mentioned in Figure 2. Firstly, the mesolimbic do-
pamine pathway, which projects from the VTA to the nucleus accumbens 
(NAc), regulates e.g. reward and pleasure. Secondly, the mesocortical dopa-
mine pathway, which projects from the VTA to the dorsolateral prefrontal cor-
tex (dlPFC) and ventromedial prefrontal cortex (vmPFC), is regulating cogni-
tion, decision making, emotions and affect. Thirdly, the nigrostriatal dopa-
mine pathway, which projects from the SN to the dorsal striatum and controls 
motor function and initiations of movement. Lastly, the tuberoinfundibular 
pathway, which projects from the hypothalamus to the pituitary gland regulat-
ing prolactin secretion (Ikemoto, 2010; Stahl, 2013). 
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Figure 2: A schematic overview of key dopamine pathways in the brain. The meso-
limbic pathway projects from the ventral tegmental area (VTA) to the nucleus accum-
bens (NAc) and regulates e.g. reward and pleasure. The mesocortical dopamine path-
way projects from the VTA to the dorsolateral prefrontal cortex (dlPFC) and ventro-
medial prefrontal cortex (vmPFC) and is involved in cognitive tasks and emotions. 
The nigrostriatal projects from the substantia nigra (SN) to the striatum controls move-
ment. Lastly, the tuberoinfundibular pathway projects from the hypothalamus to the 
pituitary gland regulates prolactin secretion. Picture is modified after Stahl (2013). 

1.1.5.2 The dopamine hypothesis of schizophrenia 
The dopamine hypothesis has been the most influential hypothesis about the 
pathophysiology of schizophrenia for a long time. This hypothesis argues that 
hyperactive dopamine D2 receptor-mediated neurotransmission in the subcor-
tical and mesolimbic brain regions contributes to the positive symptoms of 
schizophrenia. On the other hand, the negative symptoms and cognitive defi-
cits can be explained by impaired cortical dopaminergic  neurotransmission 
(Goldman-Rakic et al., 2004; Slifstein et al., 2015; Abi-Dargham, 2017; Rao 
et al., 2019; Frankle et al., 2022; Weinberger, 2022). 

The dopamine hypothesis was originally based on observations that drugs 
that increase dopamine release such as amphetamine or cocaine can cause pos-
itive symptoms (Murray et al., 2013), whereas drugs that inhibit dopamine 
release e.g. haloperidol or risperidone decrease positive symptoms (Seeman 
et al., 1976). More recently, positron emission tomographic (PET) studies 
have shown that there is a deficit in the capacity to release dopamine in the 
dlPFC (Slifstein et al., 2015) as well as the anterior cingulate cortex (ACC) 
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(Rao et al., 2019), hippocampus (Frankle et al., 2022) and thalamus (Plavén-
Sigray et al., 2022). Moreover, post mortem transcriptome analysis on the 
brains from people that suffered from schizophrenia showed that there is a 
decreased expression of the short isoform of the dopamine D2 receptor in the 
caudate nucleus (Benjamin et al., 2022). The decreased expression of the do-
pamine D2 receptors in the caudate is suggested to be a causative risk factor 
for schizophrenia, as it compromises presynaptic autoregulation and conse-
quently increases synaptic dopamine availability in the synapse (Benjamin et 
al., 2022). According to the dopamine hypothesis, reduced dopamine levels in 
the mesocortical dopamine pathway cause cognitive and negative symptoms 
and increased dopamine levels in the mesolimbic dopamine pathway cause the 
positive symptoms of schizophrenia. 

Taken together, an updated dopamine hypothesis can be proposed where 
firstly, there is a genetic vulnerability involving the dopamine D2 receptor 
gene and dopamine related genes (Ripke et al., 2014; Benjamin et al., 2022). 
Secondly, environmental factors may further augment the development of ab-
normal dopamine release, as many environmental risk factors (e.g., drug use, 
stress or inflammation) involve dopamine release. Consequently, these factors 
would result in hyperactive dopamine systems in the striatum and hypoactive 
dopamine systems in the cortical brain regions (Abi-Dargham, 2017; 
Weinberger, 2022). 

1.1.5.3 Glutamate 
Glutamate is the main excitatory neurotransmitter in the brain and is involved 
in different high-level cognitive processes, regulated by pyramidal neurons in 
the cortex and the hippocampus (Bekkers, 2011). Glutamate is a non-essential 
amino acid that is synthesized from glutamine by glutaminase (Purves et al., 
2013; Stahl, 2013). After it is synthesized, glutamate is stored in vesicular 
glutamate transporters that release glutamate in a Ca2+ dependent way into the 
synaptic cleft (Purves et al., 2013). Here, glutamate can react with several dif-
ferent receptors (discussed below), diffuse, or be removed by excitatory amino 
acid transporters, located on glutamatergic neurons and surrounding glial cells 
(Rowley et al., 2012). Glutamate that is transported into glial cells is converted 
to glutamine by glutamine synthase, glutamine is then released by system N 
transporter 1 (SN1) and taken up by the glutamatergic neuron by the system 
A transporter 2 (SAT2), to be synthesized into glutamate (Rowley et al., 2012; 
Purves et al., 2013; Stahl, 2013). 

In the synaptic cleft, glutamate can bind to different type of receptors; 
metabotropic glutamate receptors (mGLuR1-8), which are GPCRs, or to ion-
otropic receptors, which are ligand-gated ion channels (Nakanishi et al., 1998; 
Stahl, 2013). The ionotropic receptors consist of N-methyl-D-aspartate 
(NMDA) receptors, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptors and kainate receptors. Most excitatory and inhibitory neu-
rons have both AMPA and NMDA receptors controlling their neuronal 
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function (Purves et al., 2013). These receptors work together to modulate ex-
citatory postsynaptic neurotransmission. The AMPA receptors are permeable 
for sodium and potassium ions and mediate fast excitatory neurotransmission. 
In order for the NMDA receptor to be activated, three conditions should be 
fulfilled: glutamate and the co-agonists glycine, D-serine or D-alanine need to 
bind to their sites of the receptor, and the membrane needs to depolarize, 
which removes the magnesium ion that is blocking the NMDA receptor 
(Kleckner and Dingledine, 1988). The AMPA receptors provide this mem-
brane depolarization when they are activated by glutamate (Stahl, 2013). 

NMDA receptor activation will allow sodium and calcium ions to enter the 
neuron, and potassium ions to get transported out of the neuron (Balu, 2016; 
Uno and Coyle, 2019). The calcium influx triggers intracellular events that 
regulate synaptic plasticity and can generate long-term potentiation (LTP) or 
long-term depression (LTD), processes that strengthen or weaken synapses by 
increasing or decreasing the number of AMPA receptors on the postsynaptic 
membrane (Nestler et al., 2009; Peng et al., 2011; Purves et al., 2013; Stahl, 
2013). LTP, LTD and synaptic plasticity are thought to play a crucial role in 
memory and learning (Bliss and Collingridge, 1993; Cooke and Bliss, 2006). 

1.1.5.4 The glutamate hypothesis of schizophrenia 
The glutamate hypothesis of schizophrenia suggests that hypofunctional 
NMDA receptors are key contributors to the pathophysiology of schizophre-
nia. The ability of the NMDA receptor antagonists phencyclidine (PCP) and 
ketamine, to induce schizophrenia-like symptoms in healthy volunteers (Luby 
et al., 1959; Lahti et al., 2001), and to exacerbate the psychotic- and the neg-
ative symptoms as well as the cognitive deficits in people with schizophrenia 
(Javitt and Zukin, 1991; Malhotra et al., 1997; Domino and Luby, 2012) is the 
strongest evidence linking glutamatergic dysfunction to the pathophysiology 
of schizophrenia. Moreover, post-mortem studies show that glutamate neu-
rons have reduced dendrite branching, spine density and axon terminal marker 
synaptophysin in schizophrenia (Hu et al., 2015; McCutcheon et al., 2020a). 
In addition, copy number variant analyses and genome wide association stud-
ies show that genes encoding for the NMDA receptor and proteins important 
for correct glutamatergic signaling, are associated to schizophrenia (Kirov et 
al., 2012; Fromer et al., 2014; Purcell et al., 2014; Ripke et al., 2014; Singh et 
al., 2022; Trubetskoy et al., 2022). 

It is hypothesized that parvalbumin positive γ-aminobutyric acid (GABA)-
ergic interneurons form hypofunctioning NMDA receptors in schizophrenia 
(Gonzalez-Burgos and Lewis, 2012; Gonzalez-Burgos et al., 2015; Balu, 
2016; Owen et al., 2016; Howes et al., 2017). These fast-spiking interneurons 
synchronize the firing of pyramidal neurons and underlie the generation of 
gamma oscillations, which are crucial for cognitive processes, such as work-
ing memory (Gonzalez-Burgos et al., 2015; Alekseichuk et al., 2016; Owen et 
al., 2016; Uno and Coyle, 2019). In schizophrenia, abnormalities in gamma 
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oscillations are visible during the FEP (Uhlhaas and Singer, 2010) and in 
chronic schizophrenia (Sheffield and Barch, 2016), and have been suggested 
to contribute to the cognitive deficits in schizophrenia (Sheffield and Barch, 
2016). It is thought that a loss of pyramidal cell dendritic spines leads to re-
duced excitatory activity of GABAergic interneurons, resulting in disinhibited 
pyramidal cells (McCutcheon et al., 2020b), which produces aberrant gamma 
activity and functional network dysfunction, contributing to cognitive and 
negative symptoms (McCutcheon et al., 2020b).  

NMDA receptor hypofunction of cortical GABAergic interneurons may 
also overactivate the glutamatergic neurons they are projecting to, causing 
them to become hyperactive and release excessive amounts of glutamate to 
their downstream projections in the VTA. Here, subcortical GABAergic in-
terneurons will in turn inhibit dopamine release in the mesocortical dopamine 
pathway (Figure 3), contributing to negative symptoms and cognitive deficits 
(Stahl, 2013; Ellaithy et al., 2015; Balu, 2016). Moreover, hyperactive gluta-
mate neurons also project directly to mesolimbic dopaminergic neurons in the 
VTA, which results in excessive dopamine release in the NAc (Figure 3), 
contributing to the positive symptoms of schizophrenia (Ellaithy et al., 2015; 
Howes et al., 2015; Balu, 2016). 
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Figure 3: A schematic overview of glutamatergic projections involved in schizophre-
nia. γ-aminobutyric acid (GABA)-ergic interneurons (shown in red) in the cortex in-
hibit glutamatergic neurons (shown in green) projecting to the ventral tegmental area 
(VTA), and subsequently regulate dopamine release in the nucleus accumbens (NAc) 
and dorsolateral prefrontal cortex (dlPFC) and ventromedial prefrontal cortex 
(vmPFC). Defective NMDA receptors on GABA interneurons may disinhibit glu-
tamatergic projections in the VTA and over activate the mesolimbic dopamine path-
way, resulting in the positive symptoms of schizophrenia. Moreover, increased gluta-
mate release in the VTA may over inhibit the mesocortical dopamine pathway through 
GABAergic interneurons in the VTA. This would result in reduced dopamine release 
in the DLPFC and vmPFC and contribute to the negative symptoms and cognitive 
deficits of schizophrenia. Picture modified after Ellaithy (2015). 

1.1.5.5 Serotonin 
Serotonin (5-hydroxytryptamine or 5-HT) is an important neurotransmitter in-
volved in many functions e.g. mood, sleep, temperature and appetite, it is pri-
marily synthesized in the raphe region of the pons and the upper brainstem 
with widespread projections to the forebrain (Purves et al., 2013). Serotonin 
is synthesized from the amino acid tryptophan, which is converted by trypto-
phan hydroxylase into 5-hydroxytryptophan, which in turn is converted into 
serotonin by aromatic amino acid decarboxylase. After it is synthesized, ser-
otonin is stored in synaptic vesicles by VMAT2 from which it is released when 
the presynaptic Ca2+ concentration allows the vesicle to fuse with the mem-
brane (Purves et al., 2013; Stahl, 2013). 

When serotonin is released in the synaptic cleft it can bind to several groups 
of serotonin receptors (5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-HT5, 5-HT6, 5-HT7) 
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that also have multiple subtypes. All serotonin receptors with the exception of 
the 5-HT3 receptor are GPCRs, the 5-HT3 receptor is a ligand-gated ion chan-
nel (Purves et al., 2013). The synaptic effects of serotonin can be terminated 
by the serotonin reuptake transporter (SERT) which is present on the presyn-
aptic neuron and pumps serotonin that is in the synaptic cleft back into the 
neuron. 

1.1.5.6 The serotonin hypothesis of schizophrenia 
The serotonin hypothesis was first introduced when it was found that d-lyser-
gic acid diethylamide (LSD) usage by healthy volunteers resulted into hallu-
cinations and disturbances in perception, symptoms that are similar to the 
symptoms of schizophrenia (Stoll, 1947). LSD has high affinity towards sev-
eral serotonin receptors, but the hallucinogenic effects of LSD are attributed 
to its agonistic activity of the 5-HT2A receptor (Abi-Dargham et al., 1997; 
Aghajanian and Marek, 2000; Stahl, 2013; Quednow et al., 2020). Moreover, 
the 5-HT2A receptor has been shown to mediate most of the psychedelic and 
behavioral effects of hallucinogens like e.g. LSD, mescaline and psilocybin 
(Aghajanian and Marek, 2000; Nichols, 2016; Quednow et al., 2020). Post-
mortem studies have found that people suffering from schizophrenia have in-
creased levels of 5-HT1A and 5-HT2A receptors, especially in the PFC 
(Quednow et al., 2020). Moreover, atypical APDs act through 5-HT2A receptor 
antagonism (explained more in chapter 1.2.2), indicating that the serotonin 
system has a crucial role in the pathophysiology of schizophrenia. Taken to-
gether, the serotonin hypothesis of schizophrenia suggests that hyperactive 5-
HT2A receptors are responsible for the symptoms of schizophrenia. Overactive 
5-HT2A receptors on glutamate neurons in the cortex would result in an in-
creased glutamate release in the VTA, which may in turn activate the meso-
limbic pathway, resulting in excess dopamine in the ventral striatum and hal-
lucinations (Stahl, 2013, 2018). 

1.1.5.7 Nitric oxide 
Nitric oxide (NO) is an important downstream signaling molecule of NMDA 
receptors (Bernstein et al., 2011), NO is a highly diffusible small gas with a 
short half-life, which is involved in many processes in the brain, such as syn-
aptic plasticity (Hölscher and Rose, 1992), neurotransmitter release (Lonart et 
al., 1992) and neuronal development (Gibbs, 2003). NO is generated by nitric 
oxide synthase (NOS) through the enzymatic conversion of L-arginine to L-
citrulline (Steinert et al., 2010; Pitsikas, 2015). Neuronal NOS (nNOS) is as-
sociated to the postsynaptic NMDA receptors, as a result the production of 
NO greatly increases when the NMDA receptor is activated (Calabrese et al., 
2007; Shim et al., 2016). After NMDA receptor activation, NO diffuses and 
activates soluble guanylyl cyclase (sGC), which will increase cyclic guano-
sine 3′,5′-monophosphate (cGMP) levels (Arnold et al., 1977). cGMP will 
then activate the cGMP-dependent protein kinase G (PKG), which 
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subsequently activates several proteins involved in gene transcription, neuro-
protection, neurotrophic factors and synaptic plasticity (Contestabile and 
Ciani, 2004; Riccio et al., 2006; Calabrese et al., 2007; Shim et al., 2016), as 
shown in Figure 4. 

 

Figure 4: Schematic representation of the N-methyl-D-aspartate (NMDA) receptor-
nitric oxide (NO)- cyclic guanosine 3′,5′-monophosphate (cGMP) pathway. NMDA 
receptor causes an CA+ influx that forms a calcium/ calmodulin complex (Ca++/CaM), 
which activates nitric oxide synthase (NOS), which in turn catalyzes NO formation. 
NO binds to soluble guanylyl cyclase (cGC), resulting in increased cGMP levels, 
which will activate cGMP-dependent protein kinase G (PKG). PKG phosphorylates 
proteins involved in diverse processes such as synaptic plasticity, neurotrophic fac-
tors, neuroprotection and gene transcription. The figure is modified after (Shim et al., 
2016). 
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1.1.5.8 The nitric oxide hypothesis of schizophrenia 
The hypothesis that NO is involved in the pathophysiology of schizophrenia 
is based on clinical findings that showed reduced brain NO (Ramirez et al., 
2004), or NO metabolite levels (Kim et al., 2006) in the cerebrospinal fluid of 
schizophrenia patients compared with healthy individuals. Moreover, it was 
observed that patients on antipsychotic treatment have higher NO levels in 
plasma or serum than healthy controls (Lee and Kim, 2008; Nakano et al., 
2010; Maia-de-Oliveira et al., 2012). More specifically, Lee and Kim showed 
that plasma nitrite levels increased in schizophrenic patients that responded to 
treatment, whereas non-responders showed no increase (Lee and Kim, 2008). 
Postmortem studies also demonstrated that schizophrenic patients have signif-
icantly fewer NOS-containing striatal interneurons (Akbarian et al., 1993; 
Fritzen et al., 2007). As brain NMDA receptor dysfunction has been solidly 
demonstrated in schizophrenia, this may contribute to reduced brain NO levels 
in patients. Moreover, it has been shown that polymorphisms in the nNOS 
gene are associated with schizophrenia, thus decreased nNOS expression 
might increase the susceptibility to develop schizophrenia (Reif et al., 2006). 
Moreover, the integrity of NOS may play an important role as well, as coupled 
NOS is thought to have neuroprotective effects, whereas uncoupled NOS may 
be neurotoxic (Oh and Fan, 2020). Therefore, it is suggested that a shortage 
of NO in the brain is believed to contribute to the development of schizophre-
nia.  

1.2 Antipsychotic drugs  

Schizophrenia requires lifelong treatment with APDs, not only during psycho-
ses, but also as maintenance therapy to prevent psychotic relapses (Patel et al., 
2014). Pharmacological therapy may ameliorate some of the symptoms of 
schizophrenia and lower the mortality rate (Taipale et al., 2020; Correll et al., 
2022). Long acting injectable (LAI) APDs have been found to improve the 
mortality rate more and prevent more hospitalizations than their oral counter-
parts (Kishimoto et al., 2021; Correll et al., 2022). Whereas APDs improve 
schizophrenia symptoms for most patients, approximately 25% of FEP do not 
respond to the first prescribed APD, and only 16.6% of the patients that un-
derwent a second antipsychotic trial showed an adequate response (Agid et 
al., 2011). Moreover, 25% of the people with schizophrenia are considered to 
suffer from treatment resistant schizophrenia (TRS) (Meltzer, 1997; McGrath 
et al., 2008; Agid et al., 2011; Harvey and Rosenthal, 2016). The only FDA-
approved drug for TRS patients is clozapine, being effective in approximately 
30% of the cases (Kane et al., 1988; Meltzer, 1997; Harvey and Rosenthal, 
2016; Siskind et al., 2017). An additional problem with the currently available 
APDs is that they can cause severe side effects and may even worsen some of 
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the negative symptoms and cognitive deficits. Because of this and other fac-
tors like anosognosia, patients may discontinue their medication, which in-
creases the risk of relapse in psychosis (Liu-Seifert et al., 2005; Lehrer and 
Lorenz, 2014). 

APDs are divided into typical and atypical APDs, typical or first generation 
APDs are primarily dopamine D2 antagonists and have a high risk of causing 
elevated serum prolactin levels and extrapyramidal side effects (EPS), such as 
tremor, akathisia, tardive dyskinesia, dystonia and rigidity (Pierre, 2005; Nord 
and Farde, 2011). Importantly, increased prolactin levels have been associated 
with an increased risk of breast cancer in women (Taipale et al., 2021; Rahman 
et al., 2022). Atypical APDs are mainly characterized by the fact that they 
have lower risk of elevated prolactin levels and EPS (Nord and Farde, 2011; 
Meltzer, 2013). Moreover, second generation APDs may cause cardiometa-
bolic side effects such as weight gain, hyperlipidemia and diabetes (Amiel et 
al., 2008; Stahl, 2013). Third generation APDs have a lower risk of cardiomet-
abolic side effects, and the most commonly reported side effects are headache 
and insomnia (Edinoff et al., 2020; Grossberg et al., 2020; Preda et al., 2020). 
Moreover, atypical APDs consist of second generation APDs, which have a 
lower affinity to dopamine receptors and a higher affinity to the 5-HT2A re-
ceptor compared to the atypical APDs, and third generation APDs, which are 
primarily partial dopamine D2 agonists (Dazzan et al., 2005; Mailman and 
Murthy, 2010; Remington, 2010). Whereas typical APDs are specific to the 
dopamine D2 receptor, the atypical APDs are multi-receptor antagonists/ par-
tial agonists that exert their effect through multiple receptors (Mauri et al., 
2014). See table 1 for an overview of the different classes of APDs. 

 

Table 1: Overview of the different classes of antipsychotic drugs (APDs). 

 Generation Examples 
Mechanism of 
action 

Typical 
APDs 

First generation  
APDs 

Haloperidol,  
Chlorpromazine 

Dopamine D2  
receptor  
antagonists 

Atypical 
APDs 

Second generation 
APDs 

Risperidone, 
Olanzapine,  
Clozapine 

Multi-receptor  
antagonists  

Third generation  
APDs 

Aripiprazole,  
Brexpiprazole, 
Cariprazine 

Partial dopamine 
D2/D3 receptor  
agonists 
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1.2.1 First generation antipsychotic drugs – Dopamine D2 
antagonists 
Chlorpromazine was the first APD that was introduced to the market in the 
early 1950s, revolutionizing the treatment possibilities for schizophrenia, 
which until then was mostly treated with insulin comas, barbiturates or even 
lobotomy (Easton, 1938; Bennet et al., 1943; Nestler et al., 2009). Whereas 
chlorpromazine ameliorated positive symptoms, the drug was also associated 
with EPS. 

First generation APDs like chlorpromazine or haloperidol mainly act as do-
pamine D2 receptor antagonists that have a high receptor occupancy at clini-
cally relevant doses. The likelihood of clinical response increases significantly 
if dopamine D2 receptor occupancy surpasses 65% (Kapur et al., 2000; Nord 
and Farde, 2011; Uchida et al., 2011). However, the risk of hyperprolac-
tinemia and EPS also increased significantly if the D2 occupancy exceeded 
72% or 78%, respectively (Kapur et al., 2000; Nord and Farde, 2011; Uchida 
et al., 2011). The dopamine D2 receptors blockade caused by the first genera-
tion APDs, is thought to reduce the hyperactivity of the mesolimbic dopamine 
pathway and in this way reduce the positive symptoms of schizophrenia (Fig-
ure 2). However, as dopamine D2 receptors are distributed in other areas of 
the brain, the first generation APDs antagonize dopamine D2 receptors in the 
mesocortical, nigrostriatal and tuberoinfundibular pathways as well (Figure 
2), resulting in affective indifference, EPS and increased prolactin levels. 
(Miyamoto et al., 2005). Moreover, first generation APDs do not ameliorate 
negative symptoms or cognitive deficits. Since the degree of cognitive im-
provement is considered to be the best predictor of treatment outcome in schiz-
ophrenia (Goldman-Rakic et al., 2004), this makes the first generation APDs 
far from desirable. 

1.2.2 Second generation antipsychotic drugs – Multireceptor 
antagonists 
The second generation APDs have a pharmacological profile that is character-
ized by a relatively low affinity for dopamine D2 receptors, and a higher af-
finity to 5-HT2A receptors (Miyamoto et al., 2005; Stahl, 2013). The low af-
finity to the dopamine D2 receptors is thought to result in a lower risk of EPS 
(Stahl, 2013). As second generation APDs risperidone (70%), olanzapine (71-
80%), quetiapine (47.8%) and clozapine (33.5%) for example have a dopa-
mine D2 occupancies below the threshold for EPS (80%) (Kapur et al., 1998, 
2000; Kessler et al., 2006; Ito et al., 2009). In 1972 clozapine was the first 
second-generation APD to be introduced to the market in Switzerland and 
Austria (Crilly, 2007). 

The second generation APDs are thought to block the 5-HT2A receptor on 
cortical glutamatergic neurons projecting to GABAergic interneurons in the 
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brainstem. These GABAergic interneurons project to dopaminergic neurons 
projecting to the striatum (Stahl, 2013). When second generation APDs antag-
onize 5-HT2A receptors on cortical glutamatergic neurons, this will result in 
increased dopamine release in the striatum (Stahl, 2013), lowering the risk of 
EPS (Miyamoto et al., 2005; Stahl, 2013). Moreover, due to the lower dopa-
mine receptor occupancies, second generation APDs have a less exaggerated 
effect on prolactin levels compared to first generation APDs (Kapur et al., 
1998; Kessler et al., 2006; Ito et al., 2009). The 5-HT2A antagonistic effect of 
second generation APDs seems to be more pronounced in the nigrostriatal and 
tuberoinfundibular dopamine pathways than the mesolimbic dopamine path-
way, probably due to differences in 5-HT2A receptor density (Stahl, 2013). 
Whereas second generation APDs have a lower risk of EPS compared to first 
generation APDs (Gründer et al., 2016), they may have serious cardiometa-
bolic side effects like sedation, weight gain, insulin resistance and accelerated 
cardiovascular disease (Miyamoto et al., 2005; Tschoner et al., 2007; 
Rummel-Kluge et al., 2010). It is thought that blocking the 5-HT2C receptor 
and H1 receptor may result in weight gain, especially when they are blocked 
simultaneously (Melkersson and Hulting, 2001; Correll et al., 2011; Roerig et 
al., 2011; Stahl, 2013). The 5-HT2C receptor is involved in satiety and food 
intake and the H1 receptor is implicated in the control of feeding and both 
preclinical and clinical studies show that drugs that antagonize or reverse ag-
onize these receptors increase appetite and weight gain (Simon et al., 2009; 
Roerig et al., 2011). Besides the direct effect of the APD, others dietary and 
activity changes due to the APD effects may lead to weight gain as well 
(Correll et al., 2011). In addition, Muscarine M3 receptor blockade is associ-
ated with increased risk of insulin resistance (Weston-Green et al., 2013). Sec-
ond generation APDs that block the muscarinic M3 receptor are thought to 
impair insulin secretion (Weston-Green et al., 2013). 

Despite the cardiometabolic side effects, schizophrenic people suffering 
from schizophrenia tend to have a strong preference for second generation 
APDs over first generation APDs, as they report a greater improvement of 
quality of life, especially wellbeing and social performance (Gründer et al., 
2016). The second generation APDs used in this thesis are risperidone, 
olanzapine and clozapine (Figure 5). 
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Figure 5: The pharmacology of risperidone (A), olanzapine (B) and clozapine (C). 
The most important receptor interactions are shown here. Risperidone, clozapine, and 
olanzapine are serotonin 2A (5-HT2A) receptor antagonists and dopamine D2 antago-
nists. In addition, they act on several other receptors as well as indicated in the figure. 
Picture modified after Stahl et al (2013) by Ottil Radhe. 

1.2.3 Third generation antipsychotic drugs – Partial dopamine 
D2/D3 agonists 
The third generation APDs are partial dopamine D2/D3 receptor agonists that 
belong to the atypical APDs, and include aripiprazole, brexpiprazole and 
cariprazine. These partial agonists are hypothesized to stabilize dopamine lev-
els in the brain of people suffering from schizophrenia and prevent psychosis, 
while also having a low risk of EPS and hyperprolactinemia (Mailman and 
Murthy, 2010; Nord and Farde, 2011; Limadri, 2020). Aripiprazole was the 
first third generation APD and was introduced to the market in the USA in 
2002 and Europe in 2004 (Preda et al., 2020). 

Third generation APDs are associated with relatively high dopamine D2 
receptor occupancies, as aripiprazole was found to have a receptor occupancy 
of 72-95% (Yokoi et al., 2002; Mamo et al., 2007; Kegeles et al., 2008), 
brexpiprazole of 60-88% (Girgis et al., 2020; Wong et al., 2021) and 
cariprazine of 45% (Girgis et al., 2016). Third generation APDs also have a 
better metabolic safety profile compared to second generation APDs. In 
addition, third generation APDs have no clinically relevant side effects on 
QTc prolongation, showing that they have a favorable cardiovascular profile 
as well (Orsolini et al., 2020). The most commonly reported side effects for 
third generation APDs are headache and insomnia (Edinoff et al., 2020; 
Grossberg et al., 2020; Preda et al., 2020).  

1.2.4 Lumateperone 
Lumateperone is a mechanistically novel agent, recently approved by the FDA 
for the treatment of schizophrenia and bipolar depression in adults in the USA. 
Lumateperone simultaneously modulates serotonin, dopamine and glutamate 
(Li et al., 2014; Snyder et al., 2015). Specifically, lumateperone interacts with 
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serotonin 5-HT2A receptor, dopamine D1 and D2 receptors, SERT, enhances 
the phosphorylation of GluN2B receptors at a tyrosine residue Y1472 and dose-
dependently increases dopamine release in the mPFC (Figure 6) (Davis et al., 
2015; Snyder et al., 2015; Davis and Correll, 2016). Postsynaptically, 
lumateperone acts as a dopamine D2 antagonist, while acting as a partial 
dopamine D2 agonist presynaptically (Snyder et al., 2015). This allows 
lumateperone to exert an antipsychotic effect at lower levels of dopamine D2 
receptor occupancy (~40%) (Davis et al., 2015; Vanover et al., 2018), which 
is well below the threshold for developing EPS. Moreover, the affinity of 
lumateperone for the 5-HT2A receptor is approximately 60 times higher than 
its affinity for the dopamine D2 receptor (Li et al., 2014). Furthermore, 
lumateperone enhances both NMDA- and AMPA-mediated currents via 
dopamine D1 receptor activation (Titulaer et al., 2022). 

Lumateperone reduces schizophrenia symptoms, while possessing a safety 
profile similar to placebo for EPS, prolactin changes and cardiometabolic 
parameters (Lieberman et al., 2016; Correll et al., 2020, 2021; Kane et al., 
2021; Caroff and Morley, 2022; Jawad et al., 2022; Wu et al., 2022). The most 
common side effects associated with lumateperone are somnolence, sedation 
and fatigue (Correll et al., 2020). Besides being effective against positive 
symptoms of schizophrenia, lumateperone also enhances social function 
(Lieberman et al., 2016; Correll et al., 2020), and improves depressive 
symptoms in schizophrenia patients with comorbid depression (Lieberman et 
al., 2016). Social functioning has been closely related to functional outcome 
in schizophrenia (Fett et al., 2011), hence lumateperone may have positive 
long-term effects in people suffering from schizophrenia. In addition, 
lumateperone, either as monotherapy or adjunctive therapy to treatment with 
lithium or valproate, improved depressive symptoms in people suffering from 
bipolar I or bipolar II disorder, who were experiencing major depressive 
episodes (Calabrese et al., 2021; Mcintyre et al., 2023). 

Taken together, lumateperone is effective against the positive and negative 
symptoms of schizophrenia and may improve cognitive deficits as well, while 
not possessing any severe side effects. 
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Figure 6: The pharmacology of lumateperone. Lumateperone is a serotonin 2A (5-
HT2A) receptor antagonist, a selective serotonin reuptake transporter (SERT) 
inhibitor, a dopamine D1 receptor antagonist and a dopamine D2 presynaptic partial 
agonist and postsynaptic antagonist. Picture modified after Stahl et al (2013) by Ottil 
Radhe. 

1.2.5 Sodium Nitroprusside 
Sodium nitroprusside (SNP), is an NO donor that is clinically used to treat 
angina pectoris (Johnson, 1928; Friederich et al., 1995), and has in recent 
years gained interest as a possible adjunct treatment option for schizophrenia. 

Bujas-Bobanovic and colleagues were the first to show the antipsychotic 
potential of SNP, they showed that SNP administration in rats completely 
abolished phencyclidine (PCP) induced hyperactivity (Bujas-Bobanovic et al., 
2000). Moreover, SNP also prevented ketamine-induced hyperactivity up to a 
week after the SNP injection (Kandratavicius et al., 2015; Maia-de-Oliveira et 
al., 2015b). 

Clinically, Hallak and colleagues found that a single injection of SNP 
induced a rapid and sustained antipsychotic effect on positive, negative, 
anxiety and depressive symptoms in young schizophrenic patients on a stable 
antipsychotic medication (Hallak et al., 2013). In addition, an analogous study 
on the patients that received SNP in the Hallak study revealed that SNP also 
improved cognitive deficits (Maia-de-Oliveira et al., 2015a). In an additional 
case study, clozapine-refractory schizophrenic patients showed the same 
remarkable effect (Maia-de-Oliveira et al., 2014). As clozapine is the only 
FDA-approved APD for TRS, these findings underline the clinical potential 
of SNP as an efficacious adjunctive treatment. Moreover, placebo-controlled 
double blind studies in healthy individuals showed that SNP reduced the 
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psychotomimetic symptoms induced by ketamine (Rezende et al., 2017; 
Jonkman et al., 2018). In contrast to these studies, later clinical trials assessing 
SNP as adjunctive treatment for schizophrenia failed to replicate the original 
findings of the Hallak study (Stone et al., 2016; Wang et al., 2018; Brown et 
al., 2019; Adelino et al., 2021). Importantly, the group that published the 
original Hallak study from 2013, could not replicate their study and reported 
that SNP did not improve symptoms of TRS patients in a recent double-blind 
placebo-randomized controlled clinical trial (Adelino et al., 2021). The 
authors of the Stone, Wang, Brown and Adelino paper, all suggest that SNP 
may be beneficial for younger patients at the early stages of the disease (Stone 
et al., 2016; Wang et al., 2018; Brown et al., 2019; Adelino et al., 2021). As 
there is progressive disruption of neural circuits in schizophrenia and 
glutamatergic abnormalities may be more pronounced at the early stages of 
the disease, SNP might be more suitable as a potential adjunct treatment in 
young people in the early stages of schizophrenia. 

1.3 How comparable are the rat PFC and the human 
PFC 
The PFC is an important brain region that is involved in regulating processes 
like memory, emotion, motivation, decision making and attention (Euston et 
al., 2012; Szczepanski and Knight, 2014; Anastasiades and Carter, 2021). In 
schizophrenia these functions are often impaired, therefore the effect of drugs 
on neurotransmission in the rat mPFC has been studied in this thesis. It is 
important to know how the rat mPFC translates to the human brain. 

Anatomically, the rodent PFC consists of the PrL, IL and ACC (Uylings et 
al., 2003; Laubach et al., 2018; Chao et al., 2020; Anastasiades and Carter, 
2021). In humans or monkeys this would be considered the mPFC (Laubach 
et al., 2018; Chao et al., 2020). The rat PFC is not as differentiated as in 
primates, but shows anatomical and functional features similar to the human 
dlPFC (Uylings et al., 2003; Seamans et al., 2008). 

Functionally, the rat PFC is considered to be involved in attention, decision 
making and memory, like the human PFC (Dalley et al., 2004; Seamans et al., 
2008; Chao et al., 2020). Moreover, lesions in the rat mPFC produce strikingly 
similar results (memory impairments, delayed response tasks and reduced 
social interactions) to humans with lesions in the dorsolateral and orbifrontal 
regions (Kolb and Robbins, 2003; Uylings et al., 2003; Vertes, 2006; 
Szczepanski and Knight, 2014; Simon et al., 2021). Furthermore, 
electrophysiological data indicate that the rat mPFC combines elements from 
primate ACC and dlPFC at a rudimentary level (Seamans et al., 2008). In 
summary, the rat mPFC is considered anatomically and functionally 
comparable to the human dlPFC. 
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2 Aims 

Paper I: 
1. To investigate if SNP can enhance the antipsychotic-like effect of 
risperidone in rats. 
2. To study the effect of combining SNP to risperidone on risperidone-induced 
dopamine release in the mPFC and NAc of freely moving animals. 

 
Paper II 
To examine how dopamine and norepinephrine neurotransmission are 
regulated during recognition memory in freely moving rats.  

 
Paper III 
To elucidate if SNP can enhance the antipsychotic-like effect of olanzapine or 
clozapine in rats.  

 
Paper IV 
To investigate if lumateperone facilitates AMPA- and NMDA-induced 
currents in the rat mPFC and how lumateperone affects cortical glutamate- 
and dopamine release in rats. 
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3 Materials and Methods 

3.1 Animals 
The experiments were performed at two different locations, the experiments 
described in paper I and paper II were performed at Karolinska Institutet 
(Stockholm, Sweden), while the experiments of paper III were performed at 
Uppsala University (Uppsala, Sweden). In paper IV, the experiments were 
performed at both Karolinska Institutet and Uppsala University. 

All the rats were housed in groups of 4 in standard laboratory conditions, 
at a room temperature of ∼21 °C, relative humidity of 55– 65% and food and 
water available ad libitum. Rats that underwent surgery for microdialysis or 
amperometry experiments were housed individually after surgery. The rats 
used in the CAR experiments were kept at a reversed 12 hours day night cycle 
(lights off at 6:00 a.m. or 7.00 am), while the rats in the microdialysis or 
amperometry experiments were kept at a normal 12 hours day night cycle 
(lights on at 6:00 a.m.). All experiments were approved and conducted in 
accordance with the local animal ethics committee, Stockholm North, and the 
Karolinska Institutet, Sweden (N56-14 Jardemark and N269/14 Svensson) or 
Uppsala Animal Ethics Committee (5.8.18-18873/2018) and Uppsala 
University. 

3.1.1 Experiments performed at Karolinska Institutet 
Paper I 

Male Wistar rats were used in the CAR experiments and were obtained from 
Charles River (Germany), weighing approximately 200 grams at arrival. For 
the microdialysis experiments, male Wistar rats were ordered from Janvier 
(France), weighing approximately 200 grams at arrival. The rats had a plastic 
tube, wooden block and sizzle-nest in their home cage as cage enrichment. All 
animals were allowed to acclimatize for one week before any experiment 
started. 

Paper II 

The Wistar rats used in the novel object recognition (NOR)/microdialysis 
experiments in paper II were obtained from Charles River (Germany), 
weighing approximately 250 grams at arrival. The rats had a wooden block in 



 

 35

the cage as cage enrichment. The rats were allowed to acclimatize for at least 
5 days prior to any experiments. 

 
Paper IV 
Adult Sprague Dawley rats, 7-8 weeks old, weighing approximately 180g 
were ordered from Janvier (France) and used for the electrophysiology 
experiments. The rats had a plastic tube, wooden block and sizzle-nest in their 
home cage as cage enrichment. All rats were allowed to acclimatize for at least 
5 days prior to experiments. 

3.1.2 Experiments performed at Uppsala University 

Paper III 
Male Wistar rats, weighing approximately 180 grams upon arrival, were 
obtained from Envigo (The Netherlands) and used for the CAR experiments. 
A wooden house and nesting material were present in the home cage of the 
rats. The rats were 7-8 weeks old at arrival and allowed to acclimatize to the 
animal facility for 2 weeks prior to the start of experiments. 

 
Paper IV 
Male Wistar rats were obtained from Envigo (The Netherlands) for the CAR 
experiments, the rats weighed approximately 180 grams upon arrival and were 
7-8 weeks old. For the amperometry experiments, male Sprague-Dawley rats 
were acquired from Envigo (The Netherlands) weighing approximately 180 
grams at arrival. The rats had a wooden house and nesting material as cage 
enrichment. The CAR animals were allowed to acclimatize to the animal 
facility for 2 weeks prior to the start of any experiments, and the amperometry 
animals were allowed to acclimatize at least 5 days before any experiments 
began. 

3.2 Drugs 

Risperidone was provided by Johnson & Johnson, lumateperone was provided 
by Intra-Cellular Therapies, olanzapine was obtained from Lilly laboratories 
and clozapine and SNP were obtained from Sigma-Aldrich. Risperidone, 
olanzapine and clozapine were first dissolved in a minimal amount of acetic 
acid. Afterwards, risperidone was dissolved in 5.5% glucose and olanzapine, 
clozapine and SNP were dissolved in saline (0.9% NaCl). SNP was kept in the 
dark until injection as it is photosensitive. Lumateperone was dissolved in 5% 
DMSO, 5% Tween-20, 15% PEG-400 and 75% distilled water. All treatments 
were administered intraperitoneally (i.p.), at 2 ml/kg for the CAR experiments 
and 1 ml/kg for the microdialysis and amperometry experiments. 
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3.3 Conditioned avoidance response 

The conditioned avoidance response (CAR) test is a preclinical behavior test 
with high predictive validity in determining the clinical antipsychotic potential 
of drugs that may be efficacious against the positive symptoms of 
schizophrenia (Wadenberg, 2010). The CAR test is thought to stimulate 
psychological and biological processes that are pathologically activated in 
psychosis (Moutoussis et al., 2007). All clinically effective APDs suppress the 
avoidance response of rats in the CAR test, while not increasing the amount 
of escape failures. In addition, the CAR test is not sensitive to sedating or 
tranquilizing drugs in general, as e.g. barbiturates and benzodiazepines do not 
produce any antipsychotic-like effect in the CAR test (Arnt, 1982; Wadenberg 
and Hicks, 1999; Wadenberg, 2010). 

The CAR test was performed in conventional soundproof shuttle boxes 
(530 ×250 ×225 mm), which were divided into 2 compartments of equal size 
by a plastic divider with an opening in the middle (Figure 7A). Before each 
training or test session, rats were habituated to the shuttle box for 5 min. 
During the test an 80dB white noise was presented to the animals, after which 
they had 10 seconds to move from one compartment to the other, if they did 
this within 10 seconds this was defined as an avoidance. When they failed to 
do so, an intermittent foot shock of ∼0.4 mA was delivered to the grid floor. 
The shock duration was 0.5 seconds and the inter shock interval was 2.5 
seconds. When the rats moved to the other compartment, the shocks and the 
noise stopped, this was defined as an escape. If a rat failed to move to the other 
compartment within 60 seconds after the noise had started, the shocks and the 
noise would stop, and this was termed an escape failure (Figure 7B). If 3 
escape failures in a row occurred, the session automatically stopped. 

The rats were trained daily for 5 consecutive days, in which each session 
consisted of approximately 20 trials randomly divided over 15 minutes. The 
rats had to reach a criterion of at least 85% avoidance to be included in the 
experiment. Experimental sessions lasted 10 minutes and were performed 
before drugs were administered, and 20, 90 and 240 minutes after drug 
injection. Experimental days were separated by at least 2 non-experimental 
days. If a test contained any failures or if the result was inconsistent with the 
general performance of the animal, the whole test day was repeated at the end 
of the experiment. All animals were tested in a counterbalanced change-over 
design, in which they served as their own controls (Figure 7C). 
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Figure 7A: An illustration of the conditioned avoidance response (CAR) box (A). A 
schematic overview of a trial in the CAR test. (B) When a trial started, an 80dB noise 
was presented to the rat, as indicated by the grey bar here, when the rat moved to the 
other compartment within the first 10 seconds it avoided receiving a foot shock 
(avoidance). After 10 seconds, the noise was accompanied by an intermittent foot 
shock applied to the grid floor, indicated by the yellow and black striped bar here. 
When the rat moved to the other compartment, they escaped and consequently the 
noise and the shock stopped (escape). If they did not move to the other compartment 
within 1 minute of the start of the noise (50 seconds of intermittent foot shocks) the 
trial was termed an escape failure and ended automatically. (C) An overview of the 
cross-over design. Each rat received all doses in a randomized order and all treatment 
days were separated by at least 2 non-experimental days. Picture A was made by Ottil 
Radhe. 
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3.3.1 Methodological considerations 
We used the CAR test in rats to investigate the antipsychotic potential of 
APDs. The CAR test is a technique with excellent predictive validity to 
evaluate the acute antipsychotic-like effect of drugs for the positive symptoms 
of schizophrenia (Smith et al., 2005; Wadenberg, 2010). Antidepressant or 
anxiolytic drugs do not suppress avoidance behavior in the CAR test without 
altering escape failures (Wadenberg et al., 2001). It is important to note that 
the CAR test measures an acute effect already 20 minutes after a single drug 
administration, while in patients with schizophrenia several days or even 
weeks of treatment are needed to achieve an effective antipsychotic response 
(Wadenberg et al., 2001; Stahl, 2013). Moreover, as the CAR test does not 
require an animal model of schizophrenia to determine the antipsychotic-like 
potential of a drug, but can be performed with healthy rats, we used healthy 
rats in these experiments. 

A good way to compare the preclinical CAR results to the clinical situation 
is to compare dopamine D2 receptor occupancy (Kapur et al., 2000; 
Wadenberg et al., 2000, 2001; Li et al., 2007). Antipsychotic suppression of 
CAR can be observed at 70-75% dopamine D2 receptor occupancy, while 
catalepsy only occurred at dopamine D2 receptor occupancy over 80% 
(Wadenberg et al., 2000, 2001). These numbers are remarkably similar to the 
human situation where 65-78% dopamine D2 receptor occupancy is necessary 
for a clinical antipsychotic effect, while a dopamine D2 receptor occupancy 
over 80% produces EPS (Kapur et al., 2000; Nord and Farde, 2011; Uchida et 
al., 2011). There are of course exceptions, as e.g. clozapine and lumateperone 
produce antipsychotic effect at much lower dopamine D2 receptor occupancies 
(Pet et al., 1995; Kessler et al., 2006; Vanover et al., 2018). Moreover, as 
mentioned before, third generation APDs have quite high dopamine D2 
receptor occupancy (up to 95%), but do not produce EPS, as they are not 
antagonists, but partial agonists (Yokoi et al., 2002; Kegeles et al., 2008; 
Girgis et al., 2016, 2020). These studies show that the CAR test has great 
translational value in determining antipsychotic potential of drugs. 

It could be argued that the CAR test is only useful to find dopamine D2 
receptor antagonists, this is however not the case, partial dopamine D2 receptor 
agonists aripiprazole, brexpiprazole and cariprazine all suppress the CAR in 
rats (Gyertyán et al., 2011; Natesan et al., 2011; Maeda et al., 2014). 
Moreover, the CAR test is not exclusively sensitive for dopaminergic drugs, 
as for example muscarinic receptor M1/M4 agonist xanomeline also suppresses 
the avoidance response (Shannon et al., 1999, 2000). Therefore, the CAR test 
has excellent predictive validity to determine the antipsychotic potential of all 
classes of drugs for the treatment of schizophrenia. 
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3.4 Microdialysis 
For the microdialysis experiments, rats were anaesthetized with a 5 ml/kg i.p. 
cocktail of Hypnorm ® (0.315 mg/ml fentanyl citrate and 10 mg/ml 
fluanisone; Jansen-Cilag Ltd, UK) and Dormicum R (5 mg/ml midazolam; 
Roche AB, Sweden) diluted with distilled water (1:1:2). When the rats were 
fully anaesthetized, they were mounted into a stereotaxic frame and kept on a 
heating pad to prevent hypothermia. Dialysis probes were implanted into the 
mPFC (with an angle of 12°) +2.5mm anteroposterior (AP) and -1.4mm 
mediolateral (ML) relative to bregma and -6.0mm dorsoventral (DV) relative 
to the dura, NAc +1.6mm AP and +1.6mm ML relative to bregma and -8.2mm 
relative to the dura, and ventral hippocampus -5.6mm AP, -4.8mm ML 
relative to bregma and -8.2mm DV relative to dura (Paxinos and Watson, 
2006). A semipermeable membrane (Filtral AN69, Hospal Industries, France) 
with an active surface length of 4 mm (mPFC and ventral hippocampus) or 2 
mm (NAc) was used for dialysis (Figure 8B). Microdialysis experiments were 
performed 2 days after surgery in freely moving animals. The probe was 
perfused with perfusion solution (in mM 147 NaCl, 3.0 KCl, 1.3 CaCl2, 1.0 
MgCl2, 1.0 NaH2PO4 at pH 7.4 for paper I and 147 NaCl, 3 KCl, 2.2 CaCl2, 
1.9 MgCl2, 1.0 NaHPO4, 0.2 NaH2PO4 at pH 7.4 for paper II) at a flow rate 
of 2.5 μl per minute set by a microinfusion pump (Harvard Apparatus, USA). 
Dialysate samples were collected for 30 (mPFC and ventral hippocampus) or 
15 (NAc) minutes and then analyzed by reversed phase high-performance 
liquid chromatography (HPLC) coupled to electrochemical detection with a 
detection limit of ∼0.08 nM (ESA, Bioscience, USA) in order to monitor 
dopamine levels. The injector (Valco Instruments, USA) was directed by a 
computer program (Clarity 7.0, DataApex, Czech Republic). Afterwards, the 
chromatogram of the sample was immediately visible on the computer. An 
overview of the microdialysis technique is given in Figure 8. 

The mobile phase of the HPLC in paper I consisted of 10% methanol, 
∼120 mg/L octanesulfonic acid, 10 μM EDTA, 55 mM sodium acetate and 
acetic acid was added to reach pH 4.0. The mobile phase of the HPLC in paper 
II consisted of 12% methanol, 0.55 mM octanesulfonic acid and 55 mM 
sodium acetate buffer and acetic acid was added to reach pH 4. 

Injection of drugs was performed when rats showed stable dopamine 
release for at least an hour. In paper I, SNP or saline was injected, 30 min 
later, risperidone or vehicle was administered after which dopamine levels 
were measured for at least 4 hours. In paper II, the first object was introduced 
to the rat for 30 minutes, and .90 minutes after the first object was removed 
the second object was introduced to the animal for 30 minutes. Baseline was 
calculated as the average dopamine outflow of the last 2 (mPFC and ventral 
hippocampus) or 4 (NAc) samples before injection. In paper II, a second 
baseline was calculated using the 2 samples before introduction of the second 
object. The dopamine levels were expressed as a percentage of these baseline 
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levels. The animals were sacrificed directly after the experiment. The probe 
placement was histologically verified, only animals with correct probe 
placement were included in the study. 

 

Figure 8A: Overview of the microdialysis setup. The perfusion solution is put in the 
pump and slowly pumped through the microdialysis probe. The dialysate is pumped 
out of the brain and transferred to the automatic injector, which collects samples for 
15 or 30 minutes, after which it injects it into the HPLC column and electrochemical 
detector that is coupled to a computer which shows the chromatogram. (B) A close-
up of the microdialysis probe. Depending of the brain region that is investigated the 
length of the semi-permeable membrane can be changed. 

3.4.1 Methodological considerations 
We have used the microdialysis technique to study dopamine and 
norepinephrine release in the mPFC, NAc and ventral hippocampus of freely 
moving rats. The microdialysis technique allows for very rapid measurements 
of several molecules simultaneously. However, the spatial and temporal 
resolution of the technique are very limited. As the microdialysis probe is 
rather big it collects dialysate from a relatively large area, making it 
impossible to study smaller brain structures. Moreover, the temporal 
resolution is limited as dialysate samples are usually collected over 15-30-
minute time periods. Therefore, rapid changes in neurotransmitter levels or 
transients cannot be detected. The temporal resolution is limited because the 
dialysate samples are analyzed with HPLC, which has a detection limit of 
0.08-0.3 nM. Hence, dialysate samples need to be collected for a longer time 
in brain areas where concentrations are lower. The advantage of analyzing the 
samples with HPLC is that the technique has good selectivity for detecting 
specific molecules and can detect multiple molecules at the same time, 
allowing for example to analyze metabolites at the same time as the molecule 
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of interest, e.g. dopamine, DOPAC and HVA. This information could for 
example be used to study the dopamine turnover 

3.5 Novel object recognition 
The novel object recognition (NOR) test was first described by Ennaceur and 
Delacour in 1988, where they suggested it could be used to study episodic-like 
memory in rodents (Ennaceur and Delacour, 1988). In the NOR test, the rat is 
introduced to an arena, where it is allowed to freely explore two identical objects 
for a limited amount of time. After an inter trial interval, the rat is put back in the 
arena, which this time is prepared with a novel object and a familiar object. As 
rodents have a natural tendency to explore novel elements, the time that the rats 
then spend with the novel object is compared to the familiar object is taken as a 
measure of recognition memory. Due to the low extracellular dopamine 
concentration in the hippocampus and the relatively low temporal resolution of 
microdialysis, we modified a previously used NOR test protocol (Feltmann et al., 
2015). After steady baseline values of dopamine and norepinephrine output were 
obtained, the rats were picked up while an object (a cup or a metal container) was 
placed in the experimental cage. The object was placed in the cage for the whole 
duration of the microdialysis sampling time (30 min) and then taken away. Two 
hours later, the rats were lifted again and a replica of the familiar object or a novel 
object was placed in the cage (Figure 9). All objects were cleaned with 70% 
ethanol before they were used again in further experiments. 

 

Figure 9: Experimental design of the novel object recognition microdialysis 
experiment. After steady baselines of dopamine and norepinephrine output were 
obtained in the ventral hippocampus, rats were presented with an object for 30 min 
and after a 90 min retention time, presented with either a familiar (A) or a novel object 
(B). Picture by Ottil Radhe. 
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3.5.1 Methodological considerations 
To investigate recognition memory, we used a modified version of the NOR 
test in combination with microdialysis (paper II). The NOR test is a well-
established test to study different aspects of memory in rats. The test takes 
advantage of an animals natural behavior to explore novelty (Bevins and 
Besheer, 2006; Rajagopal et al., 2014). For the animal to be able to 
discriminate a novel from a familiar object, it needs to either recognize the 
familiar object or detect a difference with the previously presented object 
(Bevins and Besheer, 2006; Rajagopal et al., 2014). In order to recognize a 
familiar object several memory processes are utilized. One of the advantages 
of the NOR test is that it can be adjusted in many ways to investigate different 
aspects of memory. One important limitation to the NOR test as it was 
performed in paper II is that we used only one object. This was done because 
of the temporal resolution of the microdialysis technique. It is more common 
to first introduce two identical objects to the rats and afterwards replace one 
of them with a novel object (Ennaceur and Delacour, 1988; Feltmann et al., 
2015).  

3.6 Electrophysiology recordings in vitro 

In order to collect brain slices containing the mPFC, the rats were decapitated 
under isoflurane anesthesia (Abbott Laboratories Ltd, England). The brains 
were then rapidly removed and cooled in ice-cold Ringer’s solution (in mM: 
126 NaCl, 2.5 KCl, 2.4 CaCl2, 1.3 MgCl2, 1.2 NaH2PO4, 10 D-glucose, 18 
NaHCO3, pH 7.4) aerated by 95% O2 /5% CO2. Brains were cut coronally 
using a Vibroslice TM (Campden model MA 752, World Precision 
Instruments, Sarasota, FL, USA) to obtain 450 μm thick slices. The brain 
slices were kept submerged in aerated Ringer’s solution at room temperature 
for at least 1 hour to allow for recovery. A single slice containing mPFC, 
approximately AP + 3.2 mm from bregma (Paxinos and Watson, 2006), was 
then transferred to a recording chamber (30 °C), in which it was held 
submerged between two nylon nets during the electrophysiological 
recordings. The recording chamber was continuously perfused by aerated 
Ringer’s solution at a flow rate of 1– 2 mL/min. Standard intracellular 
recordings were used to record pyramidal cells in layers V and VI of the mPFC 
in slice preparations (Arvanov et al., 1997; Konradsson et al., 2006). 
Electrodes were pulled from borosilicate glass capillaries (Clark 
Electromedical Instruments, Pangbourne, UK) by using a horizontal electrode 
puller (Model P-87, Sutter Instruments, San Rafael, CA, USA). Recording 
electrodes were filled with 2 M KAc and used for recording the mPFC neurons 
with an Axoclamp 2B amplifier (Axon Instruments, Foster City, CA, USA). 
Single electrode voltage-clamp (holding potential −60 mV) was performed in 



 

 43

the discontinuous mode with a sampling rate of 5–6.2k. The whole setup was 
enclosed by a faraday cage to prevent electrical interference (Figure 10). 

3.6.1 Methodological considerations 
The in vitro electrophysiological method is capable of assessing small changes 
in ion channel activity from the level of a single receptor to a complex 
neuronal network (Accardi et al., 2016). In vitro electrophysiology can be used 
to study the effect of drug-induced currents in specific controlled conditions 
with high temporal resolution.  

 
Figure 10: Overview of the electrophysiology rig. Created with Biorender.com. 

3.7 In vivo Amperometry 

Microelectrode arrays (MEAs) were used to measure glutamate release. The 
MEAs consisted of ceramic paddles with four platinum recording sites 
(15x333 µm). The four sites were arranged in two pairs located closely behind 
each other beginning approximately 100 µm from the electrode tip, see Figure 
11A. In order to create a pair of glutamate-sensitive electrode, the pair of 
recording sites closest to the tip of the MEA, was manually coated under a 
microscope with a mixture of Glutamate oxidase (GluOx; 0.5 unit/1 µL), 1% 
bovine serum albumin (BSA) and 0.125% glutaraldehyde. The remaining pair 
was coated only with the BSA and glutaraldehyde mixture to serve as control 
channels, sensitive to the naturally occurring oxidation of all endogenous 
molecules other than glutamate. This specific coating of the MEA allowed for 
self-referenced recordings in which the current derived exclusively from 
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glutamate oxidation could be isolated (Day et al., 2006; Rutherford et al., 
2007; Konradsson-Geuken et al., 2009, 2010; Mishra et al., 2015; Viereckel 
et al., 2018). Enzyme-coated MEAs were cured for at least 48 hours at 20°C 
before any further use. m-phenylenediamine dihydrochloride (m-PD) was 
electropolymerized onto all recording sites of the MEA in order to prevent 
interference of potential electroactive molecules like ascorbic acid and 
dopamine. When glutamate was oxidized by GluOx at the glutamate-sensitive 
sites, α-ketoglutarate and H2O2 were generated. As the MEA is maintained at 
a constant potential (+0.7V vs an Ag/AgCl reference electrode), the H2O2 is 
further oxidized, yielding two electrons. The resulting current was then 
amplified and recorded at a frequency of 10 Hz with a FAST-16 recording 
system (Quanteon; LLC). When extracellular glutamate reaches the platinum 
surface of the sentinels (without GluOx), no oxidation current was generated 
(Figure 11A). Therefore, any current detected at these sites is the result of 
electrochemically active molecules other than glutamate or electrical 
interference. The exact glutamate concentration is calculated by subtracting 
the signal from the sentinels from the glutamate-sensitive channels. 

3.7.1 In vitro calibration of MEAs 
The MEAs were calibrated in vitro prior to implantation in the rat mPFC. 
Calibrations were performed in a stirred solution of phosphate-buffered saline 
(PBS; 0.05 M, 40 mL, pH 7.4, 37 °C). After stabilization, ascorbic acid (AA) 
(250 µM), glutamate (3x20 µM), dopamine (2 µM), and H2O2 (8.8 µM) were 
sequentially added to the calibration beaker. Amperometric signals were 
acquired at a rate of 10 Hz. The sensitivity (pA/µM glutamate), limit of 
detection (µM glutamate), selectivity (ratio of glutamate over AA), and 
linearity (R2) were analyzed. In  order to be used for subsequent in vivo 
recordings, the MEAs had to fulfill the following calibration criteria (single 
electrode mode): (i) similar background current (i.e. no greater than a 20 pA  
difference between the glutamate-sensitive and sentinel channels), (ii) linear 
response to increasing concentrations of glutamate (R2>0.998), (iii) a 
minimum slope of -2.0 pA/µM glutamate, (iv) a limit of detection of <0.5 
µM, and (v) a high selectivity for  glutamate over either AA or DA (i.e. 
>50:1). 

3.7.2 Implantation of MEAs and glutamate recordings in rats 
After successful calibration of the MEA, the animals were prepared for 
surgery. Initial anesthesia was induced with 4% isoflurane, and once the rat 
was secured in the stereotaxic frame (Stoelting, Wood Dale, Illinois, USA), 
the isoflurane level was adjusted during surgery (isoflurane with air (0.5–2 
L/min, 1–3% v/v). Artificial tears (Viscotears Bausch Lomb Nordic, 
Stockholm, Sweden) were applied to the eyes. Bupivacaine (0.2-0.4 ml at 2.5 
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mg/ml) was injected in the skin as a local anesthetic. Two holes were drilled 
in the skull: one for the MEA, and one for the reference electrode. The MEA 
was implanted in the mPFC at AP: +2.7 mm from bregma, mediolateral (ML): 
-0.6 mm from the midline and dorsoventral (DV) -3.9 mm from dura 
(Figure 11B/C). The reference electrode was implanted posterior of the 
electrode. Subsequently, the electrode and the reference electrode were 
connected to the FAST-16 recording system and the glutamate release was 
recorded at a frequency of 10 Hz (Figure 12). The cortical glutamate was 
allowed to reach a stable baseline for at least 60 minutes before 10 mg/kg of 
lumateperone or vehicle was given i.p. The glutamate release was recorded 
for at least 120 minutes after drug administration. The animal was sacrificed 
directly after the experiment. The brains were preserved in a 4% formaldehyde 
(10% formalin) solution and the electrode placement was verified 
microscopically (Figure 11D). Only animals with correct electrode placement 
were included in the study. 

3.7.3 Methodological considerations 
We used the amperometry technique to measure glutamate release in the 
mPFC of anaesthetized rats. The amperometry technique makes it possible to 
measure specific molecules with great precision, as a specific electrochemical 
reaction is needed to increase the measured current and background channels 
are present on the same electrode to control for noise. By changing the coating 
that is applied to the MEA, it is possible to measure different neurotransmitters 
e.g. glutamate, dopamine or nitric oxide. Moreover, using the amperometry 
technique it is possible to measure with high spatial and temporal resolution. 
Furthermore, because an m-PD layer is applied that covers the tip of the MEA, 
electroactive molecules such as ascorbic acid cannot interfere with the 
recording. While the µm level spatial resolution makes sure that only the 
desired brain area is analyzed, it can also cause issues, as it can occur that the 
right neurons are not close enough, making it impossible to record a signal. 
The high sub-second temporal resolution makes it possible to measure 
spontaneous, phasic and tonic release of neurotransmitters in the same 
experiment. 
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Figure 11A: Illustration showing how the tip of the microelectrode (MEA) is coated. 
The tip of the MEA consists of two pairs of platinum recording sites that measure 
electric current. One pair of the recording sites is coated with a mixture of bovine 
serum albumin (BSA), glutaraldehyde and glutamate oxidase (GluOx), which 
oxidizes nearby glutamate to α-ketoglutarate (α-KG) and hydrogen peroxide (H2O2). 
As the MEA is kept at a constant +0.7V current compared to the reference electrode 
H2O2 is further metabolized to 2 electrons (e-), which are measured by the platinum 
recording sites, and 2H+ and O2. The other pair of recording sites is only coated with 
BSA and glutaraldehyde and as a result does react to glutamate. Moreover, the whole 
tip of the MEA is electroplated with m-phenylenediamine dihydrochloride (m-PD) to 
prevent unspecific electroactive molecules such as ascorbic acid and dopamine from 
interfering with the recording sites at this potential. Therefore, the difference 
measured between the GluOx coated sites and the background sites shows the absolute 
glutamate release. Schematic representation of the MEA implantation location. (B) 
The MEA is implanted +2.7 mm anterior posterior (AP) from bregma, -0.6mm 
mediolateral from the midline and -3.9 mm dorsal ventral from the dura. (C) The MEA 
is implanted in the prelimbic (PrL) or infralimbic (IL) area of the medial prefrontal 
cortex. (D) The histologically verified locations of the different MEAs used in the 
anaesthetized rats from paper IV are shown. 
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Figure 12: Schematic overview of an amperometry experiment under anesthesia. The 
rat is kept under isoflurane anesthesia during the entire procedure. 

3.8 Analysis and Statistics 

Statistical evaluations were performed with GraphPad Prism 8.4.3, Statistica 
Software version 10 or R (The R Project for Statistical Computing). The CAR 
values are reported as median ± interquartile range and all the microdialysis, 
novel object recognition and amperometry values are reported as mean ± 
standard error of the mean (SEM). In all statistical evaluations p<0.05 was 
considered statistically significant. The p-values of paper I, II, III and IV 
were false discovery rate (FDR)-corrected for multiple comparisons. The 
specific way experiments were analyzed is shown below per method of 
experiment. 

3.8.1 Conditioned avoidance response 

All the CAR experiments were analyzed using Friedman’s analysis of 
variance (ANOVA), followed by Wilcoxon matched-pairs signed ranks tests 
as post-hoc tests. 
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3.8.2 Microdialysis 

The microdialysis experiments in paper II were analyzed using the area under 
the curve (AUC) during interval 60-150 minutes for the mPFC and 45-135 
minutes for the NAc. We performed a one-way ANOVA, followed by planned 
comparisons to compare the dopamine release of different groups. Moreover, 
the absolute differences in dopamine release measured with microdialysis 
were compared between groups using a one-way ANOVA. The microdialysis 
experiment of paper IV was analyzed for the timepoints 0–270 min using a 
two-way ANOVA. 

3.8.3 Novel object recognition 

In paper II, we analyzed the absolute difference between the rats receiving 
the novel or familiar object in basal dopamine and norepinephrine output in 
the ventral hippocampus in paper II using t-tests. The effect of an object on 
relative dopamine and norepinephrine output was compared to the last 
preceding sample using paired t-tests. The comparison between groups (novel 
vs. familiar) of the relative dopamine and norepinephrine release after the 
introduction of the second object was evaluated using the student’s t-test. 

3.8.4 Electrophysiology 

The electrophysiology experiments the effect of lumateperone on the inward 
current induced by NMDA- or AMPA- application was compared to a control 
response using paired t-tests and between groups comparison was analyzed 
using the student’s t-test. 

3.8.5 Amperometry 

The recorded raw data of the amperometry experiment was analyzed with the 
FAST analysis 7.0920 program (Jason Burmeister Consulting, LLC, USA). 
The signal recorded from one of the sentinel channels was subtracted from the 
signal of one of the glutamate-sensitive channels to obtain the signal that was 
used for all further calculations. The used sentinel and glutamate-sensitive 
channels were chosen based on their calibration values (Table 2). Signal 
analysis and processing was performed using a custom-written script in R 
(The R Project for Statistical Computing). In this script, the measured 
glutamate release was divided into 1-minute bins starting from the moment of 
drug administration. The average glutamate release of each 1-minute bin was 
used for analysis and the average glutamate release of the 10 bins before drug 
administration was used as baseline. For statistical analysis of the 
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amperometric measurements, the change in glutamate release from baseline 
was analyzed using an ANOVA on a linear model of the data. 
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4. Results and discussion 

4.1 Sodium nitroprusside as adjunct treatment option for 
schizophrenia 
In paper I and paper III we demonstrate the potential of SNP as an adjunct 
treatment to sub-effective doses of risperidone or olanzapine using rats in the 
CAR test. The CAR test is a preclinical test with excellent predictive validity 
to evaluate the acute antipsychotic-like effect of drugs for the positive 
symptoms of schizophrenia (Smith et al., 2005; Wadenberg, 2010). In the 
CAR test a 70-80% suppression of CAR is considered to translate to a 
clinically relevant effect (Wadenberg, 2010).  

In paper I we show that the combination of SNP (1 and 1.5 mg/kg) and 
risperidone (0.25 mg/kg) suppressed the CAR by 66.5% and 86%, which was 
significantly different from the effect of risperidone (0.25 mg/kg) alone, which 
caused a 21.5% CAR suppression (Figure 13A). In paper III we demonstrate 
that SNP (1.5 mg/kg) in combination with olanzapine (1.25 mg/kg) 
significantly suppressed the CAR up to 88% compared to 35.6% of olanzapine 
(1.25 mg/kg) alone (Figure 13B). However, when we tested SNP (1.5 mg/kg) 
in combination with clozapine (5 and 6 mg/kg; 19.5 and 30.5%) there was no 
significant difference with clozapine (5 and 6 mg/kg; 3 and 16%) alone 
(Figure 13C). This will be discussed in more detail below in chapter 4.2. 
Thus, the CAR results from paper I and paper III indicate that the 
combinations of a low dose SNP and a sub-effective dose of risperidone or 
olanzapine may possess a clinically relevant antipsychotic effect and may 
benefit people suffering from schizophrenia. By using a sub-effective dose of 
risperidone and olanzapine the risk of side effects would be considerably 
reduced. 

In addition to our results in the CAR test, we also showed biochemically 
that SNP significantly enhances risperidone-induced dopamine release in the 
mPFC, but not in the NAc (paper I). As mentioned before, this may improve 
negative symptoms and cognitive deficits in schizophrenia (Millan et al., 
2014; Slifstein et al., 2015). These microdialysis results in combination with 
our previously mentioned CAR results show that adjunct SNP treatment could 
potentially improve the positive and negative symptoms as well as the 
cognitive deficits. 
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The results on SNP in combination with risperidone (paper I), olanzapine 
(paper III) support previous preclinical studies on the antipsychotic-like 
effect of SNP (Zoupa and Pitsikas, 2021). Bujas-Bobanovic and colleagues 
were the first to show the potential antipsychotic-like effect of SNP, as SNP 
(2, 4 and 6 mg/kg) significantly decreased PCP-induced hyperactivity in rats 
(Bujas-Bobanovic et al., 2000). Moreover, a single dose of SNP (4 mg/kg) 
prevented ketamine-induced hyperactivity in rats up to a week after injection 
(Maia-de-Oliveira et al., 2015b), and also restored ketamine-induced memory 
deficits (Trevlopoulou et al., 2016), as well as apomorphine-induced memory 
deficits in the NOR test at a dose of 1 mg/kg (Gourgiotis et al., 2012). 
Furthermore, Liu and colleagues found that a single injection of SNP (3 
mg/kg) caused rapid and persisting changes in brain synaptic plasticity, 
consisting of enhanced excitatory postsynaptic current responses and spine 
morphology in layer V pyramidal cells in rat mPFC brain slices (Liu et al., 
2015). 

In the clinical setting, improvement of positive and negative symptoms and 
cognitive deficits has only been observed by Hallak and colleagues (2013), 
later performed clinical trials were unable to replicate their findings (Stone et 
al., 2016; Wang et al., 2018; Brown et al., 2019; Adelino et al., 2021). An 
important issue that has been brought up with the original Hallak study is that 
it had only 10 patients per treatment arm, which might have inflated the effect 
size of the therapy (Kapur and Munafo, 2019). Moreover, there is one 
important difference between the original Hallak study and the subsequent 
clinical trials is the age of the patients. The average age of the patients was 
25.6 years in the Hallak trial and 30.5 (Wang et al., 2018), 34 (Stone et al., 
2016), 36.1 (Weiser et al., 2020), 43.4 (Adelino et al., 2021) and 47.1 years 
(Brown et al., 2019) for the unsuccessful clinical trials. As there is a 
progressive disruption of neural circuits in schizophrenia (Lieberman et al., 
1996; Millan et al., 2016; Lieberman and First, 2018), adjunctive SNP may be 
more effective in younger patients with short disease duration. This would be 
in agreement with the observations of Kinon and colleagues, who found that 
pomaglumetad, a mGlu2/3 agonist tested as a treatment option for 
schizophrenia, was only effective in patients that had a disease duration of 3 
years or less (Kinon et al., 2015). A currently ongoing clinical trial 
(NCT04986072) testing adjunct SNP treatment in the Beth Israel Deaconesss 
Medical Center in Boston is therefore of high interest, as they are only 
recruiting patients with less than 5 years of schizophrenia diagnosis. 

In summary, our preclinical evidence supports SNP as adjunct treatment 
option for schizophrenia, but more clinical research is needed to investigate if 
SNP can be more effective in young schizophrenia patients with a short 
disease duration.  
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Figure 13: The effect of adjunct sodium nitroprusside (SNP) treatment to risperidone 
(A), olanzapine (B) and clozapine (C) 20 minutes after drug administration in the 
conditioned avoidance response (CAR) test. The results are presented as median + 
interquartile range. *p<0.05, **p<0.01, ***p<0.001 compared to vehicle + saline, 
#p<0.05, ##p<0.01 as indicated. N=10 for A, n=8 for B and n=20 for C. 
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Figure 14: The effect of SNP (1 and 1.5 mg/kg) alone and in combination with 0.25 
mg/kg risperidone on dopamine outflow in the medial prefrontal cortex (A) and 
nucleus accumbens (B). The results are presented as mean + SEM, ∗p < 0.05, ∗∗p < 
0.01, ∗∗∗p < 0.001 compared to vehicle + saline, # p < 0.05, ### p < 0.001 compared 
to risperidone (RISP) (0.25 mg/kg) + saline, && p < 0.01 compared to SNP (1 mg/kg) 
+ risperidone (0.25 mg/kg). n = 5–9. 
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4.2 Clozapine tolerance in the CAR test 
Interestingly, clozapine was the only APD we tested, of which the 
antipsychotic-like effect could not be enhanced by SNP in the CAR test. 
Moreover, retesting clozapine (in combination with SNP or saline) showed a 
significantly lower CAR suppression compared to the initial test (Figure 15), 
indicating that the rats may have developed tolerance towards clozapine. 

This tolerance development we observed is remarkable, as most APDs (e.g. 
haloperidol, risperidone, olanzapine, asenapine and aripiprazole) show the 
opposite effect and cause an increased CAR suppression after repeated 
administrations (Li et al., 2007; Qin et al., 2013; Gao et al., 2015; Kywe Moe 
et al., 2016). In contrast to our results, there are several studies reporting a 
clinically relevant effect of clozapine in the CAR test at doses comparable to 
the ones used in our study (Wadenberg et al., 1993; Kapur et al., 2002; Olsen 
et al., 2008). However, there are also multiple studies reporting clozapine 
tolerance development in the CAR test (Qiao et al., 2013; Ashby et al., 2015; 
Feng et al., 2015).  

Feng and colleagues used local applications of quinpirole (a 5-HT2A/2C 
agonist) and 2,5-dimethoxy-4-iodo-amphetmaine (DOI, a dopamine D2/D3 
agonist) in the mPFC to show that clozapine tolerance relies on the 5-HT2A/2C 
antagonistic properties of clozapine, as a microinjection of DOI reduced or 
abolished the tolerance depending on the time of infusion (Feng et al., 2015). 
Importantly, this effect was not seen when clozapine was administrated 
acutely instead of repeatedly (Feng et al., 2015). Furthermore, clozapine is 
thought to have a unique influence on glutamatergic signaling that differs from 
other APDs. As for example the effect of clozapine on NMDA-induced 
currents could not be enhanced in intracellular recordings with a glycine-1 
transporter inhibiter, while the effect of risperidone could be enhanced 
(Konradsson et al., 2006). This indicates that clozapine, but not risperidone 
may saturate the glycine B site on the NMDA receptor. As the antipsychotic 
effect of SNP is hypothesized to be mediated by increasing NO levels in the 
NMDA-NO-cGMP pathway (Figure 3), it could be that SNP does not enhance 
the antipsychotic-like effect of clozapine because clozapine already activates 
the NMDA-NO-cGMP pathway itself. 

Moreover, in clinical practice clozapine was found to be more effective 
than other second generation APDs (Wagner et al., 2021), despite the fact that 
clozapine is used in people that are more severely ill (Masuda et al., 
2019).Clozapine is the only APD approved for the treatment of TRS, while 
also being the only APD to reduce suicide risk in schizophrenia (Stahl, 2013). 
Moreover, clozapine is also the only APD associated with a risk of 
agranulocytosis (Stahl, 2013). These findings underline that clozapine often 
stands out compared to other APDs, most likely due to its glutamatergic 
actions. This could explain the observed tolerance development. 
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Figure 15: Development of treatment-resistance to clozapine. The conditioned 
avoidance response (CAR) suppression 20 min after injection is shown for the first 
and second time a specific clozapine treatment was tested in the same animal (5 or 6 
mg/kg clozapine + 1.5 mg/kg SNP or saline). Results are presented as median ± 
interquartile range (n=18). ∗p<0.05 compared to the first test. 

4.3 Lumateperone, a novel antipsychotic drug  
The CAR results from paper IV show that lumateperone has a significant 
antipsychotic-like effect in rats, which supports previous preclinical studies 
showing the antipsychotic potential of the drug. 

Lumateperone has been shown to block quipazine-induced head twitches 
in rats (P. Li et al. 2014) and DOI-induced head twitches in mice, while it also 
inhibited amphetamine-induced hyperlocomotion in rats (Snyder et al. 2015). 
Moreover, in the resident intruder mouse model of depression, in which mice 
are ‘socially defeated’ by a bigger aggressive mouse, lumateperone was also 
effective in restoring social interactions (Snyder et al. 2015). In agreement 
with our finding that lumateperone enhanced dopamine release in the rat 
mPFC (Figure 16A), Snyder and colleagues showed that lumateperone 
significantly increases dopamine release in the rat mPFC but not in the 
striatum (Snyder et al., 2015), which may contribute to the improvement of 
negative symptoms and cognitive deficits of schizophrenia. Moreover, a 
recent study used the reward sniffing test in rats to show that lumateperone 
normalized acute LPS-induced anhedonia (Dutheil et al., 2022). Dutheil and 
colleagues also show that lumateperone reduced basal levels of anxiety in rats 
as measured by the novelty suppressed feeding test. Lumateperone also 
normalized a LPS-induced proinflammatory state, and rescued blood brain 
barrier integrity in the mouse brain (Dutheil et al., 2022). In addition, 
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lumateperone stimulated the mTOR1C1 pathway in the prefrontal cortex 
(Dutheil et al., 2022), this pathway is thought to be involved in synaptic 
plasticity and is a target of rapid-acting antidepressants like ketamine (Duman 
et al., 2016; Cholewinski et al., 2021). Activation of this pathway may be 
responsible for some of the antidepressant actions of lumateperone. 
Additionally, our amperometry data on lumateperone (Figure 16B) show a 
significant increase in cortical glutamate release in the mPFC of anesthetized 
rats. This mechanism may contribute to the clinical improvement of negative 
symptoms and cognitive deficits seen in people suffering from schizophrenia 
after lumateperone treatment (Lieberman et al., 2016; Correll et al., 2020). 
Lumateperone is thought to increase glutamatergic neurotransmission through 
dopamine D1 receptor activation, which would increase GluN2B NMDA 
receptor phosphorylation (Davis and Correll, 2016). In agreement with this 
hypothesis, we found that lumateperone facilitated AMPA- and NMDA-
induced currents in pyramidal neurons of the rat mPFC, which could be 
blocked completely by the dopamine D1 receptor antagonist SCH23390 
(Figure 16C and D). Furthermore, preclinical studies using the NOR test have 
shown that dopamine D1 receptor activation improved PCP-induced cognitive 
deficits in rats (McLean et al., 2009) and facilitates memory (De Bundel et al., 
2013; Pezze et al., 2015). Moreover, a dopamine D1 receptor-mediated 
increase of NMDA receptor expression is considered crucial for cognitive 
functioning (Goldman-Rakic et al., 2004; Hu et al., 2010; Trepanier et al., 
2012; Wang et al., 2012). This is of high importance, as the degree of cognitive 
impairment is considered to predict the functional outcome in schizophrenia 
(Goldman-Rakic et al., 2004). 

Clinical studies in patients with schizophrenia have shown that 
lumateperone improves positive-, negative- and depressive symptoms 
(Lieberman et al., 2016) as well as psychosocial functioning (Correll et al., 
2020). Additionally, lumateperone also improved depressive symptoms in 
patients with bipolar I and bipolar II disorder (Calabrese et al., 2021; Mcintyre 
et al., 2023). Furthermore, lumateperone has been found safe and well 
tolerated in several clinical trials (Lieberman et al., 2016; Correll et al., 2020, 
2021; Kane et al., 2021). Standard of care treatments such as risperidone 
significantly enhance triglycerides levels, prolactin levels, cholesterol levels, 
glucose and insulin levels, resulting in increased risk of developing diabetes, 
cardiovascular disease and even premature death (Stahl, 2013). However, 
lumateperone does not increase these parameters (Correll et al., 2021; Kane et 
al., 2021), highlighting that lumateperone has a favorable safety profile. 
Moreover, in a meta-analysis comparing antipsychotic-induced weight gain of 
different APDs, it was found that lumateperone produced only mild weight 
gain (mean weight gain ≤1 kg at any dose) in schizophrenia patients (Wu et 
al., 2022) and at the clinically used dose of lumateperone (42 mg) there is no 
difference in weight gain compared to placebo (Lieberman et al., 2016; Correll 
et al., 2020; Kane et al., 2021). One clinical trial on lumateperone even found 
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a small but significant decrease in body weight, which was reversed when 
patients returned to standard of care treatment (Correll et al., 2021). The 
clinical development of lumateperone is still ongoing, as currently ongoing 
clinical trials are investigating lumateperone as a treatment option for pediatric 
patients with schizophrenia or schizoaffective disorder (NCT04779177), as a 
LAI for schizophrenia (NCT04709224), as a treatment for borderline 
personality disorder (NCT05356013) and as an adjunct therapy for major 
depressive disorder (NCT05061706, NCT04985942 and NCT05061719) 

In summary, our data on lumateperone supports the previous preclinical 
and clinical studies stating that lumateperone is an effective APD for treatment 
of not just the positive symptoms of schizophrenia, but also the negative and 
depressive symptoms as well as the cognitive deficits. In addition to this, 
lumateperone also has a very favorable safety profile compared to standard of 
care treatment options.  

 

Figure 16: The effect of lumateperone on glutamatergic and dopaminergic signalling 
in the medial prefrontal cortex (mPFC) of rats. (A) Lumateperone enhanced dopamine 
release in the mPFC of freely moving rats, n=5 for lumateperone, n=6 for vehicle. (B) 
Lumateperone increased glutamate release in the mPFC of anaesthetized rats, n=7 for 
lumateperone, n=5 for vehicle. (C) Lumateperone facilitated AMPA-induced currents 
in layer V/VI pyramidal cells of rat mPFC, n=5 (D) Lumateperone facilitated NMDA-
induced currents in layer V/VI pyramidal cells of rat mPFC, n=7. The results are 
presented as mean ± SEM, *p<0.05 compared to control, ***p<0.001 compared to 
vehicle, #p<0.05 as indicated. 
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4.4 The role of ventral hippocampal dopamine and 
norepinephrine in recognition memory 
In paper II we show that dopamine and norepinephrine release in the rat 
ventral hippocampus increased in response to novelty. Our data support the 
hypothesis proposed by Lisman and Grace (2005); suggesting that dopamine 
signals novelty in the hippocampus. Moreover, our results suggest a crucial 
role for ventral hippocampal dopamine and norepinephrine in recognition 
memory. The recognition memory measured in rats during the NOR test 
corresponds to episodic memory in humans, which is known to be impaired 
in people suffering from schizophrenia and has a strong impact on their 
functioning in daily life (Danion et al., 2007; Leavitt and Goldberg, 2009; Guo 
et al., 2019). 

Our results are consistent with previous studies using the microdialysis 
technique to study recognition memory. Moreno-Castilla and colleagues 
showed that dopamine in the dorsal hippocampus increased in response to 
novelty (Moreno-Castilla et al., 2017), and Mello-Carpes and colleagues 
showed that hippocampal norepinephrine is necessary for recognition memory 
consolidation (Mello-Carpes et al., 2016). In addition, a recent study also 
shows that memory persistence in rats can be enhanced with physical exercise, 
which is completely blocked by an intra-hippocampal infusion of the D1/5 
receptor antagonist SCH23390, indicating that memory persistence is a 
dopamine dependent process (Vargas et al., 2020). 

In paper II, dopamine and norepinephrine release in the ventral 
hippocampus increased in a similar way as described by Ihalainen and 
colleagues (1999). They found that dopamine and norepinephrine release 
increased in the ventral hippocampus and mPFC when mice were handled or 
put in a novel cage. This could indicate that the observed dopamine and 
norepinephrine increase is caused by lifting the rat. However, as Feenstra and 
colleagues showed that lifting a rat only caused a minimal increase in 
dopamine release in the mPFC (Feenstra et al., 1995), it seems unlikely that 
this is the case. Therefore, the increase in dopamine and norepinephrine output 
should be related to the novelty of the object. Furthermore, recent studies 
suggest that dopamine in the hippocampus may be co-released from 
norepinephrine neurons originating from the locus coeruleus (LC) (Kempadoo 
et al., 2016; Takeuchi et al., 2016). Takeuchi and colleagues demonstrated that 
optostimulation of TH+ neurons projecting from the LC to the hippocampus 
improved spatial learning in a dopamine receptor dependent manner. 
Moreover, Kempadoo and coworkers show that there are significantly more 
dopamine containing neurons in the LC projecting to the dorsal hippocampus 
compared to the VTA (Kempadoo et al., 2016). On the other hand, two 
separate studies have shown that novelty increased cell firing of dopamine 
cells in the VTA of both mice and cats (Horvitz et al., 1997; McNamara et al., 
2014), supporting the notion that novelty-induced dopamine may originate 
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from the VTA. However, in our study, it is not possible to draw any conclusion 
regarding the source of dopamine in the hippocampus, which could be the 
VTA and/or the LC. 

In conclusion, the results presented here support the hypothesis that 
dopamine in the ventral hippocampus signals novelty and suggests that 
dopamine and norepinephrine in the ventral hippocampus play a crucial role 
in recognition memory. As recognition memory is impaired in many 
psychiatric diseases like e.g. schizophrenia and depression (Naudin et al., 
2014; Millan et al., 2016), a more precise knowledge of how different 
neurotransmitters regulate recognition memory may lead to new targets for 
medication aiming to improve cognitive deficits. Therefore, it is essential that 
it is investigated how exactly recognition memory is regulated.  
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Figure 17: The effect of introducing the first, novel and the second object on 
dopamine (A) and norepinephrine (B) release in the ventral hippocampus. The first 
object was presented to the rats from 0 to 30 min and the second object (familiar or 
novel) from 120 to 150 min. The time points used for the first (−30 to 0 min) and 
second (90–120 min) baseline are shown above the x-axis. The black circles represent 
the dopamine or norepinephrine release of all rats for the first part of the experiment 
when the first object is introduced. The white squares represent the dopamine or 
norepinephrine release of the rats that were presented a novel object as second object. 
The grey squares represent the dopamine or norepinephrine release of the rats that 
received a familiar object as second object. *p < 0.05, **p < 0.01 vs. preceding 
baseline, #p < 0.05 between novel and familiar objects. n = 13, six for novel object 
and seven for familiar object in the ventral hippocampus. 
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5. Conclusions  

From our studies we can draw the following conclusions. 

Based on paper I and paper III, we conclude that SNP can enhance the 
antipsychotic-like effect of risperidone and olanzapine in the CAR test. 
Therefore, SNP may be an interesting adjunct treatment option for young 
schizophrenia patients with a short disease duration, except for patients that 
are on clozapine treatment.  

From our results of paper II, we can conclude that dopamine and 
norepinephrine release in the ventral hippocampus signals novelty and has a 
crucial role in recognition memory. 

In paper IV we show that lumateperone has antipsychotic-like effect in the 
CAR test. Moreover, we show that lumateperone facilitated AMPA and 
NMDA-induced currents in the rat mPFC in a dopamine D1 dependent 
manner. Importantly, the dose of lumateperone that produced antipsychotic-
like effect in the CAR test enhanced glutamate and dopamine release in the 
rat mPFC. These mechanisms may explain the improvement of negative and 
depressive symptoms and cognitive deficits that has been observed in 
schizophrenia and bipolar depression patients. 
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6. Future directions  

In our studies we investigated novel drugs and drug combinations to be used 
in the treatment of schizophrenia. We focused on the potential of drugs to treat 
the positive symptoms of schizophrenia using the CAR test and the 
mechanism of action of drugs using microdialysis, electrophysiology and 
amperometry techniques. To gain more insight into how these drugs could be 
used to treat the negative symptoms and cognitive deficits it would be 
interesting to test them in different types of animal models of schizophrenia, 
i.e. neurodevelopmental-, pharmacological- or lesion models and test more 
aspects of schizophrenia (Jones et al., 2011). 

The CAR test was the only behavioral test used to assess lumateperone and 
SNP. As discussed before, the CAR test is an excellent test for determining 
the antipsychotic potential of drugs to treat the positive symptoms of 
schizophrenia. However, the CAR test does not provide any information 
regarding the effect of the drug on the negative symptoms or cognitive deficits 
of schizophrenia. It would be of interest to conduct studies looking into this, 
especially to see if adjunct SNP or lumateperone can restore the cognitive 
deficits of schizophrenia. An interesting future experiment would be to see if 
these drugs can protect against or restore ketamine or PCP-induced memory 
deficits in the NOR test. In addition, we did not investigate possible side 
effects either. Whereas we do not expect lumateperone or SNP to produce 
significant side effects, it would be insightful to look at e.g. catalepsy or 
prolactin levels. 

For future experiments on SNP the impact of age on the CAR response 
should be investigated. As we have so far only tested young rats in the CAR 
test of around 8-12 weeks old at the time of the experiment. When the age of 
these rats is compared to human age, these rats would be considered in puberty 
or young adulthood (Quinn, 2005), i.e. comparable to the suggested young 
patient group for adjunct SNP treatment. It would be a compelling experiment 
to test older rats with SNP as adjunct treatment in the CAR test. As the clinical 
trials on adjunct SNP treatment have suggested that it would only work in 
younger people, it would be of great interest to see if rats also show this age 
effect. Moreover, more studies on SNP as an adjunct therapy option are 
needed as most preclinical studies focus on SNP as a monotherapy (Zoupa and 
Pitsikas, 2021).  
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To follow up on paper II, it would be interesting to repeat this experiment 
but instead of microdialysis use amperometry to measure dopamine and 
norepinephrine release. This would make it possible to perform the 
experiment in the more traditional set up with first two of the same objects 
and afterwards one novel and one familiar object. Importantly, the temporal 
resolution of amperometry would allow a more detailed analysis that can 
isolate which neurotransmitters are released when specific behaviors are 
performed i.e. approaching an object, inspecting an object and rearing. 

In future experiments, it would be of interest to investigate if SNP can 
enhance the antipsychotic-like effect of clozapine in a differential 
experimental setup than we used in paper III, where instead of a cross-over 
design each rat would only receive only one treatment.  

In our studies we have only tested male rats, this is a major limitation as, it 
excludes females. It has previously been described that the estrous cycle of 
female rats may influence the results (Konstandi et al., 1963; Díaz-Véliz et al., 
2000). However, recently we have investigated female Wistar rats in the CAR 
test and found them to be similar to male Wistar rats (unpublished data). If 
novel APDs would have a significantly different effect in females compared 
with males it would be beneficial to discover this as early as possible. When 
female rats are not tested this is impossible, emphasizing the importance of 
investigating both male and female rats in future studies. 

In recent years the development of drugs for schizophrenia is moving into 
exciting new directions and the first APDs without any dopamine D2 or 5-
HT2A receptor affinity are in phase III clinical trials (e.g., the Trace amine-
associated receptor 1 agonist ulotaront and muscarine M1/M4 receptor agonist 
KarXT). If these phase III trials replicate the promising findings of the phase 
II trials (Koblan et al., 2020; Brannan et al., 2021), they would revolutionize 
the field. As mentioned in the introduction there is a high percentage of 
schizophrenia patients that are considered treatment resistant, for these 
patients it is crucial that drugs with novel mechanisms of action are developed. 
The above-mentioned developments make it an exciting time to work on new 
treatment strategies for schizophrenia. After a long time of limited treatment 
options and few innovations, there are novel treatments on the market now 
and several innovative novel drugs in the final phases of clinical development. 
Taken together, the future of schizophrenia patients is looking a little brighter 
with novel treatments like lumateperone reaching the market and other novel 
treatment strategies close to market approval. 
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