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Abstract 

Disruption of neural synchrony and spatio-temporal communication 

in brain circuits involving the prefrontal cortex and the hippocampus 

has been suggested to be a hallmark characteristic of neuropsychiatric 

disorders such as schizophrenia. Schizophrenia patients show 

positive symptoms that can be effectively managed with 

antipsychotic drugs. However, negative symptoms and cognitive 

deficits are inadequately treated. Therefore, a better understanding of 

the prefrontal-hippocampal neural basis of these symptoms is 

essential for the development of new treatments. In the present thesis, 

we investigated the alterations of prefrontal-hippocampal circuits in 

the phencyclidine, acute and subchronic (sPCP), mouse model of 

schizophrenia and how some of these alterations can be recovered by 

antipsychotic drugs. We recorded neural activity in the prefrontal 

cortex and hippocampus of C57BL/6J mice. In the first part of the 

thesis, we investigated the neural substrates of psychosis-like states 

induced by acute PCP and the rescuing abilities of antipsychotic 

drugs or serotonergic agents. In the second part, we investigated the 

neural substrates of cognitive impairment induced by the sPCP 

treatment. We also assessed behavioral and neurophysiological 
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rescue by a 14-day treatment with the atypical antipsychotic drug 

risperidone. Acute administration of PCP produced 

hypersynchronization and disrupted communication of prefrontal-

hippocampal pathways that were recovered by the atypical 

antipsychotic drugs risperidone and clozapine, but not typical 

antipsychotic drug haloperidol, likely due their greater affinity for 

serotonin receptors. Furthermore, sPCP-treated mice showed brain 

state alterations in gamma oscillations and theta-gamma cross-

frequency coupling. Notably, auditory perception, working memory 

and long-term memory were profoundly impaired in sPCP-treated 

mice and were accompanied by disrupted prefrontal-hippocampal 

functional connectivity within theta (4-12 Hz) and gamma (30-100 

Hz) ranges. Finally, the chronic risperidone treatment was able to 

recover memory deficits by partially restoring some of the 

neurophysiological biomarkers, but was unable to restore the basal 

circuit dynamics.  
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 Resumen 

Una de las características distintivas de los trastornos psiquiátricos, 

tal como la esquizofrenia, es la perturbación de la comunicación y 

sincronicidad de los circuitos cerebrales que incluyen la corteza 

prefrontal y el hipocampo. Las personas con esquizofrenia presentan 

síntomas positivos que se pueden tratar con medicación antipsicótica. 

Sin embargo, los síntomas negativos o los déficits cognitivos no 

responden a esta medicación. Por lo tanto, un mejor entendimiento 

de las bases neurales de los circuitos prefrontal-hipocampales durante 

estos síntomas es esencial para el desarrollo de nuevos tratamientos. 

En esta tesis, hemos investigado las alteraciones en los circuitos 

prefrontal-hipocampales en un modelo de esquizofrenia en ratones 

basado en el tratamiento de fenciclidina, agudo o subcrónico (sPCP), 

y cómo estas alteraciones pueden ser recuperadas por antipsicóticos. 

Para poder llevar esto a cabo, hemos registrado actividad neural 

simultáneamente en la corteza prefrontal y el hipocampo de ratones 

C57BL/6J. En la primera parte de la tesis, hemos investigado los 

sustratos neurales de los estados psicóticos inducidos por PCP agudo 

y como diferentes antipsicóticos o componentes serotoninérgicos los 

recuperan. En la segunda parte, hemos investigado los sustratos 
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neurales de los déficits cognitivos producidos por el tratamiento 

subcrónico de PCP. También hemos evaluado la recuperación del 

comportamiento y los biomarcadores neurofisiológicos generada por 

un tratamiento de risperidona de 14 días. La administración aguda de 

PCP produce híper sincronización y perturba la comunicación de los 

circuitos prefrontal-hipocampales. Estas alteraciones pueden ser 

recuperadas por los antipsicóticos atípicos, risperidona y clozapina, 

pero no típicos, como el haloperidol, probablemente debido a su 

mayor afinidad por los receptores serotoninérgicos. Además, los 

ratones tratados con sPCP muestran alteraciones de circuito en las 

oscilaciones gamma y en el acoplamiento cross-frecuencia theta-

gamma. Particularmente, el tratamiento sPCP perjudica la percepción 

auditiva, la memoria de trabajo y la memoria a largo plazo. Todas 

estas alteraciones van acompañadas de alteraciones en la 

conectividad funcional en los rangos theta (4-12 Hz) y gamma (30-

100 Hz) de los circuitos prefrontal-hipocampales. Finalmente, el 

tratamiento crónico de risperidona es capaz de recuperar los déficits 

de memoria restaurando parcialmente algunos biomarcadores 

neurofisiológicos, pero es incapaz de restaurar las dinámicas basales 

del circuito.  
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This thesis aimed to understand the neural mechanisms underlying 
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context of psychosis and cognitive impairment. Understanding how 

the circuit is disrupted in pathological conditions and how it is 

affected by the current medication may help develop new therapeutic 

interventions. 
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1. INTRODUCTION 

1.1. The pathophysiology of schizophrenia 

1.1.1 Introduction: symptoms and outcomes 

Schizophrenia is a devastating disease inflicting around 50 million people 

worldwide, with 1.5 million people diagnosed every year, usually between 

the ages of 18 and 25 years old (Owen et al., 2016). Symptoms of 

schizophrenia are intricate and vary between patients; however they can be 

roughly divided into three groups: positive and negative symptoms, and 

cognitive deficits (Sigurdsson, 2016).  

 

Subtle structural abnormalities have been found in patients with 

schizophrenia; however they cannot be clearly tied to functional alterations 

(Hunt et al., 2017a). This may reflect the complex nature of the disease and 

the heterogeneity of its physiopathology. The lack of specific structural 

markers has led to hypothesize that schizophrenia and schizophrenia-like 

symptoms arise from the disruption of the neural development produced 

by a combination of environmental and genetic factors, which ultimately 

lead to disruption of neural circuits (Lewis and Levitt, 2002). Neural circuit 

dysfunction has proved difficult to study in patients, and therefore animal 

https://www.zotero.org/google-docs/?DxvjgX
https://www.zotero.org/google-docs/?JaFLoK
https://www.zotero.org/google-docs/?Cyufeo
https://www.zotero.org/google-docs/?eIe4aC
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models of schizophrenia have been vital in understanding the disease in 

greater depth. Furthermore, animal models are used to investigate the 

implications of genetic and environmental risk factors, anomalies on 

neural circuits, pathophysiology and etiology of the disease (Nestler and 

Hyman, 2010). 

  

Historically, the pathophysiology of schizophrenia has been thought to be 

explained by two different hypotheses: the dopamine hypothesis and the 

glutamate hypothesis. The dopamine hypothesis postulates that 

schizophrenia is caused by the overactivation of dopamine receptors. 

Alternatively, the glutamate hypothesis theorizes that schizophrenia arises 

from diminished activation of NMDA (N-methyl-D-aspartate) receptors 

that lead to hypofunction of glutamatergic signaling resulting in psychotic 

episodes (Howes et al. 2015). However, as more research has emerged, it 

appears that the pathophysiology of schizophrenia may be due to a 

combination of signal dysfunction, specifically alterations in 

dopaminergic, glutamatergic, serotonergic, cholinergic and gamma-

aminobutyric acid (GABA) signaling. Disruption in the collective balance 

of these neurotransmitter systems is thought to give rise to core symptoms 

of the disease (Yang and Tsai, 2017). Although such neurochemical 

anomalies in schizophrenia are beginning to become elucidated, how they 

https://www.zotero.org/google-docs/?V9b2rX
https://www.zotero.org/google-docs/?V9b2rX
https://www.zotero.org/google-docs/?WzY4zp
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contribute to the pathophysiology of the disease is unclear. Neural circuit 

abnormalities, specifically changes in oscillatory patterns and circuit 

connectivity, are most likely the proximal cause for symptoms of 

schizophrenia in patients and behavioral deficits found in animal models 

(Sigurdsson, 2016). Therefore, understanding dysfunctional network 

activity may be the key to understanding the pathophysiological 

mechanisms that give rise to schizophrenia.  

1.1.2. Developmental and neurochemical hypotheses of 

schizophrenia 

Disruption of early neurodevelopment that culminates in neural circuit 

dysfunction is hypothesized to underlie later onset of schizophrenia and 

schizophrenic-like symptoms. This disruption in neurodevelopment is 

likely caused by the combination of genetic susceptibility and 

environmental factors (Lewis and Levitt, 2002). Therefore, the study of 

risk factors for schizophrenia are centered around those that affect early 

brain development, pre- and postnatally. Environmental risk factors 

include maternal stress, maternal infections, prenatal inflammation and 

nutritional deficiencies. Risk factors that may affect postnatal development 

and create a higher risk of developing schizophrenia include traumatic 

https://www.zotero.org/google-docs/?fs2Wm4
https://www.zotero.org/google-docs/?j8mlBs
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brain injury, exposure to severe infection, drug abuse and social isolation 

(Millan et al., 2016; Owen et al., 2016). Genome-wide association studies 

(GWAS) have given insights into the genetic risk factors and have thus far 

identified over 100 distinct genetic loci and 11 copy number variants 

(CNVs) that confer a risk with the onset of schizophrenia. Two major 

understandings taken from these GWAS studies is that schizophrenia is a 

highly polygenic disease and genetic risk is quite pleiotropic, and risk 

variants are shared between many different neuropsychiatric diseases such 

as bipolar, ADHD and major depressive disorder. These findings imply 

that there are multiple mechanisms at work that lead to the cause of 

neuropsychiatric disorders and the clinical definition of each disorder is 

much more intertwined than previously thought (Owen et al., 2016). 

Furthermore, environmental interactions with specific risk genes may be 

the key in understanding which symptoms or neuropsychiatric disorder 

will arise. 

  

GWAS have predominantly found variants in genes involved in 

glutamatergic neurotransmission, calcium signaling and broader synaptic 

functioning (Ripke et al., 2014; Foley et al., 2017). These genes include 

GRIN2A, which encodes the NMDA receptor subunit GluN2B, GRIN1, 

which encodes the AMPA receptor subunit NR1, CANCA1C, which 

https://www.zotero.org/google-docs/?5w6B3m
https://www.zotero.org/google-docs/?cijurP
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encodes of the ARC complex, and CNTN4, which effects hippocampal 

CA1 synaptic transmission and plasticity (Ripke et al. 2014, Owen et al. 

2016, Oguro-Ando et al. 2021). Most of these genes are involved in the 

fine tuning of glutamatergic transmission. 

  

Genes involving alterations in GABAergic transmission, specifically 

GAD1, have also been identified as schizophrenia risk genes by GWAS 

(Skene et al., 2018). GAD1 encodes GAD67, which is an enzyme that 

metabolizes glutamate to GABA, therefore making it predominantly 

responsible for the production of most GABA. The expression of the 

GAD67 mRNA is decreased in parvalbumin-positive interneurons in 

cortical areas in schizophrenia patients. This decrease coincides with a 

decrease in the GABA membrane transporter 1, GAT1, which implies that 

there is impaired GABA reuptake and synthesis in interneurons in patients 

with schizophrenia (Lewis et al., 2005). GABA-ergic interneurons that 

express the calcium-binding parvalbumin receive feedforward excitatory 

inputs from NMDA receptors of the NR2A/NR2B subtype. Consequently 

these GABAergic cells may be influenced by changes in glutamatergic 

transmission (Uhlhaas and Singer, 2010). Therefore, the GABA-ergic 

interneuron dysfunction may be a secondary effect from disrupted 

glutamatergic transmission.  

https://www.zotero.org/google-docs/?zbGWzI
https://www.zotero.org/google-docs/?4mF3e9
https://www.zotero.org/google-docs/?i6n5sb
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GWAS have also found variants at the DRD2 gene that encodes the 

dopamine D2 receptor (D2R), which is implicated in schizophrenia 

pathology (Ripke et al., 2014). Dopamine may also impact glutamatergic 

transmission in schizophrenia by acting on D2Rs found on presynaptic 

glutamatergic inputs. This modulation occurs through a “convergence 

effect” onto medium spiny neurons (MSNs) (Gardoni and Bellone, 2015). 

Specifically, it has been proposed that NMDARs that contain the GluN2B 

subunit, encoded by GRIN2A, mediate synaptic transmission at MSN 

synapses. Moreover the GluN2B subunits are primarily involved in 

NMDA responses in D2R cells (Gardoni and Bellone, 2015). In a recent 

study using single-cell RNA sequencing to genetically identify brain cell 

types underlying schizophrenia, common genetic variants were found to 

be predominantly mapped onto MSNs, pyramidal cells and specific 

interneurons (Skene et al., 2018). DRD2 was highly expressed in MSNs, 

and DRD2 was almost exclusively expressed in MSNs compared to genes. 

Furthermore, loss-of-function intolerant genes and genes related to 

dopamine signaling were enriched in MSNs (Skene et al., 2018). These 

findings suggest that schizophrenia variants resulting in impaired 

dopaminergic signaling at MSNs expressing D2R can also have a large 

impact on the fine tuning of glutamatergic transmission. This further 

https://www.zotero.org/google-docs/?HxgIG1
https://www.zotero.org/google-docs/?Yfgmek
https://www.zotero.org/google-docs/?hGXqvV
https://www.zotero.org/google-docs/?eMJ52g
https://www.zotero.org/google-docs/?bANINo
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supports that calibration of synaptic transmission, specifically at 

dopaminergic and glutamatergic synapses, is at the core of the 

pathophysiology of schizophrenia.  

1.1.3. Neural substrates of schizophrenia symptoms 

The symptoms of schizophrenia are divided in three categories: positive 

symptoms, negative symptoms and cognitive deficits. Positive symptoms 

refer to the presence of abnormal thoughts and behaviors such as 

hallucinations and delusions. Negative symptoms include lack of normally 

present responses such as reduced expression of emotion and disorganized 

speech. Lastly cognitive deficits consist of working and long-term memory 

impairments, and difficulty with overall executive functioning 

(Sigurdsson, 2016).  

1.1.3.1. Positive symptoms of schizophrenia 

The most common positive symptoms of schizophrenia patients are 

hallucinations, especially auditory hallucinations, and delusions. 

Hallucinations are abnormal perceptions that can include audible thoughts, 

voices, thought insertion or withdrawal, among others. On the other hand, 

delusions are persistent irrational beliefs that do not match with an 

individual's social or cultural background (Fletcher and Frith, 2009). The 

https://www.zotero.org/google-docs/?nYp4Wu
https://www.zotero.org/google-docs/?KMhL0k
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main mechanism that appears to produce hallucinations and delusions is 

the disrupted basal communication or disconnection of relevant areas for 

perception and processing (Fletcher and Frith, 2009; Ford et al., 2007) that 

leads to abnormal connectivity (Mechelli et al., 2007). For instance, 

hallucinations have been associated with abnormal connectivity and 

increased neural activity within the hippocampus (HPC) and the thalamus 

(Amad et al., 2014), whereas the overactivation of the prefrontal cortex 

(PFC) and diminished deactivation of striatal and thalamic networks are 

suggested to be essential for delusions (Kesby et al., 2018). 

 

Alterations in the dopaminergic and serotonergic systems have been also 

linked with the onset of hallucinations (Kumar et al., 2009). Schizophrenia 

patients present with increased subcortical dopamine which has been 

strongly associated with positive symptoms (Kesby et al., 2018). 

Furthermore, serotonin has also been implicated in the generation of 

hallucinations. This is based on the fact that different drugs that target the 

serotonin-2A receptor (5-HT2AR) cause hallucinations (Kumar et al., 

2009). 

 

https://www.zotero.org/google-docs/?LTKnY5
https://www.zotero.org/google-docs/?hjAnAS
https://www.zotero.org/google-docs/?tN8tA8
https://www.zotero.org/google-docs/?Cu8Qsp
https://www.zotero.org/google-docs/?vIP7fG
https://www.zotero.org/google-docs/?jwEp4C
https://www.zotero.org/google-docs/?GCj1yE
https://www.zotero.org/google-docs/?GCj1yE
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Some neurophysiological correlates of hallucinations and delusions have 

been detected using event-related potentials (ERPs). ERPs are defined as 

small changes in voltage throughout various brain structures in response to 

specific stimuli, such as a sound or a light. ERPs present different peaks at 

different time points that have been linked with different brain processes 

and, depending on the proximity to the stimuli, they can be divided into 

early or late components (Sur and Sinha, 2009) (Fig. 1.1.3.1.1). Early 

components of ERPs have been related with sensory perception and 

attention while later components have been associated with negative 

symptoms and cognitive processes. The P50 or P1 is a positive response 

around 50 ms that represents sensory gating and has been associated with 

the severity of the hallucinations traits in schizophrenia patients (Galderisi 

et al., 2014). Furthermore, the N100 or N1 component is a negative peak 

around 100 ms that is reduced in schizophrenia patients and has also been 

negatively correlated with positive symptoms. These reductions may be 

caused by a competition between the auditory sound and hallucinations for 

auditory resources (Ford et al., 2012).  

  

https://www.zotero.org/google-docs/?zQCVmp
https://www.zotero.org/google-docs/?3BgoHW
https://www.zotero.org/google-docs/?3BgoHW
https://www.zotero.org/google-docs/?EFvnRk
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Figure 1.1.3.1.1: Schematic representation of the event-related potential (ERP). The 

representation shows an example of an auditory evoked potential response in which the 

relevant peaks are marked. In the left part we can also see an ERP of the auditory 

brainstem. The areas in which each peak is more prominent are shown next to the peak in 

orange and the names used to describe different components are shown in blue. Note that 

the human and rodent time escales of the response are different. (Modi and Sahin, 2017).  

1.1.3.2. Negative symptoms of schizophrenia 

The most relevant negative symptoms are anhedonia, decreased affect, and 

difficulties with communication and social functioning. Moreover, these 

symptoms account for a large part of poor functional outcomes and long-

term disability in patients (Correll and Schooler, 2020). Negative 

symptoms usually appear before the first acute psychotic episode and their 

development and evolution depend on genetic factors, prenatal events and 

poor premorbid adjustments (Lyne et al., 2018). 

 

https://www.zotero.org/google-docs/?SrCbSz
https://www.zotero.org/google-docs/?VAxXeo
https://www.zotero.org/google-docs/?SdTcQo
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The dopaminergic and glutamatergic systems also play a role in the 

development of negative symptoms in schizophrenia. Patients with 

schizophrenia present hypodopaminergic functioning in the frontal lobe 

and mesolimbic area, where D3 receptors play an important role in the 

modulation of negative symptoms, mood and cognition. In rodent models, 

antagonism or partial agonism of D3 receptors produce anti-anhedonic and 

procognitive effects (Correll and Schooler, 2020; Joyce and Millan, 2005). 

Moreover, various studies have found that NMDA receptor antagonists, 

such as ketamine or phencyclidine (PCP), mimic negative symptoms found 

in patients with schizophrenia, in addition to positive symptoms (Coyle, 

2012). Furthermore, different inflammatory biomarkers have been 

associated with the onset of negative symptoms in schizophrenia through 

decreases in dopamine release and increased glutamate activity. Moreover, 

the effects of inflammation in the ventral striatum and other regions of the 

basal ganglia have been related with decreased activity in these areas in 

addition to reduced functional connectivity with the PFC. These alterations 

have been linked with negative symptoms of schizophrenia and other 

neuropsychiatric disorders, such as major depression or bipolar disorder, 

which share some of the negative symptoms (Goldsmith and Rapaport, 

2020). 

https://www.zotero.org/google-docs/?Pp3k14
https://www.zotero.org/google-docs/?oBqvi3
https://www.zotero.org/google-docs/?oBqvi3
https://www.zotero.org/google-docs/?9HrpP6
https://www.zotero.org/google-docs/?9HrpP6
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1.1.3.3. Cognitive deficits in schizophrenia 

Cognitive deficits are one of the core deficits in schizophrenia and include 

disruptions in various domains of executive functioning, such as working 

memory, attention and learning. These symptoms usually start before the 

first psychotic episode and are exacerbated over time, especially memory 

and abstraction (Fett et al., 2020). Furthermore, cognitive deficits and 

negative deficits are both linked to the outcome and functionality of 

patients with schizophrenia (Green et al., 2000). 

 

Different structural and functional alterations may underlie the cognitive 

deficits in schizophrenia. Reduced cortical thickness within the frontal and 

temporal regions has been associated with decreased neurocognitive 

performance (Alkan et al., 2021). For instance, working memory 

performance in schizophrenia patients correlates with the thickness in the 

superior temporal gyrus (Ehrlich et al., 2012). Furthermore, alterations in 

the subcortical dopamine systems such as the associative striatum correlate 

with executive dysfunctions (Conn et al., 2020), whereas HPC glutamate 

levels have been linked with episodic memory deficits in schizophrenia 

patients (Merritt et al., 2013; Valli et al., 2011). These results suggest the 

involvement of the dopaminergic and the glutamatergic systems in the 

https://www.zotero.org/google-docs/?WNQb1G
https://www.zotero.org/google-docs/?zACYd6
https://www.zotero.org/google-docs/?LwMl5G
https://www.zotero.org/google-docs/?rNSx0y
https://www.zotero.org/google-docs/?qgQLcD
https://www.zotero.org/google-docs/?TN2ZhV
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cognitive deficits observed in schizophrenia patients.  

 

Cognitive deficits have also been related with different aspects of the 

ERPs, specially the late components (Fig. 1.1.3.1.1). For instance, the 

P300 or P3 is an endogenous potential that represents the process of the 

auditory signals and its amplitude is robustly decreased in schizophrenia 

patients (Turetsky et al., 2015, 2007). Another relevant component that 

correlates with sensory encoding, memory and attention is the mismatch 

negativity (MMN). The MMN is an ERP obtained by the subtraction of the 

averaged response of a set of standard stimuli from the averaged response 

of the target stimuli and it primarily reflects preattentive and attention-

mediated processing (Hamilton et al., 2018b). It is most commonly studied 

using an oddball paradigm, in which a sequence of repetitive standard 

stimuli is interrupted by a deviant stimulus. The MMN is disrupted in 

schizophrenia patients and has been considered a relevant 

neurophysiological biomarker of the disorder (Fitzgerald and Todd, 2020; 

Javitt and Sweet, 2015). In fact, deficits in the MMN precede the illness 

onset and persist despite the treatment with antipsychotic medication 

(Javitt and Sweet, 2015). 

https://www.zotero.org/google-docs/?Vdr5EU
https://www.zotero.org/google-docs/?bE7gB2
https://www.zotero.org/google-docs/?zpFPy0
https://www.zotero.org/google-docs/?zpFPy0
https://www.zotero.org/google-docs/?ObRvhn
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1.1.4. Abnormal neural oscillations and synchrony in 

schizophrenia 

The pathophysiology of schizophrenia is immensely complex due to its 

polygenic nature in combination with its susceptibility to environmental 

stressors, lack of clear structural abnormalities, and varying degrees of 

symptoms. What is clear regarding the pathophysiology of the disease is 

that the behavioral abnormalities in schizophrenia are caused by disrupted 

neural circuitry throughout distinct cortical areas involving a coordinated 

impairment of various neurotransmitter systems (Phillips and Silverstein, 

2003). Consequently, many researchers have sought out to characterize 

neural circuitry in patients with schizophrenia and animal models of 

schizophrenia. This line of investigation has led to discoveries such as 

electrophysiological biomarkers of schizophrenia and has great potential 

to help further elucidate the pathophysiology of schizophrenia and provide 

novel interventions to treat the disease. This section will first provide a 

brief overview of how neural circuitry is studied in the context of neural 

synchrony and oscillations, and subsequently discuss what circuit 

alterations are observed in electrophysiological studies of schizophrenia. 

  

https://www.zotero.org/google-docs/?hTXeVX
https://www.zotero.org/google-docs/?hTXeVX
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Normal brain function depends on neural oscillations to orchestrate 

coherent and synchronized neuronal activity (Buzsáki and Draguhn, 2004). 

Neural synchrony is found among local neural populations, otherwise 

known as local synchrony, and also between neuronal populations in 

different regions of the brain, known as long-range synchrony. Local 

synchrony can be measured by the power of oscillations, which comes 

from the amplitude of oscillations. The amplitude of oscillations in specific 

neuronal populations is derived from an electrophysiological signal 

measured by an electroencephalogram (EEG) outside of the brain or an 

electrode implanted in the brain. This electrophysiological signal is also 

known as a local field potential (LFP). The oscillations represent a sum of 

the local network activity and synchronization from the surrounding 

electrode. Long-range synchrony is measured by looking at how changes 

in neuronal activity between two different regions are correlated in time 

(Bastos and Schoffelen, 2015; Sigurdsson, 2016). This can be measured 

using various computational methods which include coherence, phase-lag 

index, and phase-slope index. Coherence measures the consistency of 

phase relationships of oscillations in two different regions over time, 

phase-lag index estimates how much the phase of an oscillation one 

regions leads or lags behind the phase of an oscillation in another region 

and the phase-slope computes the direction of the flow of information 

https://www.zotero.org/google-docs/?mAl8Vu
https://www.zotero.org/google-docs/?vifFf2
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between a signal in one region and another (Sigurdsson and Duvarci, 

2016). Oscillations involved in both long-range and local synchrony occur 

at different frequency bands that have been classically defined: delta (2-6 

Hz), theta (4-12 Hz), beta (12-30 Hz), gamma (30-100 Hz) and high 

frequency oscillations (HFOs) (130-180 Hz) (Sigurdsson, 2016). 

Oscillations in frequency ranges such as gamma and theta help provide 

specific spatio-temporal coordination within local cortical networks and 

lower frequencies, such as delta, help provide such coordination across 

brain regions spanning longer distances, such as prefrontal-hippocampal 

(PFC-HPC) networks. Disruption of local and long-range circuit 

communication mediated by impaired neural oscillatory activity and has 

been described as a hallmark characteristic of schizophrenia. This 

disruption of circuit activity has been linked to behavioral impairments 

associated with schizophrenia such as psychosis, sensory impairment and 

executive dysfunction (Uhlhaas and Singer, 2010). The following sections 

will discuss impairments found in delta and gamma in schizophrenia, and 

how collectively these irregularities lead to a spatio-temporal disruption in 

brain-wide connectivity. 

https://www.zotero.org/google-docs/?MFrVky
https://www.zotero.org/google-docs/?MFrVky
https://www.zotero.org/google-docs/?sD19CD
https://www.zotero.org/google-docs/?a7gYb0
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1.1.4.1. Delta dysfunction in schizophrenia 

Brain wide changes in delta oscillation power during wakefulness is 

commonly found in patients with schizophrenia (Siekmeier and 

Stufflebeam, 2010). Aberrant delta activity seems to be a direct 

manifestation of schizophrenia and may be a direct manifestation of the 

disease, as delta abnormalities are only observed in patients with 

schizophrenia and not in “at risk”, healthy subjects, such as a twin (Hong 

et al., 2012; Stassen et al., 1999). The expansive changes in delta may be 

derived from an imbalance in synaptic excitation and inhibition that leads 

to enhanced thalamo-cortical delta connectivity, which impairs delta 

mediated cortico-cortical communication. Consequently, a mismatch 

between delta and higher frequencies is generated within the thalamus and 

cortex, which subsequently disrupts overall communication between these 

brain regions and other higher-order structures (Hunt et al., 2017b). 

  

Aberrant delta oscillations have been shown causally related to 

schizophrenia in the NMDA hypofunction model of the disease and by 

using optogenetically generated delta oscillations to induce behavioral 

deficits found in schizophrenia. Aberrant delta oscillations are generated 

in the thalamus and are dependent on T-type calcium channels. The T-type 

https://www.zotero.org/google-docs/?QEkL4c
https://www.zotero.org/google-docs/?QEkL4c
https://www.zotero.org/google-docs/?YOHaQx
https://www.zotero.org/google-docs/?YOHaQx
https://www.zotero.org/google-docs/?kclEcG
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calcium channels generate calcium spikes that trigger sodium spike bursts 

at delta, which allows for the relay nuclei of the thalamus to drive 

modulation at delta in structures such as the HPC and cortex (Choi et al., 

2015). Replicating aberrant delta activity found in schizophrenia by 

optogenetically entraining delta oscillations in the thalamic nucleus 

produces a strong impairment in working memory (Duan et al., 2015). This 

supports the hypothesis that impairment in delta oscillations can produce 

schizophrenia-like behavioral deficits.  

 

The interhemispheric delta coupling has also been reported during 

hallucinations (Spencer et al., 2009). Delta oscillations in the cortex arise 

from intrinsically bursting layer 5 pyramidal cells that are mediated 

between GABAB receptor inhibition and recurrent excitation (Hunt et al., 

2017b). Therefore, excessive delta power may be a biomarker of 

disinhibition of pyramidal neurons due to NMDAR hypofunction 

decreasing the control of PV-positive GABAergic interneurons on 

pyramidal neurons. 

  

This hypothesis has been supported by a recent study modeling circuit 

dysfunction based on disruption of ion channels implicated from GWAS 

of schizophrenia patients. The authors found that altered delta power may 

https://www.zotero.org/google-docs/?lISMTJ
https://www.zotero.org/google-docs/?lISMTJ
https://www.zotero.org/google-docs/?dSchz6
https://www.zotero.org/google-docs/?i3HN3s
https://www.zotero.org/google-docs/?v7vXni
https://www.zotero.org/google-docs/?v7vXni
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be a consequence of altered expression of ion channels, or calcium 

transporters, and that the network dynamics that increase delta drive from 

layer 5 pyramidal cells may underlie the cognitive impairment they 

observed (Mäki-Marttunen et al., 2019). Collectively, this suggests that 

selectively targeting aberrant delta activity, or pyramidal neuron 

excitability, could ameliorate psychosis and cognitive symptoms in 

schizophrenia. 

1.1.4.2 Gamma dysfunction in schizophrenia 

Another prominent biomarker for deficits in schizophrenia are 

abnormalities in gamma oscillations. Gamma dysfunction in schizophrenia 

was first discovered in patients performing a visual Gestalt task, in which 

there was a decrease in anterior-posterior connectivity in the gamma 

frequency (Spencer et al., 2003). Subsequent studies have shown changes 

in gamma power during cognitive tasks and resting state in patients with 

schizophrenia, however it is unclear if gamma is increased or decreased 

(Hunt et al., 2017b). Furthermore, alterations on gamma oscillations 

amplitude or synchrony between different brain areas have been found to 

be related with positive symptoms of schizophrenia (Galderisi et al., 2014; 

Spencer et al., 2009; Uhlhaas and Singer, 2010). 

 

https://www.zotero.org/google-docs/?x3vznt
https://www.zotero.org/google-docs/?gOFTl6
https://www.zotero.org/google-docs/?oqL8OW
https://www.zotero.org/google-docs/?dQ40DS
https://www.zotero.org/google-docs/?dQ40DS
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Animal models have been quite useful in elucidating the complex 

mechanisms of gamma oscillations in schizophrenia. NMDA hypofunction 

animal models, such as PCP and ketamine administration, show an 

increase in cortical gamma power that is associated with the NR2A subunit 

of NMDAR receptors (Hunt et al., 2017). The disruption of this subunit 

results in an inability to properly excite PV-positive GABA-ergic fast-

spiking interneurons. NR2A dysfunction has been implicated in GWAS 

and post-mortem studies of patients with schizophrenia (Hunt et al., 

2017a). Genetic models of schizophrenia have also shown similar changes 

in gamma oscillatory power, and furthermore have implicated dysfunction 

in PV interneurons in the generation of aberrant gamma oscillations. 

Specifically, models in which PV interneurons have reduced excitatory 

input show an increase in gamma power (Carlén et al., 2012; Sigurdsson, 

2016). 

  

Gamma dysfunction is most directly implicated in cognitive impairments 

in schizophrenia. In an animal model of PV interneuron dysfunction, 

Dlx5/6(+/-) mice, gamma power is decreased, which in turn leads to 

cognitive inflexibility, a common behavioral abnormality in 

schizophrenia. PFC stimulation of gamma oscillations recovers the 

cognitive deficit in these Dlx5/6(+/-) mice and inhibition of PFC PV 

https://www.zotero.org/google-docs/?RgkrrK
https://www.zotero.org/google-docs/?RgkrrK
https://www.zotero.org/google-docs/?N9PA3x
https://www.zotero.org/google-docs/?N9PA3x
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interneurons replicates the inflexibility originally found in the Dlx5/6(+/-) 

mice (Cho et al., 2015). These findings casually implicate PV interneuron 

driven gamma abnormalities to cognitive impairments in schizophrenia. 

1.1.5. Prefrontal-hippocampal circuits in cognition and 

schizophrenia 

The PFC and the HPC are two relevant areas for the pathophysiology of 

schizophrenia and they have been specially linked to cognitive impairment 

(Li and Vlisides, 2016). The PFC is broadly connected with sensory and 

motor systems and subcortical structures, including the HPC, exerting top-

down control of these areas. The PFC is organized in several subregions 

and it is essential for higher order cognitive processes and emotional 

regulations (Miller, 2000). These cognitive processes and emotional 

regulations are disrupted in schizophrenia patients due to anatomical and 

functional alterations. For instance, post-mortem studies have found 

abnormalities in PV-expressing interneurons that have been associated 

with disruptions of gamma oscillations and cognitive impairment (Uhlhaas 

and Singer, 2010). fMRI studies also have shown a reduced activation of 

the PFC during cognitive tasks (Minzenberg et al., 2009; Sigurdsson and 

Duvarci, 2016). 

https://www.zotero.org/google-docs/?B4aH1d
https://www.zotero.org/google-docs/?x8gZKA
https://www.zotero.org/google-docs/?VYIcTQ
https://www.zotero.org/google-docs/?M0qxRd
https://www.zotero.org/google-docs/?M0qxRd
https://www.zotero.org/google-docs/?xW7IkO
https://www.zotero.org/google-docs/?xW7IkO
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The HPC is a longitudinal structured organization with different subfields, 

including the CA1, CA3 and the dentate gyrus. Furthermore, the 

longitudinal organization is divided in dorsal and ventral poles that play 

relevant roles in spatial information and memory or emotional and 

motivational behaviors, respectively (Sigurdsson and Duvarci, 2016). 

However, the HPC is altered in schizophrenia patients and associated with 

its pathophysiology. The most relevant abnormalities in the HPC of 

schizophrenia patients are the reduced volume and the hypermetabolism, 

which have been associated with the symptoms (Heckers and Konradi, 

2010).  

 

Furthermore, the PFC and the HPC are two key brain regions implicated 

in cognition in healthy subjects. especially their local activity or 

communication via theta and gamma oscillations (Sigurdsson and Duvarci, 

2016). For instance, theta oscillations in the PFC cortex prevail during 

working memory maintenance and long-term memory retrieval in humans 

(Kaplan et al., 2014; Sauseng et al., 2010), while in rodents they are 

increased during a spatial task (Negrón-Oyarzo et al., 2018). HPC theta 

oscillations play a relevant role during spatial navigation and memory 
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across species (Guderian et al., 2009; Winson, 1978), whereas gamma 

oscillations are associated with memory encoding and retrieval (Trimper 

et al., 2017; Zheng et al., 2016). Moreover, PFC gamma oscillations 

correlate strongly with attention (Fries, 2015). Remarkably, gamma 

oscillations are modulated by the phase of theta oscillations, both in the 

PFC and HPC. The depolarizing phases of theta waves promote increases 

in the amplitude of gamma oscillations (Buzsáki and Chrobak, 1995; 

Canolty et al., 2006). This increased theta-gamma cross-frequency 

coupling has been linked with cognitive processes, such as memory and 

learning (Friese et al., 2013; Tort et al., 2009). 

 

The PFC-HPC communication is also essential for cognitive functions. 

Both areas are connected anatomically using a directed and indirected 

pathway, allowing the two structures to interact with each other 

(Sigurdsson and Duvarci, 2016). The direct pathway is conformed by 

monosynaptic projections from the ventral HPC to the medial PFC and 

from the PFC to the dorsal HPC, whereas the indirect pathway consists on 

indirect routes though the nucleus reuniens of the thalamus and the lateral 

entorhinal cortex (Condé et al., 1995; Vertes, 2006). In addition, the PFC 

and the HPC are functionally connected, being theta and gamma 
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oscillations the preferential routes of communication. Importantly, 

neurons in the PFC are entrained with theta and gamma oscillations in the 

HPC during a spatial memory task (Negrón-Oyarzo et al., 2018; Spellman 

et al., 2015). HPC theta coherence that transfers to the PFC plays a relevant 

role in spatial working memory (Sigurdsson et al., 2010), and long-term 

memory consolidation (Brincat and Miller, 2015). Furthermore, PFC-HPC 

gamma synchrony underlies spatial working memory (Spellman et al., 

2015), in which the coupling between HPC theta phase-PFC gamma 

amplitude is involved (Tamura et al., 2017). However, this communication 

between the PFC and the HPC is completely disrupted in schizophrenia 

and associated with cognitive deficits both in humans and rodents 

(Sigurdsson and Duvarci, 2016). 

1.1.6. Animal models of schizophrenia 

Animal models are crucial to understand circuit dysfunction in 

schizophrenia in greater detail than what is possible in human studies. 

Current technology used to image humans is limited by the lack of spatial 

and temporal resolution to investigate neural network activity in depth. 

Animal studies allow for a detailed investigation of the circuit in vivo using 

techniques such as electrophysiology, calcium imaging and optogenetics, 

allowing for extremely temporal resolute, cell-specific probing. In 
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studying schizophrenia, this examination into the circuit is generally 

accompanied by a relationship to a behavioral output, such as working 

memory performance, that is associated with schizophrenia. The region 

that is imaged or recorded is based on what circuit underlies a particular 

behavior one is studying. For example, in investigating memory 

impairment in schizophrenia, one could probe whether impaired spatial-

temporal communication within PFC-HPC circuits underlies cognitive 

dysfunction (Li and Vlisides, 2016). There are three predominant types of 

animal models of schizophrenia: genetic, pharmacological and 

neurodevelopmental models. Genetic models have emerged from the 

known genetic mutations found in human GWAS studies, such as some of 

the mutations discussed earlier that confer a large increase in risk of onset 

of the disease. An alternative approach is to replicate pathophysiological 

mechanisms found in patients, such as NMDA hypofunction, by using 

pharmacological agents, for example NMDAR antagonists. 

Neurodevelopmental models attempt to model environmental stressors 

that disrupt neural circuitry development, pre-natal or immediately post-

natal (Sigurdsson, 2016). All three approaches are important in the study 

of schizophrenia as they all represent the multiple pathophysiological 

mechanisms that give rise to the disease in various patients. Here we 
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discuss the three models of the disease: genetic, pharmacological and 

developmental models of schizophrenia. 

1.1.6.1. Genetic models of schizophrenia 

As discussed previously, through GWAS and exome wide association 

studies schizophrenia has been linked to various genetic risk factors. Many 

of these genetic variants have been modeled in animals. Two of these 

genetic models will be discussed in this section, the 22q11.2 microdeletion 

syndrome mouse model and the DISC1, disrupted in schizophrenia-1, 

mouse model. 

  

Microdeletions on the q11.2 region of chromosome 22, referred to as 

22q11.2 deletion syndrome (22Q11DS), are considered as the strongest 

risk factor currently known for schizophrenia (McDonald-McGinn et al., 

2015). 22Q11DS mice show several abnormalities relevant to 

schizophrenia, most notably specific cognitive deficits such as working 

memory and sensorimotor gating. These cognitive deficits are 

accompanied by circuit deficits, specifically impaired PFC-HPC circuitry. 

During tasks assessing working memory, 22Q11DS mice show disrupted 

PFC-HPC, long-range, connectivity at theta frequencies, which is 

accompanied by poor working memory performance (Sigurdsson et al., 

https://www.zotero.org/google-docs/?oY3Iw6
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2010). Although theta connectivity was disrupted between the two regions, 

locally theta production was not disrupted, suggesting that the 22Q11DS 

mice can maintain some of the local circuitry, however their impairment 

stems from deficits in connectivity. Furthermore, diminished PFC-HPC 

synchrony in 22Q11DS mice was correlated with poor spatial memory, in 

addition to impaired working memory (Sigurdsson et al., 2010). It should 

be noted that 22Q11DS mouse models show only selective cognitive 

deficits, for example long-term memory tested in the novel object 

recognition (NOR) test is not affected, implying that specific genes within 

the 22q11.2 region are making distinct contributions to specific behavioral 

deficits. 

  

Consistent with the 22Q11DS model, Disrupted-in-schizophrenia 1 

(DISC1) models show impairments in specific cognitive paradigms and 

also abnormal PFC-HPC circuits. Disc1 mice show deficits in working 

memory, HPC synaptic plasticity and PFC short-term plasticity 

(Sigurdsson, 2016). Oscillatory dysfunction along with impaired PFC-

HPC synchrony are also apparent in Disc1 models. Awake recordings in 

Disc1 mice show decreased theta and gamma oscillatory power in the 

prelimbic cortex that correlate with depressive-like symptoms. The 

impairment in PFC theta activity was found to be driven by decreased HPC 

https://www.zotero.org/google-docs/?weDgf7
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theta oscillations and the impairment in gamma power corresponded with 

reduced number of PV interneurons in the PFC that in turn led to reduced 

inhibitory drive onto pyramidal neurons. Disc1 mice also showed impaired 

PFC-HPC coherence and signal directionality, which may explain prior 

studies showing working memory deficits in these mice (Hartung et al., 

2016).  

1.1.6.2. Pharmacological models of schizophrenia 

The most common pharmacological models of schizophrenia involve the 

administration of NMDAR antagonists, mainly phencyclidine (PCP) and 

ketamine (Lee and Zhou, 2019). Acute administration of NMDAR 

antagonists generate psychotic symptoms in healthy subjects and 

exacerbate symptoms in patients with schizophrenia (Krystal et al., 1994; 

Lahti et al., 1995).  

 

PCP produces schizophrenia-like behaviors in humans such as 

hallucinations and subsequently, mechanisms of these PCP-induced 

behaviors have been investigated as a model of schizophrenia, primarily in 

rodents (Itil et al., 1967). The effects of different PCP administration 

protocols -acute, subchronic (sPCP, less than 14 days) and chronic- have 

been investigated in animals, yielding relevant insights into the 
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pathophysiology of schizophrenia. Acute administration of PCP induces 

psychosis-like states in mice while subchronic and chronic PCP produce 

sustained schizophrenia-like negative and cognitive symptoms allowing 

for investigation of circuit changes over time (Allen and Young, 1978; 

Cosgrove and Newell, 1991). More specifically, acute PCP is followed by 

behavioral alterations such as stereotypic movements and ataxia, which are 

analogous to behaviors described during psychosis in humans (Sturgeon et 

al., 1979). Moreover, acute PCP and sPCP produces social withdrawal, 

mimicking negative symptoms, while anhedonia remains unaffected (Neill 

et al., 2014). sPCP-induced cognitive impairments have been assessed 

using behavioral assays such as the NOR task, contextual fear conditioning 

and the Morris water maze task. These tests evidenced deficits of sPCP-

treated mice and executive functions such as recognition memory, 

cognitive flexibility, and sensorimotor gating (Lee and Zhou, 2019). 

Furthermore, PCP induces a disbalance in the dopaminergic system, 

especially in the PFC, where the dopaminergic basal metabolism is 

decreased (Abdul-Monim et al., 2007). Such changes were accompanied 

by functional and circuit alterations in the PFC and HPC. For example, 

sPCP and chronic PCP exposure led to impaired reversal learning and 

reduced PV-positive GABAergic interneurons in the PFC and the HPC 

(Abdul-Monim et al., 2007). Some of these results were later confirmed in 
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postmortem tissue from patients with schizophrenia, where reduced PV-

interneuron density in the PFC was found, further validating PCP as a 

model of schizophrenia (Kaar et al., 2019).  

 

The profound effects that PCP exerts on behavior can be ascribed to 

changes in neural circuit oscillations and synchronization. An acute dose 

of PCP decreases low frequency oscillations in the PFC of anesthetized 

mice, implying an excitatory effect on cortical microcircuits (Lladó-Pelfort 

et al., 2016). Moreover, acute PCP disrupts theta and gamma oscillations 

as observed in schizophrenia patients. In contrast, acute PCP also increases 

HFOs in multiple brain areas of rodents (Hunt et al., 2015) which have not 

been detected in humans, likely due to the temporal resolution of EEG 

(Zijlmans et al. 2012). In awake behaving mice, acute PCP causes spatial 

cognitive impairment that is accompanied by spatio-temporal disruption of 

theta and gamma oscillations within the HPC that in turn disrupts PFC-

HPC connectivity (Kao et al., 2017). These results suggest that PCP 

produces local circuit dysfunction that perturbs PFC-HPC connectivity, 

which is associated with cognitive deficits and other behaviors associated 

with schizophrenia.  
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Ketamine is also widely used to model schizophrenia. As with PCP, acute 

and chronic ketamine administration is associated with behavioral 

phenotypes observed in patients with schizophrenia that are accompanied 

by changes in neurophysiological biomarkers and neurotransmitter release. 

Acute and chronic ketamine exposure generates hyperlocomotive activity 

and stereotypic behaviors that may correspond with psychosis-like 

behaviors, and cognitive deficits, such as memory and spatial learning 

impairments (Lee and Zhou, 2019). The hyperlocomotive activity is 

associated with increases in cortical and striatal dopamine and serotonin. 

Negative symptoms in the chronic ketamine model are linked to decreased 

glycine in the cortex, HPC and striatum (Lee and Zhou, 2019).  

  

The changes ketamine produces on behavior and neurotransmitter systems 

correspond to changes in local circuitry and long-range connectivity within 

the brain. Acute ketamine increases delta, gamma and HFOs across various 

brain regions (Flores et al., 2015; Kocsis et al., 2013). Moreover, cognitive 

impairment following acute and chronic administration of ketamine is 

accompanied by changes in theta and gamma power in the PFC and the 

HPC. The change in PFC gamma power may be due to the ketamine-

induced increase of the firing rate of PFC pyramidal neurons that in turn 

decreases interneuron firing rate (Homayoun and Moghaddam, 2007). This 
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finding corresponds with the increase in glutamatergic transmission found 

throughout the brain after ketamine exposure (Frohlich and Van Horn, 

2014). Acute ketamine has also been shown to desynchronize PFC-HPC 

circuits by way of enhanced gamma and suppressed theta activity (Moran 

et al., 2015). This impairment in connectivity most likely results in the 

cognitive impairment found in ketamine models, however further research 

is required to elucidate this important issue.  

 

The multidisciplinary studies with PCP and ketamine support the notion 

that NMDAR hypofunction in PV-interneurons is a key contributor to the 

psychotomimetic effects of NMDAR antagonists on behavior and circuit 

dysfunctions. However, further studies are needed to elucidate the exact 

relationships between NMDAR antagonist-induced neural alterations and 

schizophrenia-like symptoms, in order to fully understand the 

pathophysiology of the disorder.  

1.1.6.3. Neurodevelopmental models of schizophrenia 

Neurodevelopmental models of schizophrenia are based on mimicking the 

disruption of normal neurodevelopmental processes which may underlie 

the onset of schizophrenia. The neurodevelopmental disruption occurs 

years before the onset of the disease and it is produced by genetic and 
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environmental risk factors (Rapoport et al., 2012). Therefore, the 

neurodevelopmental models can mimic the delayed onset of the symptoms, 

capturing alterations in multiple systems associated with schizophrenia. 

Different risk factors related to schizophrenia, such as maternal stress, 

infection during pregnancy and extreme stress during childhood have been 

used to generate several neurodevelopmental models. These models can be 

grouped based on the type of stressor and the time it is administered into: 

prenatal stress models, prenatal immune challenge models, 

perinatal/neonatal stress models and lesion/pharmacologic models (Wilson 

and Terry, 2010). In this section we will introduce a neurodevelopmental 

model commonly used that includes prenatal maternal immune activation. 

 

Studies in schizophrenia patients have shown that a maternal infection 

during pregnancy increases the risk for schizophrenia several fold due to a 

maternal immune activation (MIA) (Canetta and Brown, 2012). Consistent 

with this, MIA is generated by injecting pregnant mice with Poly I:C, a 

synthetic strand of RNA, producing structural and behavioral deficits in 

their offspring. These behavioral alterations include deficits in social 

interaction, learning and object recognition (Wilson and Terry, 2010). 

Furthermore, the MIA model presents impaired PFC-HPC coherence and 
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phase-locking from PFC firing rate to HPC theta oscillations that correlates 

with prepulse inhibition deficits (Dickerson and Bilkey, 2013). 

1.2 Antipsychotic medication in schizophrenia 

Antipsychotic drugs or neuroleptics are the most commonly prescribed 

drugs for schizophrenia patients. They target mainly dopamine and 

serotonin receptors, but can also bind to other pharmacological targets such 

as noradrenaline and histamine receptors (Meltzer and Huang, 2008). The 

primary objectives of antipsychotic drugs are to decrease frequency and 

severity of psychotic episodes, ameliorate the negative and cognitive 

deficits and improve the functional outcomes and quality of life of the 

patients (Bruijnzeel et al., 2014). The pharmacological property that all 

antipsychotic drugs share is the direct or indirect blockade of dopamine 

D2R. The differences between antipsychotic drug actions depend on the 

percentage of D2R occupancy, which has implications for the clinical 

outcomes. For instance, 60% occupancy is needed for antipsychotic action, 

whereas 80% occupancy is associated with the emergence of 

extrapyramidal effects (EPS) (Tandon and MD, 2011). EPS are drug-

induced movement disorders that include dyskinesias, Parkinsonism, 

akinesia and neuroleptic malignant syndrome. EPS are considered one of 

https://www.zotero.org/google-docs/?EAY54G
https://www.zotero.org/google-docs/?727OHQ
https://www.zotero.org/google-docs/?HANQzK
https://www.zotero.org/google-docs/?uktg9a


37 

the main undesired side effects of antipsychotic drugs (Blair and Dauner, 

1992). In preclinical studies, the severity of catalepsy is used to predict 

EPS (Hoffman and Donovan, 1995). Therefore, depending on the 

propensity to generate EPS and their affinity for D2R or serotonergic 

receptors (5-HTR), antipsychotic drugs have been categorized in two 

types: the first generation or typical antipsychotic drugs and the second 

generation or atypical antipsychotic drugs. Chronic treatment with 

antipsychotic drugs is necessary for a better prognosis of the disorder. For 

example, cumulative exposure to antipsychotic drugs is associated with 

increased gray matter in the cingulate gyrus for typical antipsychotic drugs 

and in the thalamus for atypical antipsychotic drugs (Tomelleri et al., 

2009). 

1.2.1. Typical antipsychotic medication 

Typical antipsychotic drugs (or classical neuroleptics) were the first 

effective treatment that reduced psychotic symptoms in schizophrenia 

patients. Neuroleptics such as haloperidol or chlorpromazine are effective 

in reducing positive symptoms, but they barely have any effect on negative 

symptoms or cognitive deficits in humans or animal models (Bruijnzeel et 

al., 2014; Meltzer and Huang, 2008). As previously described, their 

efficacy is based on their ability to block limbic and cortical D2R. 
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However, the same D2R blockade and their slow dissociation with D2R in 

the striatum or the prolactin-secreting cells in the pituitary gland produces 

EPS effects and elevated prolactin, respectively. Prolactin is a hormone in 

which its elevated levels are associated with abnormalities in the 

reproductive, endocrine and metabolic systems (Bostwick et al., 2009). 

These side effects are the most important reason for not compliance and a 

worst outcome of the disorder (Meltzer, 2012). In preclinical studies, 

typical antipsychotic drugs are able to restore hyperlocomotive behaviors 

but they are unable to restore cognitive deficits of schizophrenia mouse 

models, highlighting their ability to recover positive symptoms but not 

cognitive deficits (Lee and Zhou, 2019; Meltzer and Huang, 2008). 

 

Haloperidol is the prototypal classical neuroleptic and it is prescribed to 

treat positive symptoms (Tandon and MD, 2011). Haloperidol has strong 

affinity for D2R, barely having any effect on the other systems (Siafis et 

al., 2018). We have also shown that haloperidol suppresses PFC and HPC 

spiking activity, theta and gamma oscillations, while amplifying delta 

oscillations in healthy rodents (Gener et al., 2019). 
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1.2.2. Atypical antipsychotic medication 

Atypical antipsychotic drugs are as effective as typical antipsychotic drugs 

in reducing the positive symptoms of schizophrenia patients but they 

produce less EPS. This is due to their higher affinity for 5-HT2ARs than 

D2R (Meltzer and Huang, 2008). Furthermore, atypical antipsychotic 

drugs show a modest amelioration of negative symptoms and improvement 

of certain domains of cognitive impairment. Their efficacy for negative 

and cognitive symptoms appears to depend on the reduction in the positive 

symptoms and the lack of EPS (Tandon and MD, 2011). In rodents, 

atypical antipsychotic drugs can attenuate some of the behavioral effects 

induced by ketamine or PCP, including sPCP-induced cognitive deficits 

(Grayson et al., 2007).  

 

Atypical antipsychotic drugs enhance dopamine efflux in the cortex and 

the HPC, affecting less the limbic system, whereas classical neuroleptics 

have the opposite effect. These actions are mediated by the affinity of 

atypical antipsychotic drugs for serotonin receptors, especially the 1A (5-

HT1AR) and the 2A (5-HT2AR) subtypes, which have a widespread 

expression in the brain and modulate the dopaminergic, serotonergic, 

glutamatergic and GABAergic systems. The increased dopamine efflux 
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may contribute to the improved cognitive performance observed in sPCP-

treated monkeys and rodents following the administration of atypical 

antipsychotic drugs (Meltzer and Huang, 2008). However, chronic 

antipsychotic treatment changes the composition of NMDARs and 

decreases their activity in the HPC and thalamus, which produces effects 

on the cortical-limbo-thalamic circuit. All these effects may negatively 

impact the cognitive function of schizophrenia patients and explain the 

incomplete recovery of cognitive deficits by atypical antipsychotic drugs 

(Krzystanek and Pałasz, 2019). Therefore, further studies are needed to 

fully understand the neural substrates of the behavioral effects of chronic 

atypical antipsychotic drugs. 

 

Clozapine was the first atypical antipsychotic drug to be developed and the 

first that does not produce EPS. Clozapine is also effective for addressing 

treatment-refractory schizophrenia. However, clozapine is not often 

prescribed because of another adverse effect, the agranulocytosis which is 

a serious side effect that may cause the death of the patient. Therefore, it 

is only prescribed to schizophrenia patients that are resistant to other 

treatments (Tandon and MD, 2011). Clozapine has a greater affinity for 5-

HTR receptors, especially 5-HT2AR and 5-HT1AR, than for D2R. These 
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greater affinity may be involved in the cognitive recovery of sPCP animal 

models (Meltzer, 2012). 

 

Risperidone is one of the most commonly prescribed atypical antipsychotic 

drugs. It targets D2R and 5-HTRs, especially 5-HT2AR. Risperidone is 

effective at treating the positive symptoms but it only modestly ameliorates 

negative and cognitive symptoms in humans and rodents (Grayson et al., 

2007; Houthoofd et al., 2008; Marder and Meibach, 1994; Meltzer, 2012). 

In a previous study of our lab, we have shown that a medium-high dose of 

risperidone strongly reduces PFC-HPC activity, decreasing spiking 

activity, theta, beta and gamma oscillations and increasing delta 

oscillations, in healthy mice. These actions are accompanied with 

suppressed locomotion activity associated with sedative states (Gener et 

al., 2019). Moreover, risperidone can also reduce P3 latencies in 

schizophrenia patients while not affecting MMN (Umbricht et al., 1999). 

1.2.3. Contribution of serotonergic activities to 

antipsychotic actions  

As previously mentioned, 5-HT1ARs and 5-HT2ARs receptors are major 

targets for atypical antipsychotic drugs such as risperidone or clozapine. 
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The PFC and HPC densely express both serotonin receptors (Berumen et 

al., 2012; Pau Celada et al., 2013; Puig and Gener, 2015; Puig and 

Gulledge, 2011), whereas D2R are moderately present (Puighermanal et 

al., 2015; Santana et al., 2009). Therefore, atypical antipsychotic drugs 

binding to these receptors are expected to have major effects on PFC-HPC 

neural dynamics. Furthermore, 5-HT1AR agonism and 5-HT2AR 

antagonism ameliorate NMDAR antagonist induced effects on locomotion 

and memory. Other 5-HTRs, such as the 5-HT6R or the 5-HT7R, also 

restore the acute and subchronic NMDAR antagonist induced effects 

(Meltzer et al., 2011). For instance, the atypical antipsychotic drug 

lurasidone, which is a 5-HT1R partial agonist and a 5-HT7R antagonist, as 

well as a D2R and 5-HT2AR antagonist, can reverse the sPCP reversal 

learning deficits (Rajagopal et al., 2016a). 

 

We have recently shown that risperidone alone reduces local and cross-

regional synchronization of PFC-HPC circuits in freely moving mice, with 

5-HT1AR, 5-HT2AR and D2R shaping delta, beta and gamma bands. This 

study shows an important role of 5-HT1AR agonism and 5-HT2AR 

antagonism in risperidone-induced alterations of delta, beta and gamma 

oscillations, while D2R antagonism may contribute to risperidone-
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mediated changes in delta oscillations (Gener et al., 2019). However, these 

results were obtained in healthy rodents and the observations may differ 

from those obtained in schizophrenia-like mouse models. Therefore, a 

major aim of this thesis has been to understand the effects of antipsychotic 

medication on PFC-HPC neural dynamics, and the selective contribution 

of serotonin receptors, under the psychotomimetic conditions produced by 

the NMDAR antagonist PCP.  

  

https://www.zotero.org/google-docs/?zfX3hO
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2. HYPOTHESIS AND OBJECTIVES 

2.1. Significance 

The main aim of this thesis was to unravel the neural dynamics of PFC-

HPC circuits under the psychotomimetic conditions induced by PCP in 

mice and to evaluate the rescuing effects of antipsychotic medication. We 

investigated the neural substrates of two hallmarks of schizophrenia 

phenotypes: psychosis-like states and cognitive deficits. We also 

investigated the effects of highly prescribed classical and atypical 

antipsychotic medication on the neural substrates of these symptoms. We 

addressed these questions in two separate projects: 

1. Project 1: We investigated the neural substrates of psychotic-like 

states within PFC-HPC circuits induced by acute PCP 

administration and the rescuing abilities of three antipsychotic 

drugs and two serotonin compounds. 

2. Project 2: We investigated the neural correlates of the cognitive 

impairment induced by sPCP treatment and subsequent rescuing 

abilities of a chronic risperidone treatment in the PFC-HPC 

circuits. 
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2.2. Hypotheses 

Project 1: 

1. Psychotic-like states induced by acute PCP produce major 

alterations on PFC-HPC neural activity and synchrony.  

2. Antipsychotic drugs ameliorate psychosis-induced aberrant neural 

activity in PFC-HPC circuits. 

3. The affinity of atypical antipsychotic drugs for serotonin receptors 

may be relevant for the rescue of abnormal PFC-HPC neural 

dynamics. 

Project 2: 

1. The subchronic phencyclidine (sPCP) treatment causes alterations 

of PFC-HPC neural dynamics and this contributes to memory and 

attentional impairment. 

2. sPCP-induced alterations in PFC-HPC circuits underlie disruptions 

in working memory and long-term memory. 

3. The sPCP treatment produces anomalous auditory perception and 

processing, similar to those observed in schizophrenia patients. 

4. The chronic risperidone treatment ameliorates sPCP-induced PFC-

HPC circuit alterations improving memory performance and 
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auditory perception and processing.  

2.3. Objectives 

Project 1: 

1. To identify the contribution of PFC-HPC neural activity patterns to 

psychosis-like behaviors induced by acute PCP. 

2. To decipher the differential neural mechanisms of typical and 

atypical antipsychotic medication during psychosis-like states 

induced by acute PCP. 

3. To unravel the contribution of 5-HT1AR and 5-HT2AR to the 

effects of atypical antipsychotic drugs during psychosis-like states 

induced by acute PCP. 

Project 2: 

1. To identify aberrant PFC-HPC neural activity patterns induced by 

sPCP treatment during different brain states.  

2. To unravel PFC-HPC neurophysiological biomarkers of working 

memory, memory acquisition and retrieval, and determine the 

effects of sPCP. 

3. To identify neurophysiological biomarkers of auditory perception 
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and processing in PFC-HPC circuits and determine the effects of 

sPCP.  

4. To elucidate whether a chronic risperidone treatment ameliorates 

memory via PFC-HPC neural mechanisms. 
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3. MATERIALS AND METHODS 

3.1. Animals 

Thirty and twenty-nine adult male C57BL/6 mice 2 to 3 months old, 

obtained from the PRBB inner colony, were used for the first project and 

second project, respectively. All procedures were conducted in compliance 

with EU directive 2010/63/EU and Spanish guidelines (Laws 32/2007, 

6/2013 and Real Decreto 53/2013) and were authorized by the PRBB 

Animal Research Ethics Committee.  

3.2. In vivo electrophysiology in freely moving mice 

3.2.1. Surgery 

Stereotrodes (two-wire electrodes) were used for the recording of neural 

activity. These electrodes were custom made with two twisted strands of 

tungsten wire 25 μm wide (Advent Research Materials, UK) and were held 

together using heat insulation with a heat gun and tips were welded to 

golden pins. The golden pins connected to the electrode wires were pinned 

to an adaptor to facilitate their connection to the recording system. Mice 

were induced with a mixture of ketamine/xylazine and placed in a 
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stereotaxic apparatus. Anesthesia was maintained with continuous 0.5-4% 

isoflurane. Small craniotomies were drilled above the medial PFC and 

HPC. Four micro-screws were screwed into the skull to stabilize the 

implant, and the one on top of the cerebellum was used as a general ground. 

Three tungsten electrodes, one stereotrode and one single electrode (only 

one of the electrodes of the stereotrode was used), were positioned 

stereotaxically in the prelimbic region of the medial PFC (AP: 1.5, 2.1 mm; 

ML: ± 0.6, 0.25 mm; DV: -1.7 mm from bregma), and one stereotrode 

more was implanted in CA1 of the HPC (AP: -1.8, -2.5 mm; ML: -1.3, -

2.3 mm; DV: -1.15, -1.25 mm). The electrodes were placed 0.6 mm apart 

and equally distributed in both the PFC and HPC, respectively. In addition, 

three reference electrodes were implanted in the corpus callosum and 

lateral ventricles (AP: 1, 0.2, -1; ML: 1, 0.8, 1.7; DV: -1.25, -1.4, -1.5, 

respectively). The recorded hemisphere was chosen randomly. At the time 

of implantation the electrodes had an impedance from 100 to 400 kOhm 

and were implanted unilaterally with dental cement. After surgery animals 

were allowed at least one week to recover during which they were 

extensively monitored and received both analgesia and anti-inflammatory 

treatments. Additionally, animals were handled and familiarized with the 

implant connected to the recording cable. To avoid the implant to be 
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damaged, mice were individualized in their home cages from the day of 

the surgery. 

 

Figure 3.2.1: Diagram of stereotrode implantation in the PFC and the HPC of the 

mouse brain. 

3.2.2. Electrophysiological recordings 

All the recordings were carried out with the multi-channel Open Ephys 

system at 0.1-6000 Hz and a sampling rate of 30 kHz, recording local field 

potentials (LFPs) and multi unit activity (MUA) in freely moving mice. 

Intan RHD2132 amplifiers equipped with an accelerometer were used. 

Accelerometer signals in the X, Y and Z axis were used to monitor 

mobility. We quantified the variance of the instantaneous acceleration 

module (Acc; variance (Root square[X2, Y2, Z2])) that was maximum 
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during exploration and decreased as the animals were in quiet alertness. In 

fact we selected low mobility epochs of quiet wakefulness (10 or 3 seconds 

duration) by defining a threshold in the accelerometer’s output. To obtain 

LFPs, recorded signals were detrended, notch-filtered and decimated to 

1kHz offline. The frequency bands considered for the band-specific 

analyses included: delta (2-5 Hz), fast delta or slow theta (4-8 Hz), theta 

(8-12 Hz), alpha (10-14 Hz), beta (18-25 Hz), low gamma (30-48 Hz), high 

gamma (52-100 Hz), and HFO (100-200 Hz). MUA represents an 

aggregate signal and was obtained by filtering the signals between 450-

6000 Hz and thresholded at -3 sigma standard deviations. Action potentials 

from different neurons were quantified during the time windows and 

provided as spikes per 10 milliseconds. Noisy windows or artifacts were 

removed from the analyses. Artifacts were discarded if the LFP voltage 

was outside the range (PFC: 1000 to -1000 mV, HPC: 1500 to -1500 mV) 

or if the maximum point of the power spectral analyses was above 3 

standard deviations from the averaged maximum point of the recording. 

All these analyses were carried out using custom Python scripts. 
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3.3. Behavioral and cognitive assessment 

3.3.1. Locomotion, ataxia and stereotypic behaviors 

assessment 

Changes in locomotion, stereotypic behaviors and ataxia caused by the 

drugs were investigated using video recordings with a PointGrey Camera. 

Freely moving mice were recorded in their home cages 

(369 × 165 × 132 mm with standard bedding) for these quantifications. 

Quantifications of these measures were done on 10 minutes consecutive 

windows before and after the phencyclidine administration. Locomotion 

was calculated using the MouseActivity software (Zhang et al., 2020). 

Stereotypic behaviors and ataxia were rates using a custom scale from 0 to 

5 after the PCP injection based on (Sturgeon et al., 1979). Scales were 

adapted to the electrophysiological recordings taking into account the 

influence of the cable and implant (Table 1). 

https://www.zotero.org/google-docs/?fFDshU
https://www.zotero.org/google-docs/?LFSfNR
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Table 1: Adapted scale for measuring stereotypic behaviors and ataxia. 

3.3.2. Quiet wakefulness in freely moving mice 

A defined threshold in the accelerometer signal was used for detecting 

epochs of low mobility or quiet wakefulness of the mice in their home cage 

or the open field exploration box. Analyses of LFPs signals during quiet 

wakefulness were performed averaging epochs of different duration 

depending on the place the animal was recorded (home cage: 10 seconds; 

open field box: 3 seconds; as one continuous epoch). Epochs were chosen 

based on the stability of the accelerometer output and LFP signal.  

3.3.3. Memory assessment with the novel object recognition 

task (NOR) 

Working memory and long-term recognition memory were tested using a 
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well-established non-operant task that relies on mice’ innate instinct to 

explore novel objects in the environment (Leger et al., 2013; Meltzer et al., 

2011). We used a custom designed T-maze made of 3 mm aluminum 

painted in black with wider and higher arms than the standard mazes (8 cm 

wide x 30 cm long x 20 high). The maze was shielded and grounded for 

electrophysiological recordings and was placed on an aluminum platform. 

The novel and familiar object pairs were previously validated as in 

(Gulinello et al., 2019) and mice were always tested with different pairs of 

objects in different experiments. The arm of the maze where the novel 

object was placed was randomly chosen across experiments. The test was 

implemented in four phases: habituation, familiarization and working 

memory test, 3 minutes after the familiarization (during the first day) and 

long-term memory test, 24 hours after familiarization. Mice were first 

habituated to an empty maze for 10 min. Five minutes later, mice were 

placed again in the maze where they could explore two identical objects 

located at the end of the two lateral arms for 10 min. Three minutes later, 

in the first test phase, mice were presented with one familiar and one novel 

object for 10 min. Twenty-four hours later, in the second test phase, mice 

were presented with one familiar (from the familiarization phase) and 

another novel object for 10 min. Each session was videotaped via a video 

https://www.zotero.org/google-docs/?KCtw8o
https://www.zotero.org/google-docs/?KCtw8o
https://www.zotero.org/google-docs/?l8uJ4B
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camera located on top of the maze. Any investigative behavior of objects, 

including head orientation towards the objects or sniffing at a distance 

below or equal to 2 cm or when the mice touched the objects with the nose, 

was considered object exploration. Exploratory events were identified 

online by looking at the video using a custom-designed joystick with a 

right and left button that were pressed continuously during the time of 

explorations. Button presses were automatically aligned to the 

electrophysiological file by sending TTL pulses to the acquisition system 

so that two more event channels were added to the recording files. Object 

recognition memory was defined by the discrimination index (DI) for the 

novel object using the difference in exploration time for the familiar object 

divided by the total amount of exploration of both objects (DI = [Novel 

Object Exploration Time-Familiar Object Exploration Time]/Total 

Exploration Time). DIs vary between +1 and -1, where a positive score 

indicates more time spent with the novel object, a negative score indicates 

more time spent with the familiar object, and a zero score indicates a null 

preference (Leger et al., 2013). The tests were only considered if they had 

a minimum of 10 valid seconds of total exploration on each phase of the 

NOR and minimum of 3 seconds per each object in the case of the tests. In 

the case of the analyses of the neural substrates of memory in baseline mice 
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only NORs with a good performance, DI over 0.2, were selected. LFP 

measures associated with memory acquisition, working memory and 

retrieval were obtained by averaging one-second non-overlapping 

windows triggered by the button presses on the joystick. Each one-second 

window was only considered if the mouse explored the object over 600 

ms. This allowed us to have identical size windows to compare between 

objects and mice. Windows that contained artifacts were filtered out 

applying an automatic electrophysiologic artifact rejection offline based 

on two criteria: if the voltage of local field potentials is outside a range 

(PFC: 1000 to -1000 mV, HPC: 1500 to -1500 mV) and if the maximum 

peak of power spectral analysis is above 3 standard deviations of the 

median peak of the total windows. Memory acquisition was investigated 

during the familiarization phase when the two objects were identical. We 

ordered the explorations of the two objects in time and compared neural 

activity during the first 5 vs. the last 5 seconds of exploration (i.e., 5 early 

vs. 5 late one-second windows). Working memory and long-term memory 

retrieval were analysed during the 3 minute and 24-hour memory tests, 

respectively, by comparing neural signals during the first 5 seconds of 

exploration of familiar versus novel objects (Fig 3.3.3.1).  
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Figure 3.3.3.1: Novel object recognition (NOR) protocol and analysis process. (a) 

Different phases of the NOR (left) and a representation of how the explorations of the 

objects are aligned with the electrophysiological recording using a joystick in the open 

ephys software. (b) Representative spectrograms of the PFC (top) and HPC (upper) during 

a 24 hour session of a baseline mouse. Black and red lines indicate the explorations of the 

familiar and novel object, respectively, aligned with the electrophysiological data. (c) 

Example of the automatic artifact discard plot. The PFC and HPC LFP and power and the 

variance of the accelerometer are shown in different 1 second windows of explorations. 

Continuous red lines in the power represent the median power of the maximum peak and 

the dashed lines represent 3 standard deviations above that median. On the left side, 

windows discarded are shown in red while windows accepted are shown in green. (d) 

Representative spectrograms showing between one second before the exploration and one 

second after the exploration of the novel (top) and familiar (bottom) explorations. 
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3.3.4. Auditory perception and attentional assessment with 

the auditory evoked potential, the auditory state-steady 

response (ASSR) and the oddball paradigm task 

We tested auditory perception and hearing sensitivity using three 

paradigms: auditory evoked potential, auditory state-steady response 

(ASSR) and the oddball paradigm to test mismatch negativity (MMN). 

Recordings of these tests were performed in freely moving mice in their 

homecage placed inside a soundproof box with the sound system inside 

(Fig. 3.3.4.1). We used the Python library simpleaudio for the sounds, 

using custom python scripts, that synchronized the sound with the 

electrophysiological recording using an EIB board.  

3.3.4.1. Auditory evoked potential 

Mice were habituated to the box and the cage for 5 minutes. Next, 100 

consecutive clicks separated by 10 seconds were presented to the mice for 

a total of 8 minutes. A click consisted of a 15 ms white noise sound 

('15ms_whitenoise.wav', from the simpleaudio library) (Fig 3.3.4.1). 

During the whole protocol animals were being electrophysiologically 

recorded. 

https://simpleaudio.readthedocs.io/en/latest/installation.html
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3.3.4.2. Auditory state-steady response (ASSR) 

The recordings were performed in the same cage and box than the auditory 

evoked potential. The ASSR protocol consisted of 50 periodic 40 Hz white 

noise clicks that lasted for 500 ms ('500ms_40Hz_1msclick.wav', from the 

simpleaudio library) with intervals of 20 seconds between trains (Fig 

3.3.4.1). The whole protocol lasted for approximately 5 minutes. For the 

analyses of the ASSR we used the stockwell power and the inter-trial 

coherence (see Methods below). 

3.3.4.3. The oddball paradigm: mismatch negativity (MMN) 

An auditory oddball paradigm was used to measure the MMN. In the same 

conditions of the other auditory tasks mice were presented with a series of 

standard tones (6 or 8 kHz) in which a target tone (6 or 8 kHz) was 

presented randomly with a 75-25 % proportion, respectively. The 

frequencies of the standard and the target tone were switched after 500 

trials in a flip-flop design (Hamilton et al., 2018a). The length of the tone 

was 10 ms and it was separated with 0.5 s of intertrial interval. The protocol 

lastet around 10 minutes and finished when the 1000 tones were presented.  

https://www.zotero.org/google-docs/?AV5CZa
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Figure 3.3.4.1: Protocol of the three auditory tasks. (a) Recordings during the auditory 

task were carried out in the home cage inside a soundproof box. (b) Representation of the 

three auditory protocols. 

3.4. Pharmacology 

3.4.1 Acute treatments 

The doses used were: phencyclidine (PCP) 10 mg/kg; risperidone (RIS) 

0.5 mg/kg; clozapine (CLZ) 1 mg/kg; haloperidol (HAL) 0.5 mg/kg; 

M100907 1 mg/kg; 8-OH-DPAT 1 mg/kg (Gener et al., 2019). PCP was 

administered subcutaneously (SC) and the rest of the drugs were 

administered intraperitoneally (IP). All drugs were dissolved in saline with 

the pH adjusted to 6.5-7.0. Twenty-four animals were used in two 

experiments and six mice were used in three experiments. We left at least 

one week between experiments for proper washout of the drugs.  

https://www.zotero.org/google-docs/?W9LBC5
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3.4.2. Subchronic phencyclidine, risperidone or saline 

treatment 

PCP (10 mg/kg) or saline were administered to the mice for 10 days 

subcutaneously (s.c) (daily on days 1-5, 8-12) as described in (Castañé et 

al., 2015; Hashimoto et al., 2005). Risperidone (0.5 mg/kg) or saline were 

administered for 14 consecutive days intraperitoneally (i.p.) (McKibben et 

al., 2010). Both drugs were dissolved in saline and the pH was adjusted 

6.5-7.  

3.5. Data analyses 

3.5.1. Power spectral analyses 

Power spectral density results were calculated using the multi-taper 

method (time frequency bandwidth; TW = 5 and K = 9 tapers; 1-200Hz 

range, non-overlapping sliding windows of 1 minute for spectrograms and 

power spectrum of the acute injection experiments, 3 seconds for the 

resting state conditions and 1 second for object explorations). The 

stockwell method from the mne library (Gramfort et al., 2013) was used 

for spectrograms of less than 1 second window during NOR explorations 

and the ASSR task. Spectrograms were constructed using consecutive 

https://www.zotero.org/google-docs/?bycqpG
https://www.zotero.org/google-docs/?bycqpG
https://www.zotero.org/google-docs/?61dRFv
https://www.zotero.org/google-docs/?61dRFv
https://www.zotero.org/google-docs/?gMFGkl
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Fourier transforms. Some spectrogram results were provided as z-scores 

with respect to baseline statistics (i.e., data is demeaned by the baseline 

mean and then normalized by the baseline standard deviation). 

3.5.2 Phase-amplitude coupling 

We used two different functions for the analyses of the phase amplitude 

coupling depending on the size of the window to analyze. We used the 

modulation index (MI) described on (Tort et al., 2008) for windows of one 

minute or more. Moreover, we used the Canolty method as implemented 

on (Onslow et al., 2011) for shorter windows. First, low frequency (delta 

and theta) phases were divided into 18º bins (i.e., each cycle is divided into 

20 bins) and gamma (low, high gamma) and HFOs amplitudes were 

calculated for each phase bin. MI measures the divergence of the phase 

amplitude distribution and is higher as further away is from the uniform 

distribution (i.e., no modulation) (Fig. 3.5.1). In order to choose specific 

frequency band pairs for the MI quantification we represented overall MI 

in two-dimensional pseudocolor comodulation maps. A warmer color 

indicates coupling between the phase of the low frequency band (x axis) 

and the amplitude of the high frequency band (y axis) while blue depicts 

absence of coupling.  

https://www.zotero.org/google-docs/?vmD444
https://www.zotero.org/google-docs/?JZv6hI
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3.5.3. Functional connectivity analyses 

To quantify functional connectivity between the PFC and the HPC we used 

two different approaches. Non-directed phase coherence was assessed 

using weighted phase lag index (wPLI) whereas signal directionality was 

measured using phase slope index (PSI). 

3.5.3.1. Weighted phase lag index (wPLI) 

PFC-HPC phase coherence was estimated via the weighted phase-lag 

index (wPLI, Butterworth filter of order 3), a measure of phase 

synchronization between areas aimed at removing the contribution of 

common source zero-lag effects that allowed us to estimate the 

synchronization between the PFC and the HPC mitigating source signals 

affecting multiple regions simultaneously (Gener et al., 2019; Hardmeier 

et al., 2014; Stam et al., 2007; Vinck et al., 2011). First, we used Hilbert 

transformation to obtain instantaneous phases from LFP. wPLI measures 

the asymmetry in the distribution of phase differences for each frequency 

band between the two time series resulting in values ranging between 0 

and 1, being a higher value a high asymmetric distribution as a 

consequence of a consistent phase-lag between signals in the two areas. 

wPLI reduces the probability of detecting false positive connectivity in the 

https://www.zotero.org/google-docs/?iWs3eW
https://www.zotero.org/google-docs/?iWs3eW
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case of volume conducted noise sources with near zero phase lag and 

shows higher sensitivity in detecting real phase synchronization. wPLI 

color plots were built applying the previous function multiple times with a 

1 Hz sliding frequency window (using Butterworth bandpass filters of 

order 3), and PLI quantifications were generated applying the PLI spectra 

function over a 60s sliding window (without overlap). wPLI color plot 

results were provided as z-scores with respect to baseline statistics (i.e., 

data is demeaned by the baseline mean and then normalized by the baseline 

standard deviation). 

3.5.3.2. Phase slope index 

Signal directionality between areas was calculated with the phase slope 

index (PSI) with a Python translation of MATLAB’s data2psi.m (epleng = 

60s, segleng = 1s) as in reference (Nolte et al., 2008). PSI is a robust 

measure based on the conceptual temporal argument supporting that the 

driver is earlier than the recipient and contains information about the future 

of the recipient. It quantifies the consistency of the direction of the change 

in the phase difference across frequencies. Given a specific bandwidth 

parameter, it computes for each frequency bin the change in the phase 

difference between close frequency bins, weighted with the coherence. 

https://www.zotero.org/google-docs/?faGGOU
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Then, when phase difference changes consistently across frequencies, and 

there is coherence, PSI deviates from zero (Bastos and Schoffelen, 2015). 

Positive slope reflects an PFC-to-HPC flow of information in a specific 

frequency range while a negative slope reflects HPC-to-PFC signal 

directionality. PSI color plots and quantifications were constructed with 

the same strategy as wPLI plots but using a 2 Hz sliding frequency 

window. 

3.5.3.3. Surrogates analyses of connectivity 

In order to establish the significance level of the wPLI and PSI analyses, 

the surrogate method of randomization was used (Lancaster et al., 2018; 

Puig and Miller, 2015). The surrogate analyses were performed by 

randomizing the data of two pairs of channels, one PFC and one HPC, 

using all the combinations of different pairs of channels. The data was 

shuffled across time series and across the pair of channels for 1000 times 

before obtaining the correspondent wPLI and PSI analyses. Next, the 

randomized data wass averaged and subtracted from the not randomized 

results, in order to remove the chance effects from the data. Statistical 

analyses on the subtracted data and comparing the surrogates data with the 

results were performed to establish significance. 

https://www.zotero.org/google-docs/?czTaGL
https://www.zotero.org/google-docs/?KrjeWE
https://www.zotero.org/google-docs/?KrjeWE
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3.5.4. Event-related potential (ERPs) analyses 

To analyse the ERPs, the LFP data (30.0000 Hz, without downsampling) 

recorded in the PFC electrodes was used. The windows to analyze the ERP 

started 5 ms before the start of the stimulus (baseline) and finished 400 ms 

after the stimulus starts. Windows that presented artifacts were discarded 

for the analyses. Furthermore, only trials that presented an ERP were 

selected for comparison and the response rate was computed by dividing 

the responsive trials among the total trials. Each window was normalized 

by subtracting the baseline signal before averaging. 

3.5.5. Intertrial coherence analyses (ITC) 

The ITC analyses were used to compare the evoked gamma generated after 

the ASSR protocol over trials. The ITC is a measure of the consistency of 

an oscillatory phase across trials. The ITC was examined 0.1-0.5 ms after 

the sound between 38-42 Hz. We used the itc output of the stockwell 

function inthe mne library (Gramfort et al., 2013).  

 3.5.6. Mismatch negativity (MMN) 

The MMN was defined according to previous rodent and human studies 

(Rissling and Light, 2010; Schuelert et al., 2018). It was obtained by 

https://www.zotero.org/google-docs/?9RBPdD
https://www.zotero.org/google-docs/?SndwQ9
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subtracting the averaged response of a set of standard stimuli from the 

averaged response of the target stimuli. Only the standard stimuli before 

the target stimuli were selected, in order to have an equal number. The 

analyses of the 6 KHz and 8 KHz tones were performed separately, always 

comparing the standard and target tone of the same frequency. In order to 

compare the negative deflection between the two tones, the MMN was 

obtained using the area under the curve of the peak containing a 50 ms 

window (25 ms before and 25 ms after) as described in (Schuelert et al., 

2018). 

https://www.zotero.org/google-docs/?47bHEF
https://www.zotero.org/google-docs/?47bHEF


73 

Figure 3.5.1: Classification of local field potential analyses. Power spectral analyses 

are performed to analyse the amplitude of the local field potentials in the PFC or the HPC 

locally. Phase amplitude coupling is performed locally or inter-regionally using the 

(Onslow et al., 2011; Tort et al., 2008, p. 2) methods for short or long windows, 

respectively. First we performed a band-pass filtering and extraction of phase and 

amplitude and then assessed correlations between amplitude and phase to quantify 

deviations of the uniform distribution from the amplitude vs phase histogram (Aru et al., 

2015). The non-directed phase coherence analyses were performed using the weighted 

phase lag index using a sum of the cross-spectral densities of different trials, while the 

directed connectivity measure was the phase slope index, measuring the consistency of 

the direction of the change in the phase difference across frequencies (Bastos and 

Schoffelen, 2015). Spectrograms, comodulograms and quantifications will be used to 

present these analyses. 

https://www.zotero.org/google-docs/?0nNc2r
https://www.zotero.org/google-docs/?HnYbFr
https://www.zotero.org/google-docs/?HnYbFr
https://www.zotero.org/google-docs/?cbdc9W
https://www.zotero.org/google-docs/?cbdc9W
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3.6. Statistical analysis 

All the statistical analyses described below were performed for acc, power, 

PAC, wPLI, PSI, ERPs, ITC and MMN. Paired T-student analyses were 

used to compare object explorations between the same group of animals 

during one treatment condition (novel vs familiar) or treatment conditions 

in the same animals over time (baseline vs sPCP/saline), whereas unpaired 

T-student was used to compare different group of animals at different 

treatments (sPCP vs saline). One-way repeated measures ANOVA was 

used to test for statistical significance with time as within subject factor 

(first project: baseline, saline, PCP and drug; second project: baseline, 

sPCP/saline, risperidone/saline). Additionally, in the first project two-way 

repeated measures ANOVA was used to test for statistical significance 

with treatment as between factor (PCP+saline vs. saline controls and 

PCP+saline vs. PCP+drug) and time as within subject factor (baseline, 

saline, PCP and drug). In the second project, two-way repeated measures 

ANOVA were used differently depending if animals were the same across 

different treatment conditions over time or if we were comparing treatment 

at the same time but in different groups of animals. In the first condition, 

two-way repeated measures ANOVA had as within factors the treatment 

condition and the type of object exploration (treatment: baseline vs 
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sPCP/saline vs risperidone/saline; object: novel vs familiar), whereas in 

the second case the treatment was considered the between factor (sPCP vs 

saline or risperidone vs sPCP-saline vs saline) and the type of object 

exploration was considered as a within factor (novel vs familiar). Sidak 

and Bonferroni post-hocs were used for Multiple Comparisons between 

the ANOVAs. Statistical analyses were conducted using raw data in 

Python with the Pingouin statistical package (Vallat, 2018). Furthermore, 

to determine significant correlations between neurophysiological measures 

and DIs or other neurophysiological measures, Pearson or Spearman 

correlations were used for parametric and non-parametric distributions, 

respectively. 

3.7. Histology 

On the last day of electrophysiological recordings, small electrolytic 

lesions of the recording sites were carried out via electrical stimulation of 

the electrodes (100 Hz, 0.1 mA for 2 s) under anaesthesia. Then, mice were 

sacrificed and their brains extracted and preserved in 2-methylbutane. 

Brains were sliced into 30 Pm sections with a cryostat. Electrode 

placements were confirmed histologically by staining the brain slices using 

https://www.zotero.org/google-docs/?NE24NV
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the Nissl method. Electrodes with tips outside the targeted areas were 

discarded from data analyses. 

3.8. Protocols 

We have designed two different protocols two address the two objectives 

of the thesis (Fig 3.8.1). The first was designed for investigating the 

psychotic-like states induced by acute PCP administration and the rescuing 

effects of antipsychotic drugs. The second one was used to assess the 

cognitive impairment induced by sPCP treatment and subsequent cognitive 

amelioration by a chronic risperidone treatment. 

3.8.1. Protocol to investigate the psychotic-like states and the 

effects of antipsychotic drugs 

Surgeries (see Methods) were performed in adult, 8-12 weeks of age, 

C57BL6 mice. The mice recovered for a week after the surgery. 

Electrophysiological recordings were carried out in the home cage which 

was shielded with aluminum fold and grounded to the electrophysiological 

recording system. Two different protocols were designed. First, the 

protocol to mimic the psychotic-like conditions induced by acute PCP, in 

which 15 minutes of the freely moving mice in the home cage (baseline) 
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were recorded. After that, the acute PCP was injected (10 mg/kg) and 

recorded for another hour. The second protocol was used to assess the 

rescuing effects of antipsychotic drugs or serotonergic compounds after 

the acute PCP treatment. The baseline state was recorded for 30 minutes 

followed by an internal control of a saline injection that was recorded for 

another 30 minutes. After the first hour acute PCP (10 mg/kg) was injected. 

15 minutes later we injected the antipsychotic drug (atypical antipsychotic 

drugs: CLZ or RIS; classical antipsychotic drug: HAL), the serotonergic 

compound (M100907 or DPAT) or saline (control) and recorded for 

another hour. 

3.8.2. Protocol to investigate the cognitive deficits induced 

by sPCP and the amelioration of a chronic risperidone 

treatment 

Surgeries (see Methods) were performed in adult, 8-12 weeks of age, 

C57BL6 mice. The mice recovered for a week after the surgery. The 

battery of tests used for the characterization of the mice were: open field 

exploration, NOR task and three auditory tasks (auditory evoked potential, 

ASSR and the oddball paradigm to assess MMN). All tests were 

electrophysiologically recorded. Mice were randomly divided in three 
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different groups according to the treatments received: sPCP-risperidone 

(mice that received the sPCP treatment followed by the chronic risperidone 

treatment), sPCP-saline (mice that received the sPCP treatment followed 

by a chronic saline treatment) and saline-saline (mice that received two 

saline treatments, one subchronic (10 days s.c) and one chronic (14 days 

i.p.) saline treatments). The first characterization was done during the 

baseline state of the mice one week after the surgery. Once this 

characterization was done the mice started the sPCP (10 mg/kg) or saline 

treatment for 10 non-consecutive days (5 days treatment + 2 days off + 5 

days treatment s.c.). Starting 3 days after finishing the treatment another 

full characterization was done. Finally, a chronic risperidone (0.5 mg/kg) 

or saline treatment (14 consecutive days, i.p.) was done followed by 

another full characterization. 

Figure 3.8.1: Protocols of the two main objectives of the project. (a) Protocol to 
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investigate the psychotic-like states and the effects of antipsychotic drugs. First animals 

are implanted using the surgery mentioned before (see Methods). Next, animals were 

recorded in their home cage using the open ephys system. The protocol used for studying 

the psychotic is on the top, while the protocol used for analysing the effects of 

antipsychotic drugs is on the bottom. Color lines in the protocol represent the moments 

of quantification. (b) Protocol to investigate the cognitive deficits induced by sPCP and 

the amelioration by chronic risperidone. The color lines in the arrow represent the 

different treatment conditions: baseline was represented in blue, sPCP or saline were 

represented in orange and risperidone or saline were represented in green. 
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4. CHAPTER I. NEURAL SUBSTRATES OF 

PSYCHOSIS-LIKE STATES INDUCED BY ACUTE 

PHENCYCLIDINE AND RESCUING EFFECTS OF 

ANTIPSYCHOTIC MEDICATION 

In this chapter we explore the neural dynamics of PFC-HPC circuits during 

psychosis-like states produced by an acute dose of PCP. We further 

explore the ability of the antipsychotic drugs risperidone, clozapine and 

haloperidol, the 5-HT2AR antagonist M100907 and the 5-HT1AR agonist 8-

OH-DPAT to rescue the circuit dysfunction produced by PCP.  

4.1. Prefrontal-hippocampal circuit alterations induced by 

acute phencyclidine 

We investigated how acute NMDAR antagonism influences behavior and 

neural activity in the prelimbic PFC and the CA1 region of the HPC. To 

elicit psychotomimetic conditions we administered PCP acutely (10 

mg/kg, SC) in freely moving mice. This dose of PCP induces strong 

psychotic-like behaviors in mice, such as hyperlocomotion, stereotypies 

and ataxia, that can be mostly treated with antipsychotic drugs (Castañé et 

al., 2015; Lee et al., 2017; Sturgeon et al., 1979). We first aimed to validate 

https://www.zotero.org/google-docs/?NTI8Ck
https://www.zotero.org/google-docs/?NTI8Ck
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this PCP model of psychosis in our experimental conditions where mice 

were connected to an electrophysiological data acquisition system via an 

electrical cable. Mice received PCP followed by saline or risperidone (RIS, 

0.5 mg/kg, IP) fifteen minutes post PCP administration. Mice were given 

one week of wash out between each experimental condition. As expected, 

PCP increased locomotor activity (distance traveled) and stereotypies that 

were greatly reduced by risperidone (n = 4 mice; [Time*Treatment: 

Locomotion, stereotypies]: F7,42 = 10.35, 2.59, p < 0.0005, 0.03; two-way 

ANOVA with time as within factor and drug combination as between 

factor) (Fig. 4.1.1.a,b). In contrast, PCP-mediated ataxia was exacerbated 

by risperidone in an initial phase ([time with no interaction]: F7,42 = 23.16, 

p < 0.005) and then followed PCP´s pattern (Fig. 4.1.1.b). The PCP-

induced and risperidone-induced behaviors were reflected as partial and 

large reductions of accelerometer rates, respectively, that were recorded 

via the accelerometer integrated within the headstages of the 

electrophysiological system ([time with no interaction]: F8,64 = 6.73, p < 

0.0005; Fig. 4.1.1.c). We harnessed these changes in accelerometer rates 

to assess PCP-induced and antipsychotic drug-induced behaviors over time 

in the subsequent pharmacological experiments described below. 
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Figure 4.1.1: Acute PCP (10 mg/kg, SC) induced psychotic-like behavioral effects in 

mice. (a) Representative examples of 10 minute traces during baseline (left), after the 

administration of PCP + SAL (middle) and after the administration of PCP + RIS (0.5 

mg/kg, IP; right) in one mouse. Quantification of distance traveled is shown on the right 

of baseline (blue), PCP + SAL (red) and PCP+RIS (orange). (b) Quantification of distance 

traveled, stereotypes, ataxia and accelerometer during 10 minutes epoch after the PCP 

injection. The groups quantified are PCP + SAL (n = 4 mice, red) and PCP + RIS (n = 4 

mice, orange). 

 

In a different cohort of animals, we examined the time course of PCP´s 

effects on PFC-HPC neural dynamics at 15, 30 and 60 minutes after PCP 

administration (n = 9 mice) compared to saline administration (n = 10 

mice; Fig. 4.1.3 and 4.1.2.). Again, PCP induced hyperlocomotion, 

stereotypies and ataxia partially reduced the accelerometer rates 

([Time*Treatment]: F1,8 = 16.73, p <0.0005). The atypical behaviors 

induced by PCP were accompanied by substantial alterations in neural 

oscillations, particularly in the PFC, that could be readily seen in the 
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unprocessed local field potentials (Fig. 4.1.3.b). Several aberrant bands 

emerged in the PFC after injection of PCP: a wide band from 1 to 8 Hz that 

included the standard “slow” delta (2-5 Hz) and a “fast” delta (4-8 Hz, peak 

at 6.4 ± 0.2 Hz), an alpha band (10-14 Hz, peak at 10.2 ± 0.06), a narrow 

band within the high gamma range (40-75 Hz, peak at 60.3 ± 1.1 Hz), and 

broadly increased HFOs (100-200 Hz) that included a prominent band 

between 140-180 Hz (peak at 160.5 ± 2.54 Hz; F1,8 = 21.4, 22.73, 13.67, 

17.31 and 17.93, respectively; p <0.0005; one-way ANOVA; significant 

differences with saline controls; Fig. 4.1.3.c,d). These bands appeared de 

novo and revealed strong hypersynchronization of PFC microcircuits by 

PCP. In the HPC, the power changes were modest and mostly differed 

from the PFC, except for the delta band that closely followed the pattern 

found in the PFC (F1,8 = 20.07, p <0.0005). PCP decreased the power of 

HPC theta oscillations (8-12 Hz) with respect to baseline (F1,8 = 14.6, p = 

0.002) and increased high gamma oscillations in a band that appeared 

earlier and was shorter than in the PFC (the first 15 min only; F1,8 = 18.2, 

p < 0.0005; Fig. 4.1.3.c). 
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Figure 4.1.2. Saline (SAL, SC; n = 10 mice) had minor effects on PFC-HPC neural 

dynamics. It induced a modest mobility reduction (Acc, F1,8 = 5.08, p = 0.006) that likely 

affected theta oscillations in both areas and theta-gamma l-PAC and ir-PAC (F1,8 = 7.45, 

7.58, 6.6, 6.83 p = 0.011, 0.001, 0.002, 0.002). However, the circuit connectivity was 

overall not affected, only showing a significant decrease in low gamma phase coherence 

(F1,6 = 4.39, p = 0.032). (a) Normalized spectrograms (z-scores) of signals in the PFC 

(upper panels) and HPC (lower panels). The corresponding quantification of the animals’ 

mobility (Acc) is also shown. (b) Power spectra of PFC and HPC signals. The plots have 
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been divided into 0-20 Hz and 20-200 Hz to facilitate visualization. (c) Comodulation 

maps quantifying local and inter-regional cross-frequency coupling in consecutive non-

overlapping 5-min epochs. (d) Normalized (z-scores) time course of changes in wPLI 

(phase coherence) and corresponding quantification. (e) Normalized (z-scores) time 

course of changes in PSI (circuit signal directionality) and corresponding quantification. 

The shaded area represents HPC-to-PFC signal directionality and the line indicates zero 

PSI. Group colors: baseline (blue), 5 to 15 min (orange), 25 to 35 min (green) and 50 to 

60 min (red) after the administration of saline. 

To further assess local and circuit synchronization we quantified cross-

frequency phase-amplitude coupling (PAC) between slow rhythms (2-16 

Hz) and faster oscillations (50-250 Hz) (Jensen and Colgin, 2007; 

Scheffer-Teixeira and Tort, 2017). PAC was investigated both within the 

PFC and the HPC (local PAC or l-PAC: PFCphase-PFCamp and HPCphase-

HPCamp) and at the circuit level via coupling of HPC phase with PFC 

amplitude and vice versa (inter-regional PAC or ir-PAC: HPCphase-PFCamp 

and PFCphase-HPCamp). As reported previously (Colgin, 2015; Hentschke 

et al., 2007; Scheffer-Teixeira and Tort, 2017), theta-gamma l-PAC within 

the CA1 region was present during baseline periods, with phases varying 

from 5 to 12 Hz and amplitude frequencies varying from 50 to 100 Hz (Fig. 

4.1.3.e). After PCP, this theta-gamma coordination rapidly subsided and 

delta-HFO coupling emerged ([decrease theta-gamma, increase delta-HFO 

https://www.zotero.org/google-docs/?JaIras
https://www.zotero.org/google-docs/?JaIras
https://www.zotero.org/google-docs/?MyiLy0
https://www.zotero.org/google-docs/?MyiLy0
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l-PAC] F1,8 = 23.13, 14.6, p < 0.0005, 0.002; Fig. 4.1.43.e). At a circuit 

level, we found that the phase of PFC theta modulated the amplitude of 

CA1 high gamma (PFCphase-HPCamp), as reported recently (Nandi et al., 

2019; Tavares and Tort, 2020; Zhang et al., 2016). Again, PCP weakened 

this circuit coupling while upregulating delta-HFO ir-PAC ([decrease 

theta-gamma, increase delta-HFOs PAC] F1,8 = 17.4, 16.6, p = 0.0006, 

0.0008; Fig. 4.1.3.e), as observed in the HPC. Furthermore, PCP promoted 

fast delta-HFO l-PAC in the PFC and HPCphase-PFCamp ir-PAC (F1,8 = 21, 

18.77, p < 0.0005, 0.002; Fig. 4.1.3.e).  

https://www.zotero.org/google-docs/?KHLUte
https://www.zotero.org/google-docs/?KHLUte
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Figure 4.1.3: Acute administration of PCP boosts the synchronization of prefrontal 

and hippocampal microcircuits. (a) Experimental protocol. Recording LFP signals in 

freely moving mice during baseline conditions (BAS) for 15 minutes and for 1 hour 

following the administration of PCP (SC, 10 mg/kg; n = 10 mice). (b) Representative 

examples of 5 second LFP traces recorded in the PFC and the HPC during baseline (blue) 

and after the administration of PCP (red) in one mouse. (c) Averaged spectrograms of 

signals in the PFC (upper panels) and the HPC (lower panels). Left panels represent the 

raw data with the corresponding quantification of the animals’ mobility (Acc, variance of 

signals from the accelerometer); middle and right panels represent the z-scores relative to 

baseline. Note the different frequencies on the y-axis between spectrograms. (d) Power 

spectra of PFC (left panels) and HPC (right panels) signals during baseline (blue), 5 to 15 
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min (orange), 25 to 35 min (green) and 50 to 60 minutes (red) after the administration of 

PCP. The plots have been divided into 0-20 Hz and 20-200 Hz to facilitate the 

comparison. (e) Comodulation maps quantifying cross-frequency coupling in consecutive 

non-overlapping 5-min epochs. The x-axis represents phase frequencies (2-16 Hz) and 

the y-axis represent amplitude frequencies (10-250 Hz). Numbers on top of the panels 

indicate the minute after PCP administration. (Top) Local modulation index in the PFC 

and the HPC. (Bottom) Cross-regional modulation index between the PFC phase and the 

HPC amplitude (upper panels) and between the HPC phase and the PFC amplitude 

(bottom panels). PCP administration is marked in red.  

We subsequently investigated PCP-induced alterations in the functional 

connectivity of the circuit. We first examined PFC-HPC phase coherence 

via the weighted phase-lag index (wPLI), a measure of phase 

synchronization between LFP signals that minimizes the effects of 

volume-conduction, noise and sample size (Hardmeier et al., 2014; Vinck 

et al., 2011). PCP generated circuit hypersynchronization at fast 

frequencies ([HFO wPLI]: F1,8 = 12.87, p = 0.005; milder increases at low 

and high gamma) while desynchronizing the middle frequencies ([theta, 

alpha and beta wPLI]: F1,8 = 21, 8.07, 14.47, p <0.0005, 0.044 and 0.002, 

respectively; significant differences with saline controls). In fact, theta 

coherence shifted to fast delta (peak from 8.45 ± 0.15 to 6.36 ± 0.43) for 

at least 45 min after PCP injection (Fig. 4.1.4.a). We also quantified the 

signal directionality between the PFC and the HPC via the phase slope 

https://www.zotero.org/google-docs/?B9ElEb
https://www.zotero.org/google-docs/?B9ElEb
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index (PSI) (Nolte et al., 2008). During baseline, a strong flow of 

information at theta originated in the HPC and traveled to the PFC. In 

accordance with changes in phase coherence, PCP disrupted theta signal 

directionality (F1,8 = 4.04, p = 0.018) and generated an aberrant flow of 

information between 3 and 6 Hz (delta) from the PFC to the HPC (F1,8 = 

3.4, p = 0.034; 4.1.4.b).  

Figure 4.1.4: Acute administration of PCP disrupts PFC-HPC phase coherence and 

signal directionality. (a) Time course of changes in weighted phase lag index (wPLI, 

phase coherence) and corresponding z-scores. Quantification of wPLI is shown below. 

(b) Time course of changes in phase slope index (PSI, circuit signal directionality). HPC-

to-PFC signal directionality is represented in red and PFC-to-HPC signal directionality in 

green. A simplified representation of PSI is shown below where the shaded areas indicate 

https://www.zotero.org/google-docs/?Ar4iC0
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HPC-to-PFC signal directionality (the line marks zero). 0-20 Hz magnifications are 

shown on the right. Average signals during baseline are shown in blue and signals during 

the 5-15, 25-35, and 50-60 min after PCP administration are represented in orange, green 

and red, respectively.  

4.2 Effects of antipsychotic drugs on phencyclidine-induced 

prefrontal-hippocampal alterations 

We next investigated the individual fingerprints of antipsychotic action on 

PCP-induced neurophysiological alterations by the atypical antipsychotic 

drugs risperidone and clozapine and the classical antipsychotic drug 

haloperidol. Fifteen minutes after the administration of PCP one of the 

three antipsychotic drugs was administered. We compared the neural 

signals recorded at 15 and 45 min after antipsychotic drug injection (30 

and 60 min after PCP injection) with a control group that only received 

saline (PCP+SAL, n = 6 mice, Fig 4.2.1.a, 4.2.2.a, 4.2.4.a). In these 

experiments, additional control injections with saline were performed 

before the administration of PCP.  

 

We first examined the actions of the three antipsychotics on the power of 

PCP-induced abnormal neural oscillations in the PFC and the HPC. 

Risperidone (RIS, 0.5 mg/kg; n = 7 mice) reduced the hyperlocomotion 
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and stereotypies produced by PCP and left the mice in a sedative state that 

generated high immobility ([Acc]: F1,6 = 23.82, p <0.0005, one-way 

ANOVA; [PCP+SAL vs. PCP+RIS] F2,22 = 4.33, p = 0.026, two-way 

ANOVA; Fig. 4.1.1) and a strong inhibition of neural activity, as we 

reported previously (Gener et al., 2019). More specifically, risperidone 

decreased PCP-associated increases in power at theta, high gamma and 

HFO in the PFC (two-way ANOVA with time and treatment [PCP+SAL 

vs. PCP+RIS] as factors; [Time*Treatment] F2,22 = 3.64, 9.99, 5.75, p = 

0.043, 0.0008, 0.01, respectively) (Fig. 4.2.1.b) and reduced theta 

oscillations in the HPC (F2,22 = 4.55, p = 0.056). In contrast, risperidone 

exacerbated PFC slow delta power (F2,22 = 8.55, p = 0.002) shifting its 

main frequency from fast to slower ranges in both brain regions (PFC: peak 

from 6.4 Hz to 3.7 Hz; HPC: peak from 6.01 Hz to 3.67 Hz; Fig. 4.2.1.b). 

Intriguingly, narrow bands in the high gamma and HFO domains continued 

in the PFC, steadily decreasing their frequency over time (Fig. 4.2.1.b). 

We next investigated the actions of clozapine (CLZ, 1 mg/kg; n = 6 mice) 

on PCP-mediated effects. Clozapine reduced PCP-induced behavioral 

alterations and power increases, however caused fewer suppressive effects 

than risperidone. First, clozapine decreased general mobility of mice (F1,5 

= 6.82, p = 0.004, one-way ANOVA; [PCP+SAL vs. PCP+CLZ] F2.20 = 

https://www.zotero.org/google-docs/?1gPbT7
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4.93, p = 0.051, two-way ANOVA), but less than risperidone ([PCP+CLZ 

vs PCP+RIS] F2.22 = 6.28, p = 0.005). It slightly decreased amplified high 

gamma in the PFC (F2,22 = 4.46, p = 0.066; two-way ANOVA) (Fig. 

4.2.1.c) but, unlike risperidone, it was unable to rescue increased HFOs. In 

addition, fast delta partially shifted to slow delta: two peaks at 5.05 Hz and 

3.14 Hz were observed in the power spectrum (Fig. 4.2.1.c; insignificant 

changes in slow and fast delta power). We subsequently examined the 

effects of the classical antipsychotic drug, haloperidol (HAL, 0.5 mg/kg; n 

= 5 mice), on PCP-induced alterations. The general mobility of the mice 

after the administration of haloperidol was similar to the control group 

([PCP+SAL vs. PCP+HAL] F2,18 = 0.26, p = 0.77, two-way ANOVA), and 

above that of the risperidone group ([PCP+HAL vs. PCP+RIS] F2,18= 7.31, 

p = 0.004). This suggests that the administration of haloperidol did not 

induce major sedative effects. Notably, haloperidol was unable to block 

the aberrant fast delta, high gamma and HFO bands elicited by PCP in the 

PFC (Fig. 4.2.1.d).  
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Figure 4.2.1: Comparison of antipsychotic effects on local PFC and HPC power after 

the PCP acute injections. All panels present normalized spectrograms (z-scores) of 

signals in the PFC (upper panels) and HPC (lower panels). The corresponding 
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quantification of the animals’ mobility (Acc) is also shown. The Acc results are presented 

as a ratio to the highest value in the baseline condition. (b) The power spectra of PFC and 

HPC signals during 10 min of baseline are depicted in blue and signals from min 35 to 45 

after antipsychotic administration (50-60 min after PCP) are shown in red (saline; shown 

as control in all the panels), orange (risperidone), light green (clozapine) and dark green 

(haloperidol). The figure presents the different effects of antipsychotics in the local power 

15 minutes after the PCP injection: saline(a), risperidone (b), clozapine (c) and 

haloperidol (d).  

 

Subsequently, we assessed the effects of the antipsychotic drugs on PCP-

induced changes in phase-amplitude coupling (PAC). Risperidone 

markedly reduced the anomalous fast delta-HFO l-PAC and ir-PAC (F2,22 

= 5.73, 5.14, p = 0.001, 0.014) (Fig. 4.2.1.b), but it did not restore the 

intrinsic local or interregional theta-gamma coupling. On the other hand, 

clozapine shifted the aberrant fast delta-HFO to slow delta-HFO coupling 

consistent with the power effects (Fig. 4.2.1.c). Interestingly, baseline HPC 

and inter-regional theta-gamma coupling was partially reinstated (Fig. 

4.2.2.c). Also consistent with the power results, haloperidol did not reduce 

fast delta-HFO l-PAC and ir-PAC (Fig. 4.2.2.d). Moreover, HPC theta 

power and theta-gamma coupling remained very low.  
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Figure 4.2.2: Comparison of antipsychotic effects on local and interregional phase 

amplitude coupling after the PCP acute injections. All panels present comodulation 

maps quantifying local and inter-regional cross-frequency coupling in consecutive non-

overlapping 5-min epochs.The numbers on top of the panels indicate time after PCP 

administration. The upper panels show the local, PFC and HPC, course of changes in the 

modulation index, while the lower panels show the interregional, PFC-phase HPC-
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amplitude and HPC-phase and PFC-amplitude. The figure presents the different effects 

of antipsychotics 15 minutes after the PCP injection: saline(a), risperidone (b), clozapine 

(c) and haloperidol (d).  

 

The inability of atypical antipsychotics to reinstate theta oscillations and 

theta-gamma coupling in the HPC could be influenced by their sedative 

properties that cause immobility of mice (Fig. 4.1.1, 4.2.1). To provide 

insight into the influence of immobility in neurophysiological biomarkers, 

we compared neural activity during periods of typical mobility and periods 

of immobility naturally occurring during quiet wakefulness. We found that 

theta oscillations and theta-gamma coupling in the HPC were disrupted 

during quiet wakefulness episodes (Fig. 4.2.3). Therefore, reduced HPC 

theta oscillations and theta-gamma coupling after the administration of the 

atypical antipsychotic drugs could be attributed to the immobility 

associated with sedation. However, considering that the mice maintained 

the PCP-induced activity after haloperidol, this likely reflects the lack of 

effect of the antipsychotic drug on PCP-mediated disruption of 

hippocampal synchronization.  
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Figure 4.2.3: Little influence of mouse mobility in PFC-HPC neural dynamics. We 

analyzed periods of low mobility and compared them to periods of normal mobility during 

baseline (n = 8 mice, 10 consecutive second epochs). Low mobility was determined by a 

defined threshold in the output of the accelerometer signals and normal movement was 

defined as above that threshold. (a) Power spectra of PFC and HPC signals while animals 

rest or move. PFC power was in fact sensitive to movement changes in baseline, 

specifically showing increased power during epochs of mobility compared to low 

mobility at theta, beta and gamma frequencies (F1,7 = 2.84, 3.62, 7.82, p = 0.025, 0.009, 
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<0.0005). Moreover, as observed in the previous literature, theta oscillations increased 

within the CA1 region during movement (F1,6 = 2.36, p = 0.057). (b) Averaged 

comodulation maps of local and inter-regional modulation index in the two groups. Theta-

gamma coupling tended to increase within the CA1 region during movement (F1,6 = 2.18, 

p = 0.072). In addition, during periods of low mobility there was a minor increase in delta-

gamma coupling in CA1 that was statistically insignificant (F1,7 = 2.08, p = 0.083). (c) 

The circuit phase synchronization was overall not affected by the movement, only 

showing a significant increase in high gamma phase coherence (F1,6 = 2.84, p = 0.029). 

(d) The circuit signal directionality was not affected by the movement. The shaded area 

represents HPC-to-PFC signal directionality and the line indicates zero PSI.  

 

We next investigated the effects of the antipsychotic drugs on phase 

coherence and signal directionality within PFC-HPC circuits. Risperidone 

was able to restore circuit hypersynchronization at high frequencies HFOs 

that emerged after PCP (F2,22 = 4.25, p = 0.027) but was unable to rescue 

phase coherence at lower frequencies and had no major effects on the 

aberrant PFC-to-HPC delta signals compared to the PCP+SAL group (Fig. 

4.2.4.a and b). However, connectivity alterations elicited by PCP were 

partially corrected by clozapine. First, clozapine blocked PCP-induced 

enhanced phase coherence at fast delta (F2.22 = 5.62, p = 0.039) and reduced 

the high gamma and HFOs hypersynchronization. However, increased 

theta coherence was not recovered and remained very low (Fig. 4.2.4.b). 
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Notably, clozapine prevented the emergence of PFC-to-HPC delta signals 

(F1,16 = 5.2, p = 0.045) and the flow of information within the circuit highly 

resembled that observed during baseline (Fig. 4.2.2.4c). Overall, clozapine 

was effective in rescuing abnormal circuit signal directionality after 

administration of PCP but had limited efficacy on recovering local 

hypersynchronization within PFC and HPC microcircuits. Furthermore, 

haloperidol did not correct augmented coherence at delta, high gamma and 

HFOs, which remained similar to saline controls (Fig. 4.2.4.a and d). 

Finally, the abnormal PFC-to-HPC delta drive was in fact exacerbated by 

haloperidol with respect to the control group ([PCP+SAL vs. PCP+HAL] 

F1,9 = 8.42, p = 0.018; Fig. 4.2.4.a and d). We note that the dose of 

haloperidol used was medium to high (Hashimoto et al., 2005; Horiguchi 

et al., 2012), thus the dose is not the main cause of its limited efficacy. We 

conclude that the main antipsychotic effects of haloperidol do not rely on 

PFC-HPC neural activities. 

https://www.zotero.org/google-docs/?HstBbR
https://www.zotero.org/google-docs/?HstBbR
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Figure 4.2.4: Comparison of antipsychotic effects on PFC-HPC connectivity after 

the acute PCP injections. All panels present a normalized (z-scores) time course of 

changes in wPLI (phase coherence) and corresponding quantification (top panels). The 

lower panels show the time course of changes in PSI (circuit signal directionality) and 

corresponding quantification. The shaded area represents HPC-to-PFC signal 

directionality, the line denoting zero PSI. The figure presents the different effects of 
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antipsychotics 15 minutes after the PCP injection. saline represented in red (a), 

risperidone represented in orange (b), clozapine represented in light green (c) and 

haloperidol represented in dark green (d).  

 

Altogether, the two atypical antipsychotic drugs, risperidone and 

clozapine, but not the typical antipsychotic drug, haloperidol, partially 

reduced PCP-induced increased local PFC power, phase-amplitude 

coupling, circuit hypersynchronization and disrupted circuit 

communication. However, antipsychotic drugs were unable to restore the 

normal circuit dynamics, probably due to the sedative effects they produce. 

Figure 4.2.5 presents a schematic summary of the main effects of acute 

PCP on PFC-HPC neural circuits and the impact of risperidone, clozapine 

and haloperidol. 
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Figure 4.2.5: Summary of PFC-HPC circuit alterations induced by acute PCP and 

the effects of antipsychotic medication. Baseline state, shown in the top left panel in 

blue, is characterized by theta-gamma oscillations in the HPC and a HPC-to-PFC theta 

signal directionality. The effects of acute PCP in the circuit are shown in the top right 

panel in red. The effects of atypical antipsychotic drugs and typical antipsychotic drugs 

on the acute PCP-induced circuit are shown in the left and right bottom panels, 

respectively. Acronyms: AAPDs (atypical antipsychotic drugs), 𝝳 (delta), 𝛉 (theta), 𝞬 

(gamma), HFO (high frequency oscillations), red cross or arrow (PCP-effect) green tick 

(risperidone recovery) and yellow tick (clozapine recovery). 
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4.3. Contribution of serotonin receptors 5-HT2A and 5-HT1A 

on phencyclidine-induced prefrontal-hippocampal circuit 

alterations 

Risperidone and clozapine block 5-HT2ARs directly and stimulate 5-

HT1ARs indirectly (P. Celada et al., 2013; Meltzer and Massey, 2011). We 

examined the abilities of a 5-HT2AR antagonist and a 5-HT1AR agonist to 

rescue PCP-induced effects to gain further insight into the serotonergic 

actions of the two atypical antipsychotic drugs. The selective 5-HT2AR 

antagonist M100907 (1 mg/kg; n = 6 mice) produced strong sedative 

effects that caused the animals to be immobile ([Acc]: F1,5 = 57.47, p 

<0.0005, one-way ANOVA; F2,20= 10.2, p = 0.01, two-way ANOVA) and 

reduced PCP-generated bands in the PFC ([theta, alpha, high gamma, 

HFOs]: F2,20 = 6.39, 5, 12.06, 9.98, p = 0.007, 0.017, 0.0003, 0.01; two-

way ANOVA) (Fig. 4.3.1. a and b). Notably, narrow bands in the gamma 

and HFO domains remained in both structures, following similar temporal 

patterns than risperidone. Also concurrent with risperidone, M100907 

shifted the power of fast delta and fast delta-HFO l-PAC and ir-PAC 

towards slower frequencies. Notably, the intrinsic theta-gamma coupling 

in the HPC shifted to delta-high gamma ([2-5 to 50-80 Hz]; F2,18 = 9.17, 

10.74, p = 0.009, 0.006; Fig. 4.3.1.c), a type of coupling that could be 

https://www.zotero.org/google-docs/?onvHwu
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caused by the large decrease in mobility after M100907 (Fig. 4.2.3.b). 

M100907 also normalized circuit phase hypersynchronization at gamma 

and HFOs (F2,18 = 10.34 6, p = 0.0010, 0.036; Fig. 4.3.1.d), however the 

reduction of theta coherence was further exacerbated (F1,9 = 17.8, p = 

0.002). Moreover, M100907 shifted fast delta to slow delta phase 

synchronization, closely following the changes observed in delta power in 

the PFC. Finally, the intrinsic HPC-to-PFC theta signal directionality was 

not restored and the PFC-to-HPC fast delta band not prevented by 

M100907 (Fig. 4.3.1.e).  
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Figure 4.3.1: M100907 (5-HT2AR antagonist; 1 mg/kg, IP; n = 6 mice) reduced many 

PCP-induced alterations of PFC-HPC neural dynamics but not the circuit 

connectivity. (a) Normalized spectrograms (z-scores) of signals in the PFC (upper panels) 

and HPC (lower panels). The corresponding quantification of the animals’ mobility (Acc) 

is also shown. The Acc results are presented as a ratio to the highest value in the baseline 

condition. (b) The power spectra of PFC and HPC signals during 10 min of baseline are 

represented in blue and signals from min 35 to 45 after M100907 (50-60 min after PCP) 

are illustrated in purple. Power spectra of signals recorded from min 35 to 45 after saline 
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administration (50-60 min after PCP) are shown in red for comparison. (c) Comodulation 

maps quantifying local and inter-regional cross-frequency coupling in consecutive non-

overlapping 5-min epochs. The numbers on top of the panels indicate time after PCP 

administration. (d) Normalized (z-scores) time course of changes in wPLI (phase 

coherence) and corresponding quantification. (e) Normalized (z-scores) time course of 

changes in PSI (circuit signal directionality) and corresponding quantification. As above, 

the shaded area represents HPC-to-PFC signal directionality, the line denoting zero PSI.  

 

Lastly, we investigated the effects of the selective 5-HT1AR agonist DPAT 

(1 mg/kg; n = 6 mice). Mice mobility was reduced less by DPAT than by 

M100907 (F1,5 = 4.38, p = 0.021, one-way ANOVA; F2,26 = 0.83, p = 0.44, 

two-way ANOVA; [PCP+DPAT vs PCP+M100907] F2,20 = 5.66, p = 

0.011, two-way ANOVA), suggesting less sedative effects. DPAT rescued 

aberrant power in both brain regions, although it had less influence on PFC 

neural activities than M100907 (Fig. 4.3.2.a and 4.3.1.a). More 

specifically, DPAT decreased the power of high gamma and HFOs in the 

PFC (F2,26 = 7.79, p = 0.002). In addition, there was a partial transition 

from fast to slow delta power. DPAT rescued increased fast delta-HFO 

coupling ([l-PAC, ir-PAC]:F2,26 = 2.68, 4.57, p = 0.087, 0.002) but baseline 

theta-gamma coupling was not restored (Fig.4.3.2.c). Finally, 5-HT1AR 
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agonism had little effect on phase coherence and circuit signal 

directionality (Fig 4.3.2.d).  

Figure 4.3.2: 8-OH-DPAT (DPAT, 5-HT1AR agonist; 1 mg/kg, IP; n = 6 mice) 

reverses some PCP-induced alterations of PFC-HPC neural dynamics but not the 

circuit connectivity. (a). Normalized spectrograms (z-scores) of signals in the PFC 

(upper panels) and HPC (lower panels). The corresponding quantification of the animals’ 

mobility (Acc) is also shown. The Acc results are presented as a ratio to the highest value 
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in the baseline condition. (b) The power spectra of PFC and HPC signals during 10 min 

of baseline are represented in blue and signals from min 35 to 45 DPAT administration 

(50-60 min after PCP) are illustrated in tan, respectively. Consistent with the figure above, 

an additional group with power spectra of signals recorded 50-60 minutes after the 

administration of PCPSAL are shown in red for comparison. (c) Comodulation maps 

quantifying local and inter-regional cross-frequency coupling in consecutive non-

overlapping 5-min epochs. The numbers on top of the panels indicate time after PCP 

administration. (d) Normalized (z-scores) time course of changes in wPLI (phase 

coherence) and corresponding quantification. (e) Normalized (z-scores) time course of 

changes in PSI (circuit signal directionality) and corresponding quantification. The 

shaded area represents HPC-to-PFC signal directionality, the line denoting zero PSI. 
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5. CHAPTER II. NEURAL SUBSTRATES OF THE 

SUBCHRONIC PHENCYCLIDINE MOUSE MODEL OF 

SCHIZOPHRENIA 

In this chapter we explore the alterations induced by sPCP in PFC-HPC 

neural networks to unravel the neural correlates of memory impairment. 

We recorded neural activity from the mPFC and HPC of mice during 

distinct brain states: quiet wakefulness, memory acquisition, working 

memory and long-term memory. In addition, we evaluated three auditory 

tasks: auditory evoked potentials, ASSR and the oddball paradigm. The 

animals’ behavior and neural activity were fully characterized before 

(baseline condition) and after the sPCP or saline treatments (sPCP or SAL, 

respectively).  

5.1. Prefrontal-hippocampal circuit alterations during quiet 

wakefulness 

We first investigated the alterations produced by sPCP (10 day treatment) 

on PFC-HPC neural dynamics during baseline conditions. To note, sPCP 

treatment can induce hyperlocomotion (Castañé et al., 2015; Mouri et al., 

2012). To control for any confound related to differences in locomotion 

between baseline and sPCP, we selected 3 second epochs with low 

https://www.zotero.org/google-docs/?MxQgcq
https://www.zotero.org/google-docs/?MxQgcq
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accelerometer rates during the open field exploration task, which we define 

as quiet wakefulness (see Methods).  

 

During quiet wakefulness, sPCP mice showed an increased-decreased 

pattern of high gamma oscillations in the PFC and the HPC, respectively 

(n = 21 mice; [baseline vs sPCP: increased PFC high gamma, decreased 

HPC high gamma], p = 0.047, 0.004, paired T test) that was not observed 

in the saline controls (n = 7 mice; [baseline vs saline: PFC high gamma, 

HPC high gamma]; p = 0.11, 0.53, respectively). Furthermore, low gamma 

oscillations in the HPC were also reduced (p = 0.016, not significant in the 

controls: p = 0.56), indicating a reduction of the whole gamma range in the 

HPC (Fig. 5.1.1).  
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Figure 5.1.1: Mean oscillatory power in the PFC and the HPC of baseline (blue) and 

sPCP-treated (orange) mice. The insets represent quantifications of low gamma (HPC) 

and high gamma (PFC and HPC) power. Baseline is represented in blue, sPCP-treated 

animals in orange and saline treated in grey. Significant differences are found in low 

gamma (HPC) and high gamma (PFC and HPC) power between baseline mice and sPCP 

mice. 

 

To further assess the effects of sPCP on the circuit we compared the l-PAC 

and the ir-PAC during baseline and sPCP conditions. As previously 

mentioned, intrinsic theta-gamma coupling was present in CA1 and also 

within the circuit (PFCphase-HPCamp ) during baseline conditions. sPCP 

markedly decreased local and inter-regional theta-gamma coupling ([lPAC 

HPC, ir-PAC PFCphase-HPCamp ]: p = 0.008, 0.001; baseline not 

significantly different than the saline controls; p = 0.22, 0.22) (Fig. 5.1.2).  
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Figure 5.1.2: Local Hippocampus and interregional PFC (phase) - HPC (amplitude) 

phase-amplitude comodulograms in baseline, sPCP-treated and saline treated 

conditions during quiet wakefulness. Theta-gamma (phase: 6-10, amplitude: 40-60 Hz) 

reduction on sPCP-treated (middle panels) compared to baseline (left panels) and saline 

treated (right panels) on local HPC PAC (upper panels) and interregional PFCphase-HPCamp 

(lower panels).  

 

Next, we investigated the relevance of HPC gamma oscillations in the local 

and circuit theta-gamma modulation. HPC high gamma power correlated 

positively with theta-gamma coupling both in the HPC and at the circuit 

level during the baseline (correlations: [lPAC HPC: High-gamma HPC- 

theta-gamma coupling, ir-PAC PFCphase-HPCamp High-gamma HPC- theta-

gamma coupling]; R = 0.73, 0.69, p < 0.0005, 0.0005) and in sPCP mice 

(R = 0.81, 0.76, p < 0.0005), suggesting that sPCP-induced reductions of 
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HPC high gamma power and theta-gamma coupling were associated and 

likely caused by the same neural mechanism (Fig. 5.1.3).  

 

Figure 5.1.3: Correlations between hippocampal high gamma power and the 

modulation index (MI) of l-PAC and ir-PAC. The upper panels show quantifications 

of the modulation index locally in the HPC (left) and inter-regional PFCphase-HPCamp 

(right). Baseline is shown in blue, sPCP is shown in orange and saline is shown in grey. 

Correlations between the modulation index and the HPC high gamma activity. The grey 

line represents linear regression of data from baseline (blue dots) and sPCP (orange dots) 

from the l-PAC (left) and ir-PAC (right). 
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We next investigated the circuit neural dynamics using the wPLI and PSI 

measures comparing baseline and sPCP conditions. As shown in Fig 5.1.4, 

no major significant changes were found between baseline and sPCP 

conditions, only a slight decrease of slow theta phase synchronization (p = 

0.082), confirmed by surrogate controls).  

Figure 5.1.4: Phase synchronization of PFC-HPC circuits during baseline and sPCP 

conditions in quiet wakefulness. Mean weighted phase-lag index (wPLI) between PFC 

and the HPC of baseline (blue) and sPCP-treated (orange) mice. The inset shows the 

quantification of slow theta wPLI in which saline is represented in grey.  
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5.2 Prefrontal-hippocampal circuit alterations during 

memory acquisition and retrieval in subchronic 

phencyclidine mice 

We subsequently investigated the memory abilities using the NOR task, 

which is a well validated test for assessing object recognition memory in 

rodents. This task has been proposed as a valid animal model of human 

declarative memory, which is frequently impaired in schizophrenia 

patients (Winters et al., 2010; Young et al., 2009). The NOR task is a non-

operant, non-rewarded test based on the rodents' natural preference to 

explore more novel objects than familiar objects. Memory acquisition and 

retrieval processes involved in the NOR task depend on the activity of the 

PFC and the HPC (Warburton and Brown, 2015). Importantly, working 

memory and long-term memory performance are impaired after treatment 

with sPCP and recovered by atypical antipsychotic drugs (Castañé et al., 

2015; Meltzer and Massey, 2011).  

 

The protocol consisted of four phases of 10 minutes each: 1) habituation 

to the maze without objects, 2) familiarization to two identical objects 

placed at the end of the two arms, 3) test 3 minutes after the familiarization 

phase to assess working memory and 4) test 24 hours after the 

https://www.zotero.org/google-docs/?JvsrPn
https://www.zotero.org/google-docs/?XfFicF
https://www.zotero.org/google-docs/?r4TDhn
https://www.zotero.org/google-docs/?r4TDhn
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familiarization phase to assess long-term memory. In both tests, one of the 

familiar objects, randomly selected, was replaced by a novel object, and 

different objects were used in each test. We used a custom designed T-

maze adapted for electrophysiological recordings (see Methods). We used 

the T-maze design to reduce the anxiety generated by the animals’ 

exposure in an open field arena (Cruz et al., 2020). The alignment of the 

object explorations with the electrophysiological recordings was 

implemented online using a custom built joystick in which we pressed the 

right or the left button for the duration of object explorations. This system 

helped us automatize and align neural activity and behavior. At an 

analytical level, we discarded object explorations offline with an 

automated electrophysiological artifact rejection script that was based on 

two criteria: large voltage of local field potentials and abnormal power 

spectra of the signals (see in Methods) (Fig 3.3.3.1). All of these 

procedures allowed us to have precise and clean electrophysiological data 

that was aligned with the behavior. Finally, animals that explored both 

objects less than 10 seconds or each object less than 3 seconds were 

discarded for the analyses.  

https://www.zotero.org/google-docs/?zDmyF5
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5.2.1. Working memory and long-term memory impairment 

in the subchronic phencyclidine mouse model 

The index used to quantify recognition memory is the discrimination index 

(DI), a meaure that compares the time exploring the novel object with 

respect to the familiar object and divides it with the total time of 

exploration (DI = (time exploring the novel object - time exploring the 

familiar object) / total exploration time). A good DI is typically positive 

and above 0.2, that is, at least 20% more time exploring the novel object 

than the familiar object. 

 

Consistent with standard results in the field, during the working memory 

test in baseline conditions mice explored more the novel object than the 

familiar object (n = 7 mice; mean DI = 0.35 +- 0.05). By contrast, sPCP-

treated mice explored novel and familiar objects for similar amounts of 

time in the same test (n = 7 mice; mean DIs = 0.01 +- 0.06), and this was 

not observed in the saline controls (n = 4 mice; mean DIs = 0.52 +- 0.11) 

(Fig. 5.2.1.1). These results indicated impaired working memory in sPCP-

treated mice, which showed smaller DIs than during baseline and saline 

controls ([DI: baseline vs. SPCP, baseline vs. saline], p < 0.0005, 0.1, 

paired T test). We next aimed to gain deeper insight into the causes of the 
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reduced DIs observed after the sPCP treatment by analysing the total time 

of the visits to the objects, the number of visits and the mean time of 

individual visits to each object. sPCP-treated mice explored familiar 

objects for longer periods of time than baseline mice ([time exploring the 

familiar object:]: p > 0.005) which produced a slight increase in total 

exploration time ([total time of exploration baseline vs sPCP]: p = 0.045), 

while this phenomenon was not observed in the saline controls ([time 

exploring the familiar object]: p = 0.14). During baseline and saline 

conditions, the mice visited more times the novel object than the familiar 

object ([number of visits familiar vs novel object: baseline, saline]: p = 

0.019, < 0.005) and explored it for longer periods of time in each visit 

([mean duration of individual exploration familiar vs novel objects: 

baseline, saline]: p < 0.005, 0.1). However, sPCP-treated mice visited both 

objects similar number of times, increasing the number of total visits, 

([number of explorations baseline vs sPCP: familiar, total]: p = 0.011, 

0.016) despite they still explored longer periods of time the novel object 

than the familiar object ([mean duration of individual visits familiar vs 

novel in sPCP-treated mice]: p = 0.005). 
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Figure 5.2.1.1: Working memory performance during baseline, sPCP and saline 

controls. Discriminations indexes (DIs) (top left panel) during baseline (blue), sPCP 

(orange) and saline (grey); total duration of object explorations (top right panel), number 

of explorations (lower left panel) and mean duration of individual explorations (lower 

right panel) of familiar objects (blue), novel objects (red) and the combination of both 

(green). 

 

To further characterize the animals’ behavior in this task, we analysed the 

mean duration of each visit across time (Fig 5.2.1.2). Overall, the average 

time of each visit decreased over time as the mice became less interested 

in the objects, (F2,26 = 3.52, p = 0.005; repeated measures ANOVA with 

time as factor), and this occurred both during baseline and after the sPCP 
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treatment. During baseline, mice explored the novel object longer periods 

of time than the familiar object and this pattern was more evident on the 

first 5 visits (F2,26 = 36.03, p < 0.0005; repeated measures ANOVA with 

time as the within factor and novel and familiar objects as the between 

factor). These differences were also observed after the sPCP treatment due 

to the first visit with the novel object (F2,26 = 10.4, p = 0.003). However, 

the patterns of familiar object explorations were different between baseline 

and sPCP-treated conditions (F1,13 = 15.12, p = 0.002; repeated measures 

two-way ANOVA with time as the within factor and baseline and sPCP 

groups as the between factor during the visits to the familiar object), sin 

which PCP-treated mice explored longer periods of time the familiar 

object.  

Figure 5.2.1.2: Mean duration of individual visits to novel and familiar objects over 
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time during the working memory test. The first 20 explorations are shown for both 

objects combined (left), the novel object (middle) and the familiar object (left). Data from 

baseline is shown in blue, data from sPCP-treated is shown in orange and data from saline 

controls is shown in grey.  

 

Poor memory performance was also detected in sPCP-treated mice (n = 8 

mice, DI = -0.06 +- 0.06) during the long-term memory test compared to 

the baseline assessment (n = 8 mice, DI = 0.29 +- 0.04) and the saline 

controls (n = 4 mice, DI = 0.31 +- 0.07) ([baseline vs sPCP, baseline vs the 

saline group]: p < 0.0005, 0.152, paired T test) (Fig. 5.2.1.3). Similar to 

the working memory test, mice visited more frequently and for longer 

periods of time the novel objects than the familiar objects during baseline 

conditions ([familiar vs novel: number of explorations, mean time of 

exploration]: p = 0.003, 0.023). But again, these behaviors were disrupted 

by sPCP. First, we again observed an increased number of visits to the 

familiar objects with respect to baseline (p = 0.016). During the 24 hour 

test, there was also a steady decrease in the duration of individual visits 

over time during baseline and sPCP conditions (F2,26 = 3.53, p = 0.006), 

again likely due to the loss of interest in the objects (Fig. 5.2.1.4). Baseline 

mice explored the novel object for longer periods of time each visit and 

again this pattern was more evident during the first 5 visits (F2,32 = 11.57, 
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p = 0.002). However, sPCP-treated mice explored similar periods of time 

the novel and familiar objects during each visit ([novel vs familiar time of 

exploration in sPCP-treated, time of familiar explorations baseline vs 

sPCP]; F2,32 = 4.41, 5.2 p = 0.045, 0.037). 

 

Figure 5.2.1.3: Long-term memory performance during baseline, sPCP and saline 

controls. Discriminations indexes (DIs) (top left panel) during baseline (blue), sPCP 

(orange) and saline (grey); total duration of object explorations (top right panel), number 

of explorations (lower left panel) and mean duration of individual explorations (lower 

right panel) of familiar objects (blue), novel objects (red) and the combination of both 

(green). 
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Overall, similar behavioral observations were obtained during working 

memory and long-term memory tests. During baseline, the mice explored 

more frequently and for longer periods the novel object than the familiar 

object, particularly during the first interactions. Following the sPCP 

treatment, there was an increase in the number of visits to the familiar 

objects, thus sPCP mice explored familiar and novel objects equally, 

indicating poor recognition memory for the familiar object. 

Figure 5.2.1.4: Mean duration of individual visits to novel and familiar objects over 

time during the long-term memory test. The first 20 explorations are shown for both 

objects combined (left), the novel object (middle) and the familiar object (left). Data from 

baseline is shown in blue, data from sPCP-treated is shown in orange and data from saline 

controls is shown in grey.  
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5.2.2. Neural substrates of memory acquisition, working 

memory and long-term memory retrieval in healthy mice 

First, we assessed the PFC-HPC neural substrates of memory acquisition, 

working memory and long-term memory in C57/BL6 mice during the 

baseline conditions. We analyzed individual explorations in one-second 

non-overlaping windows in which only windows longer than 600 ms 

seconds were included (see Methods). Memory acquisition was 

investigated during the familiarization phase. As mentioned above, 

working memory and long-term memory were investigated in the 3 

minutes and 24 hour test following the familiarization phase, respectively. 

The analyses were carried out comparing the first 5 seconds of familiar 

object explorations (memory retrieval) with the first 5 seconds of novel 

object explorations (novelty/memory acquisition).  

5.2.2.1. Memory acquisition  

To understand the neural substrates of memory acquisition, we compared 

the neurophysiological signals within PFC-HPC circuits during the first 

five seconds of exploration, the initial interactions with the new objects, 

with the last 5 seconds of exploration, when the animals had already 

acquired the memory about the object (i.e., first 5 vs last 5 one-second 
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windows) (Fig. 5.2.2.1.1). Five seconds were chosen for each group 

because 10 seconds of interaction were the minimum criterion to consider 

a successful familiarization (see Methods). Selecting 5 seconds also 

allowed a direct comparison of neural signals with the 5-second 

explorations of familiar and novel objects during the working and long-

term memory tests. Interestingly, theta power presented a different pattern 

between both areas during memory acquisition: it increased in the PFC and 

decreased in the HPC (baseline: n = 9 mice; [early vs late explorations: 

PFC theta power increase, HPC theta power decrease]; p = 0.012, 0.024, 

paired T test). Moreover, the ir-PAC HPCphase-PFCamp at delta-low gamma 

was reduced over time (p = 0.032). We also noticed that phase 

synchronization (wPLI) of theta oscillations was enhanced during the early 

explorations compared with the late ones (p = 0.029). Finally, we also 

observed changes in the signal directionality between the early and the late 

explorations in different frequency bands: slow theta, theta and high 

gamma. First, early explorations presented a PFC-to-HPC slow theta and 

theta signal directionality that were shifted to HPC-to-PFC during the late 

explorations ([slow theta, theta]: p = 0.004, 0.066). The signal 

directionality was the opposite in the case of high gamma that showed a 
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partial HPC-to-PFC in the early explorations that shifted to PFC-to-HPC 

in the late explorations. 

 

Figure 5.2.2.1.1: Neural substrates of memory acquisition within PFC-HPC circuits 

during baseline. The upper panels show the increase in PFC theta power (left) and 

decrease in HPC theta power (right) over the number of explorations. The middle panels 

present the HPCphase-PFCamp ir-PAC of delta- low gamma (phase:2-5 Hz, amplitude: 20-

40 Hz). The lower panels present the changes between early and late interactions of theta 

wPLI (left), theta PSI (middle left), slow theta PSI (middle right) and high gamma PSI 
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(right). The dashed line represents the 0 or change of the signal directionality. Positive 

numbers present PFC-to-HPC signal directionality and negative numbers present HPC-

to-PFC signal directionality. Each line corresponds to one mouse. 

5.2.2.2. Working memory 

To investigate the neural substrates of working memory, we compared the 

differential neurophysiological signals between the first 5 seconds of 

exploration of the novel and the familiar objects during the 3 minute test. 

We analysed the first 5 seconds of exploration to be able to compare the 

same time between both objects and those of memory acquisition. 

Furthermore, the duration of the visits was significantly reduced after the 

first 5 explorations (Fig. 5.2.2.2.1). To have a better understanding of the 

neural substrates, only animals with a DI over 0.2 were chosen for the 

analyses (n = 7 mice). The most relevant differences between novel and 

familiar explorations during the working memory test were found 

analysing the directionality of the flow of information at slow theta and 

high gamma ranges (Fig. 5.2.2.2.1). Similar to the late interactions during 

memory acquisition, we observed a flow of information from the HPC to 

the PFC at slow theta and from the PFC to the HPC at high gamma during 

the visits to the familiar objects that tended to flow in the opposite direction 
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during the visits to the novel objects ([slow theta, high gamma]; p = 0.041, 

0,014).  

 

Figure 5.2.2.2.1: Neural substrates of working memory within PFC-HPC circuits 

during baseline. Shown are changes in flow of information within the circuit during 

familiar and novel explorations at slow theta (left) and high gamma (right) frequencies. 

The dashed line represents no change of signal directionality. Positive numbers depict 

PFC-to-HPC signals whereas negative numbers depict HPC-to-PFC signals. Each line 

corresponds to one mouse. 

5.2.2.3. Long-term memory retrieval 

To understand the PFC-HPC neural implications in long-term memory 

retrieval, we analyzed the 24-hour memory test using the same methods of 

analysis as performed for the working memory task. That is, we compared 

the neural signals during the 5 first seconds of the visits to the familiar and 

the novel objects (Fig. 5.2.2.3.1). First, we observed that HPC theta-
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gamma coupling tended to augment during the visits to the familiar objects 

compared to the novel objects (n = 8 mice, p = 0.075). We also observed a 

partial reduction of phase synchronization at low gamma and an increase 

at HFO during the familiar explorations ([low gamma wPLI, HFO wPLI]: 

p = 0.067, 0.014). Moreover, relevant neural activities were identified 

during the visits to the objects that corresponded to the ones observed 

during memory acquisition. More specifically, the HPC-to-PFC theta 

signals observed during the visits to the familiar objects resembled those 

observed 24 hours prior during the last explorations of the familiarization 

phase. Conversely, novel explorations were associated with PFC-to-HPC 

theta signals, which resembled those observed during early explorations of 

the familiarization phase ([theta PSI]: p = 0.0007). Overall, these results 

unraveled a contribution of theta signals within PFC-HPC circuits for 

memory retrieval and object recognition processes. 
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Figure 5.2.2.3.1: Neural substrates of long-term memory within PFC-HPC circuits 

during baseline. The upper panels depict HPC l-PAC where clear theta-gamma coupling 

can be observed (phase: 7-10 Hz, amplitude: 60-80 Hz) during the visits to familiar and 

novel objects. The lower panels show changes in phase synchronization (left and middle) 

and signal directionality (right) between familiar and novel object interactions. Dashed 

lines represent no change in signal directionality. Each line corresponds to one mouse. 
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5.2.3. Abnormal neural activities during memory 

acquisition, working memory and long-term memory in 

sPCP-treated mice 

We next investigated neural activities within PFC-HPC circuits during the 

NOR task after the subchronic treatment with PCP (Fig. 5.2.3.1). Most of 

the neurophysiological biomarkers of normal memory acquisition, 

working memory and long-term memory retrieval were disrupted by sPCP. 

Similar to quiet wakefulness, in the HPC high gamma power was reduced 

by sPCP in all behavioral tests ([familiarization, working memory, long-

term memory]; F1,12 = 9.59, 8.37, 15.33, p = 0.011, 0.023, 0.006, repeated 

measures ANOVA with time (early vs late) or object (familiar vs novel) as 

within factors and animal group (baseline vs sPCP) as between factor; 

significant differences with saline controls: F1,20 = 3.55, 6.44, 5.28, p = 

0.075, 0.022, 0.021, mixed two-way ANOVA with time and object as 

factors). Consistently, both local ([F1,12 = 37.68, 10.36, 15.96, p < 0.0005, 

0.009, 0.003; significant differences with the saline controls: F1,22 = 6.31, 

19.13, 6.31, p = 0.02, < 0.0005, 0.02) and inter-regional theta-gamma 

coupling (F1,12 = 41.09, 16.38, 33.19, p < 0.0005, 0.002, < 0.0005; 

significant differences with the saline controls: F1,22 = 4.62, 17.5, 5.97, p = 

0.024, < 0.0005, 0.02) were reduced in all the memory tests. Importantly, 
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these abnormal neural activities were not observed in the controls where 

saline was administered instead of PCP (Figure 5.2.3.1). 

 

 

Figure 5.2.3.1: sPCP-induced PFC-HPC circuit deficits during memory acquisition, 

working memory and long-term memory. Baseline biomarkers are depicted in blue, 

sPCP-biomarkers in orange and saline controls in grey. Each line corresponds to one 

mouse. 
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In the PFC, we observed a non-specific increase of theta power during 

memory acquisition in the familiarization phase (F1,10 = 7.46, p = 0.021), 

which interfered with the progressive increase in theta power observed 

during normal memory acquisition (n = 9 mice for the baseline and sPCP 

groups, n = 7 mice for the saline group) (Fig. 5.2.3.2). Similarly, HPC theta 

power followed the same decrease found in memory acquisition during 

baseline ([time]: F1,10 = 4.81 p = 0.053). Moreover, HPCphase-PFCamp delta-

gamma ir-PAC was increased in sPCP-treated mice, although the early-to-

late decreases previously observed during baseline were still present 

([time, condition]: F1,10 = 7.72, 5.6, p = 0.017, 0.036). Furthermore, sPCP-

treated mice did conserve the early-to-late reduction in theta coherence 

found in baseline conditions ([condition, time]: F1,10 = 11.25, 11,71, p = 

0.007, 0.007). Lastly, the baseline shifts in the signal directionality, that is 

PFC-to-HPC in the early explorations and HPC-to-PFC in the late 

explorations at slow theta and theta frequencies, were partially disrupted 

by sPCP ([condition: slow theta, theta]: F1,10 = 3.28, 3.56, p = 0.095, 

0.089). The disruption was most notable in PFC-to-HPC signals during 

early explorations ([slow theta PSI, theta PSI]: p = 0.062, 0.068), where 

the parameters became close to zero, indicating no flow of information 

between brain regions. In addition, the early-to-late HPC-to-PFC and PFC-
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to-HPC high gamma signals were partially shifted ([time*condition]: F1,10 

= 3.6, p = 0.087), particularly during the early explorations HPC-to-PFC 

signals were strengthened compared to baseline (p = 0.013).  
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Figure 5.2.3.2: PFC-HPC neural activity associated with memory acquisition during 

baseline, and after sPCP and saline treatments. The upper panels show changes in PFC 

theta power (left) and HPC theta power (right) with increasing number of explorations. 

The middle panels depict HPCphase-PFCamp ir-PAC of delta-low gamma (phase: 2-5 Hz, 

amplitude: 20-40 Hz). The lower panels show changes between early and late interactions 

of theta wPLI (upper left), theta PSI (lower left), slow theta PSI (lower right) and high 

gamma PSI (upper right). Note the color used: blue for baseline, orange for sPCP and 

grey for saline. Dashed lines represent no change in signal directionality. Each line 

corresponds to one mouse. 

 

In the working memory task, PFC theta power was also increased during 

object explorations in sPCP-treated mice, most notably during the visits to 

the familiar objects (n = 7 mice for baseline and sPCP, n = 4 mice for 

saline; [condition]: F1,7 = 5.91, p = 0.04). sPCP-treated mice mostly 

conserved the normal patterns of slow theta directionality ([object], F1,7 = 

5.53, p = 0.051), particularly PFC-to-HPC signals during novel object 

explorations. However, the signal directionality became close to zero 

during familiar object explorations (p = 0.049). Moreover, high gamma 

directionality was completely disrupted by sPCP ([condition, 

object*condition]: F1,7 = 6.4, 35.83, p = 0.039, 0.001), especially PFC-to-

HPC signals during familiar object interactions (p = 0.001).  
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Figure 5.2.3.3: PFC-HPC neural activity associated with working memory during 

baseline, and after sPCP and saline treatments. The panels present the changes 

between familiar and novel explorations of PFC theta power (upper), slow theta PSI 

(middle) and high gamma PSI (lower). Note the color used: blue for baseline, orange for 

sPCP and grey for saline. Dashed lines represent no change in signal directionality. Each 

line corresponds to one mouse. 

 

Also during the long-term memory task, several neural biomarkers for 

memory retrieval were disrupted in sPCP-treated mice (Fig. 5.2.3.4). First, 
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the familiar-novel HPC theta-gamma dynamics were disrupted due to the 

sPCP-induced HPC theta-gamma reduction (n = 8 mice for baseline and 

sPCP, n = 4 mice for saline, [condition]: F1,9 = 15.96, p = 0.003, significant 

changes with saline group which followed the baseline pattern: 

[object*condition, condition]: F1,21= 8.95, 6.3, p = 0.007, 0.02). sPCP 

treatment also reduced the HFO phase synchrony during familiar object 

explorations, which made HFO phase synchrony in the familiar 

explorations similar to HFO phase synchrony found in the novel object 

explorations ([object*condition]: F1,9 = 4.11, p = 0.082). Low gamma 

phase synchronization and theta signal directionality followed the baseline 

patterns ([object: low gamma wPLI, theta PSI]: F1,9 = 9.64, 7.04, p = 0.017, 

0.033), however they were not significantly different between novel and 

familiar explorations (p = 0.35, 0.31). Furthermore, gamma HPC-to-PFC 

signal directionality found in familiar object explorations in baseline 

conditions was partially disrupted by the sPCP treatment ([condition]: F1,9 

= 4.49, p = 0.071).  

 

It should be noted that despite the good memory performance, animals 

treated with saline instead of sPCP exhibited alterations in some of 

abovementioned biomarkers. There may be two reasons for this: first, the 
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smaller number of mice used in the saline group compared with the 

baseline and sPCP-treated groups ([familiarization, working memory test, 

long-term memory test]: n = 7, 4, 4 mice) and second, the stress caused by 

the injections that could have influenced the neural activities.  
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Figure 5.2.3.4: PFC-HPC neural activity associated with long-term memory during 

baseline, and after sPCP and saline treatments. The upper panels show the HPC of 

theta-gamma l-PAC (phase: 7-10 Hz, amplitude: 60-80 Hz) of novel and familiar objects 
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during baseline (left), sPCP (middle) and saline (right) conditions. The lower panels 

present the changes between familiar and novel object interactions of low gamma wPLI 

(upper left), HFO wPLI (upper right), theta PSI (middle left), low gamma PSI (middle 

right) and high gamma PSI (lower). Note the color used: blue for baseline, orange for 

sPCP and grey for saline. Dashed lines represent no change in signal directionality. Each 

line corresponds to one mouse. 

5.2.4. Prefrontal-hippocampal neurophysiological 

biomarkers of memory performance 

Next, we analysed the relationships between healthy and pathological 

PFC-HPC neurophysiological biomarkers and the memory performances 

assessed by the NOR task. We looked for significant correlations between 

various neural biomarkers and the DIs of the working memory and long-

term memory tests. It should be noted that some of the neural biomarkers 

were collected in different brain states and during separate sessions (e.g., 

quiet wakefulness and working memory recordings). 

 

First, we examined whether sPCP-induced abnormal neural activities 

recorded during quiet wakefulness predicted the memory deficits observed 

during working memory and long-term memory tests (Fig. 5.2.4.1). In 

addition, PFC theta power and phase synchrony in sPCP-treated mice 
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correlated negatively with long-term memory performance ([PFC theta, 

theta phase synchrony]: R = -0.55, -0.56, p = 0.015, 0.012), possibly 

indicating that they were pathological oscillatory rhythms. Interestingly, 

these correlations were not present in the group that received saline instead 

of sPCP. Another potential biomarker that could predict long-term 

memory performance was inter-regional high gamma flow of information 

during quiet wakefulness, in which more robust HPC-to-PFC signals 

correlated with better memory performance in baseline, an association not 

observed in sPCP-treated mice ([baseline, sPCP]: R = -0.51, -0.43, p = 

0.02, 0.065). We did not find any relationships between memory 

performance and sPCP-induced non-specific circuit alterations, such as 

abnormal high gamma power or theta-gamma coupling.  
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Figure 5.2.4.1: Correlations between long-term memory performances and PFC-

HPC neurophysiological biomarkers during quiet wakefulness in baseline, sPCP 

and saline groups. Relevant correlations of PFC theta power (upper left), theta wPLI 

(upper right) and high gamma PSI (lower), with long-term memory performance are 

shown.  

 

Subsequently, we investigated whether the neurophysiological biomarkers 

recorded during memory acquisition correlated with working and long-

term memory performances (Fig. 5.2.4.2). We used the differences 

between measures recorded during the late object interactions and the early 

object interactions during the familiarization phase. A greater difference in 
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theta phase synchronization during memory acquisition correlated with 

better working memory performance during baseline, and this correlation 

was not observed in the same animals after the sPCP treatment ([baseline, 

sPCP]: R = 0.61, 0.39, p = 0.035, 0.21). This implies that the circuit 

synchronization at theta frequencies may reflect neural mechanisms 

relevant for the acquisition of new memories. 

 

Figure 5.2.4.2: Correlation between accumulated theta phase coherence (wPLI) 

during memory acquisition and working memory performance in the baseline, sPCP 

and saline groups.  

 

Next, we investigated whether the neurophysiological biomarkers 

recorded during the working memory task correlated with working 

memory performance (Fig. 5.2.4.3). We also used the differences between 

measures recorded during visits to familiar and novel objects. As above, 
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the directionality measures could be positive (PFC-to-HPC) or negative 

(HPC-to-PFC). During baseline, PFC-to-HPC high gamma signals 

identified during familiar object explorations correlated positively with 

working memory performance. Furthermore, a greater difference of this 

parameter with respect to novel object explorations, also correlated with 

superior performance ([familiar object high gamma PSI, difference 

familiar vs novel PSI]: R = 0.69, 0.69, p = 0.01, 0.001). These correlations 

were not observed in sPCP-treated mice. 

 

Figure 5.2.4.3: Correlations between PFC-HPC neurophysiological biomarkers and 

DIs during working memory performance in baseline, sPCP and saline groups. 

Correlations between familiar object high gamma PSI (left) and the difference of familiar 

object signal directionality and the novel object signal directionality (right) with the 

working memory performance.  

 

Finally, we examined the correlations between the neurophysiological 

biomarkers recorded during the long-term memory test and long-term 
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memory performance (Fig. 5.2.4.4). During baseline, HPC-to-PFC theta 

directionality during familiar object explorations and the difference in 

signal directionality between familiar and novel object explorations 

correlated with a superior long-term memory performance ([familiar 

object signal directionality, difference familiar vs novel]: R = -0.63, -0.75, 

p = 0.02, 0.003). These correlations did not occur after sPCP. Similarly, 

baseline HPC-to-PFC low gamma and high gamma directionality during 

familiar object explorations correlated with better memory performance 

and these correlations were reduced after sPCP ([low gamma: baseline, 

sPCP, saline]: R = -0.5, -0.42, -0.04, p = 0.07, 0.14, 0.94; [high gamma: 

baseline, sPCP, saline]: R = -0.5, 0.21, -0.8, p = 0.08, 0.49, 0.11). 

Altogether, these relationships suggested that precise flows of information 

at theta and gamma frequencies within PFC-HPC circuits played a role in 

long-term memory retrieval.  
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Figure 5.2.4.4: Correlations between PFC-HPC neurophysiological biomarkers and 

the DI during the long-term memory test in baseline, sPCP and saline groups. 

Correlations between familiar object theta PSI (upper left), low gamma PSI (lower left) 

and high gamma PSI (lower right); and the difference of familiar object theta signal 

directionality and the novel object theta directionality (upper right) with the long-term 

memory performance.  
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5.2.5. Summary of encoding and disruption of memory 

acquisition, working memory and long-term memory  

 Across all the experiments conducted, we observed that sPCP decreased 

gamma power and theta-gamma coupling in the HPC and increased theta 

and high gamma power in the PFC. These effects were non-specific as they 

were independent of brain state and cognitive task (Table 2 and Fig. 

5.2.5.1). 

 

However, from the large dataset at hand where we did identify biomarkers 

that correlated with specific memory demands and were disrupted by 

sPCP, we tried to determine the essential neurophysiological mechanisms 

encoding the different types of memory. Overall, major biomarkers 

encoding memory were associated with inter-regional exchange of 

information at theta and gamma frequencies, that is, directionality of the 

signals. We validated the results reported above by shuffling the data 

obtained from the PFC and the HPC using surrogates (see Methods). 

During memory acquisition, we found that PFC-to-HPC slow theta 

directionality emerged as the animals encountered novelty (early visits) 

whereas HPC-to-PFC slow theta signals emerged as the memories for the 

objects were encoded (late visits) ([shuffle corrected: early, late, 



154 

difference]: p = 0.02, 0.065, 0.015; paired T tests). Consistently, the PFC-

to-HPC theta directionality for novelty was partially conserved across the 

working memory (p = 0.071) and long-term memory tasks (p = 0.025) 

during baseline conditions. During working memory, PFC-to-HPC high 

gamma signal directionality was significantly different and correlated with 

good memory performance ([baseline familiar object explorations, 

familiar object explorations baseline vs sPCP]: p = 0.029, 0.001; 

[correlation of DI with signal directionality during familiar object 

explorations]: R = 0.7, p = 0.026). Lastly, during the long-term memory 

retrieval, the HPC-to-PFC signal directionality at theta (p = 0.024; 

[correlation of DI with signal directionality during familiar object 

explorationst in baseline mice]: R = -0.58, p = 0.037) and gamma ranges p 

= 0.024; [correlation of DI with signal directionality during familiar object 

explorations in baseline mice]: R = -0.52, p = 0.007) were correlated with 

the retrieval of long-term memory. All these biomarkers were disrupted by 

sPCP. 
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Table 2: PFC-HPC neurophysiological biomarkers encoding different types of 

memory and their disruption by sPCP. Acronyms: MA (memory acquisition), WM 

(working memory), LTM (long-term memory), 𝝳 (delta), 𝛉 (theta), 𝞬 (gamma), 𝛉-𝞬 

(theta-gamma coupling) and HFO (high frequency oscillations). 

 

Figure 5.2.5.1: Schematic summary of the changes induced by sPCP in PFC-HPC 

neural dynamics during quiet wakefulness, memory acquisition, working memory 
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and long-term memory. Brain state refers to non-specific changes observed across all 

sessions. 

5.3. Abnormal neural activity in the prefrontal cortex 

during auditory perception and attention 

Patients with schizophrenia show deficits in auditory sensory processing 

(Javitt and Sweet, 2015) that can be tested using different non-operant 

auditory tasks based on event-related potentials (ERPs). Furthermore, 

these tasks are completely translatable to rodents (Schuelert et al., 2018; 

Scimemi et al., 2014; Wang et al., 2020). Rodents’ ERPs are stable and 

similar to humans, however at a faster time scale due to the smaller size of 

their brain (Fig. 1.1.3.1.1). Therefore, we examined if the sPCP mouse 

model of schizophrenia presented sensory gating deficits similar to patients 

with schizophrenia. We specifically focused on the ERPs in the PFC in 

order to compare with the frontal cortical processes of the auditory stimuli. 

The tasks used for this study were as follows: the auditory evoked potential 

(AEP), the auditory state-steady response (ASSR) and the oddball 

paradigm to check mismatch negativity (MMN). Patients with 

schizophrenia exhibit anomalous EEG activities above the auditory and 

frontal cortices in the three tasks (Koshiyama et al., 2020; O’Donnell et 

al., 2013; Shen et al., 2020, p. 50). Anomalous neural activities have been 

https://www.zotero.org/google-docs/?JudjCb
https://www.zotero.org/google-docs/?g9fA1S
https://www.zotero.org/google-docs/?g9fA1S
https://www.zotero.org/google-docs/?mxi0uO
https://www.zotero.org/google-docs/?mxi0uO
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also reported in acute NMDAR hypofunction rodent models (Schuelert et 

al., 2018; Wang et al., 2020). 

5.3.1. Auditory evoked potentials in the prefrontal cortex 

before and after sPCP 

Auditory ERPs are evoked by blind sounds and can be readily seen in the 

LFP or EEG of the auditory and sensory processing areas, in our case the 

PFC. ERPs consist of distinct peaks (P) and negativities (N) at different 

time points that have been linked with several cognitive processes in 

humans and rodents: the P50 (humans) or P1 (rodents) assess pre-

attentional filtering of sensory information; the N100 (humans) or N1 

(rodents) assess the MMN or attention triggering; the P200 (humans) or P2 

(rodents) assess attentional triggering and allocation processes; and finally 

the P300 (humans) or P3 (rodents) represents the information processing 

of the auditory signal and has been used as an index for cognitive 

processing (Turetsky et al., 2007). Here, we presented 100 sounds to the 

animals (see Methods) while neural activities were recorded in the PFC. 

Trials with clear artifacts in the LFP were discarded. Trials that presented 

an ERP were selected and averaged across trials and treatment groups. The 

https://www.zotero.org/google-docs/?eXcUP6
https://www.zotero.org/google-docs/?eXcUP6
https://www.zotero.org/google-docs/?xm7K0R
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response index was calculated by dividing the trials that presented an ERP 

by the total number of trials presented (i.e., percentage of ERP response). 

 

In order to do a better characterization of the auditory evoked potentials, 

we analysed the ERPs combining the LFP signals and the multi-unit 

spiking activity (MUA). First, we characterized the ERP generated in the 

PFC of mice during baseline (n = 9 mice, Fig. 5.3.1.1, represented in blue). 

Remarkably, the sound generated two peaks of spiking activity that 

corresponded with the positive components of the ERP (P1 and P2), 

suggesting a relationship between increased spiking activity with the 

processing of the auditory stimuli. 

 

Next, we investigated any alteration in the ERPs produced by sPCP (Fig. 

5.3.1.1). The response index decreased after the sPCP treatment (n = 9 

mice) but not after the saline (n = 4 mice) ([index of response: baseline vs. 

sPCP, sPCP vs saline]: p = 0.024, 0.024, dependent and independent T test, 

respectively) indicating impaired processing of auditory stimuli in the 

cortex. Furthermore, sPCP induced alterations in the late components of 

the ERP, P2 and P3, with respect to the baseline, leaving the early 

components unaffected. The P2 component presented less spiking activity 
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after the sPCP treatment ([MUA: baseline vs. sPCP, sPCP vs. saline]: p = 

0.013, 0.068), whereas the P3 was reduced in amplitude and spiking 

activity ([P3 amplitude: baseline vs. sPCP, sPCP vs. saline]: p = 0.015, 

0.055; [MUA: baseline vs. sPCP, sPCP vs. saline]: p = 0.024, 0.06). 

Together, sPCP produced alterations in the response rate and the P2 and 

P3 components of the ERP, indicating impaired processing of the auditory 

signals.  

 

Figure 5.3.1.1: PFC auditory evoked potentials comparing baseline, sPCP and saline 

groups. The upper panel shows the response rate of ERPs in each group. The lower panels 

represent the mean ERPs (middle, voltage) and the corresponding multi-unit activities 

(lower, spikes per 10 ms) at different time scales.  
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5.3.2. Auditory steady-state responses in the prefrontal 

cortex before and after sPCP 

The auditory steady-state response (ASSR) is a type of ERP based on the 

synchronous response of the brain to clicking sounds at one stable 

frequency. The test reflects the propensity of neurons to oscillate at 40-Hz 

induced by an external periodic stimulation. Of relevance here, the ASSR 

is reduced in patients with schizophrenia and NMDAR hypofunction 

rodent models of schizophrenia (O’Donnell et al., 2013; Wang et al., 

2020). The ASSR was analysed looking at the power and inter-trial 

coherence of the responses (see Methods), which is the average power 

between 38-42 Hz across 50 trials. After the sPCP treatment we observed 

a mild reduction in the power or the inter-trial coherence that was not 

significantly different than baseline (Fig. 5.3.2.1).  

https://www.zotero.org/google-docs/?PAqZyJ
https://www.zotero.org/google-docs/?PAqZyJ
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Figure 5.3.2.1: PFC auditory state-steady response comparing baseline, sPCP and 

saline groups. Mean power between the trials is represented in the upper panels and the 

inter-trial coherence is shown in the lower panels. The right panels represent the 

quantification. Baseline results are shown in the left or blue, sPCP results are shown in 

the middle or orange and saline results are shown in the right or grey. 

5.3.3. Neurophysiological correlates of the attentional 

oddball paradigm (MMN) in the prefrontal cortex before 

and after sPCP 

Finally, we examined the mismatch negativity (MMN) effects in sPCP-

treated mice (n = 9 mice for baseline and sPCP group and n = 4 for saline 

controls) using a passive oddball paradigm that differed in the frequency 

of the stimuli (6000 Hz or 8000 Hz as target or standard) (Fig. 5.3.3.1). 
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The oddball paradigm consists of presentations of standard stimuli that are 

infrequently interrupted by a target or deviant stimulus (see Methods). 

Patients with schizophrenia show a reduced MMN that may reflect 

NMDAR hypofunction (Koshiyama et al., 2020). In order to calculate the 

MMN, we subtracted the averaged ERP evoked by the standard tone from 

the averaged ERP evoked by the target tone at a specific frequency, that is 

target-standard ERPs for the 6 kHz and 8 kHz tones separately. To make 

sure that the same number of ERPs were compared, we only used the 

standard ERPs recorded prior to the target tones (see Methods). We 

quantified the MMN measuring the area under the curve representing the 

MMN 25 ms before and after the MMN peak as done in Schuelert et al., 

2018.  

 

In the baseline and saline-treated mice, the MMN was only present in the 

tones at 6000 Hz but not in the tones at 8000 Hz. Furthermore, the MMN 

was reduced after the sPCP treatment (p = 0.021; paired T test) during 

presentation of tones at 6000 Hz. These results indicated that MMN was 

reduced after sPCP treatment as in patients with schizophrenia. 

https://www.zotero.org/google-docs/?3hV8L5
https://www.zotero.org/google-docs/?BhJpCG
https://www.zotero.org/google-docs/?BhJpCG
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Figure 5.3.3.1: PFC mismatch negativity (MMN) response comparing baseline, 

sPCP and saline groups. The left panel represents the 6000 Hz MMN and the right panel 

represents the 8000 Hz MMN. 

 

Overall, the sPCP treatment altered auditory perception by reducing two 

important biomarkers of schizophrenia: the last components of the auditory 

evoked potential and the MMN. However, there were no significant 

alterations in the neural signals evoked by the ASSR paradigm (Table 3). 
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Table 3: Summary of the sPCP-induced changes in auditory perception and 

processing. ITC, intertrial coherence. 
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6. CHAPTER III. NEURAL CORRELATES OF 

COGNITIVE AMELIORATION IN sPCP-TREATED MICE 

BY CHRONIC RISPERIDONE  

This chapter discusses our investigations on whether a chronic treatment 

with the atypical antipsychotic drug risperidone (0.5 mg/kg, i.p., 14 

consecutive days) rescues abnormal PFC-HPC circuits in the sPCP mouse 

model of schizophrenia. Acute risperidone has proved to be effective in 

restoring cognitive deficits in the sPCP mouse model of schizophrenia 

(Grayson et al., 2007; Meltzer and Huang, 2008). However, the effects of 

a chronic treatment in memory impairment had not been studied. We 

started the chronic risperidone or saline treatments (controls) when the 

animals finished the sPCP characterization (Fig. 3.8.1). Open field 

explorations, NOR and auditory task characterizations were implemented 

within 48 hours after finishing the treatments.  

6.1. Amelioration of sPCP-induced neural activity 

alterations during quiet wakefulness 

First, we investigated whether chronic risperidone could rescue the sPCP-

induced PFC-HPC circuit alterations during quiet wakefulness (n = 8 mice) 

(Fig. 6.1.1). Risperidone could only partially restore the local theta-gamma 

https://www.zotero.org/google-docs/?mJEkjv
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coupling in the HPC ([baseline, sPCP and risperidone]: F2,16 = 2.45, p = 

0.125; repeated measures ANOVA with treatment as factor), while the rest 

of sPCP-mediated alterations remained unaffected. Importantly, the 

pathological correlations between theta oscillations and synchrony and 

poor long-term memory performance that emerged after sPCP subsided 

after the chronic risperidone treatment ([correlations: PFC theta power, 

theta phase synchrony]: R = 0.21, 0.42, p = 0.6, 0.26).  
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Figure 6.1.1: Effects of chronic risperidone on sPCP-induced neural activity 

alterations of PFC-HPC circuits during quiet wakefulness. The upper panels show 

quantifications of high gamma power of PFC (left) and HPC (right). Middle upper panels 
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show the modulation index changes of local (left) and interregional (right) theta-gamma 

coupling. The lower panels correspond to the correlations between long-term memory 

and PFC theta, theta wPLI and high gamma directionality. Note the color used: blue for 

baseline, orange for sPCP and green for risperidone. 

 

Because the accumulated time of the sPCP+cRIS protocol was long (at 

least 30 days), we investigated any age-dependent and stress-dependent 

alterations in PFC-HPC neural dynamics in animals only treated with 

saline during both epochs of the protocol (n = 7 mice). We did not observe 

any significant alterations in this group of animals (Fig 6.1.2). 

Figure 6.1.2: Effects of age and stress in the PFC-HPC neurophysiological 

biomarkers altered by sPCP via saline controls. PFC and HPC high gamma power is 
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shown in the upper panels, respectively. Local HPC and interregional theta gamma 

modulation index is shown on the lower panels. Note the color used: blue for baseline, 

grey for the first saline treatment and black for the second saline treatment. 

6.2. Neural substrates of memory rescue by chronic 

risperidone  

Next we investigated the neural substrates of the cognitive amelioration 

produced by the chronic risperidone treatment. We quantified performance 

in the working memory and long-term memory tasks using the same NOR 

protocol previously described (see Methods). 

6.2.1. Recognition memory recovery with the chronic 

risperidone treatment 

Risperidone rescued memory deficits in the working memory (Fig. 6.2.1.1, 

n = 4 mice, DI = 0.42 +- 0.1) and long-term memory tasks (Fig. 6.2.1.2, n 

= 6 mice, DI = 0.37 +- 0.07) ([working memory, long-term memory]: F2,6 

= 16.64, 15.15, p = 0.004, < 0.0005, repeated measures ANOVA with 

treatment condition as factor; F2,24 = 5.11, 15.76, p = 0.017, < 0.0005, one-

way ANOVA with sPCP-risperidone, sPCP-saline and saline-saline 

groups). Intriguingly, mice chronically treated with saline (saline-saline) 

presented impaired long-term memory performance (n = 5 mice, DI = 0.04 
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+- 0.07), most likely due to the chronic stress caused by the multiple 

injections.  

Figure 6.2.1.1: Working memory performance during baseline (BAS), sPCP-treated 

(SPCP), saline treated (SAL), risperidone treated after sPCP (RIS), saline treated 

after sPCP (sPCP-SAL) and saline after saline (SAL-SAL) conditions. 

Discriminations indexes (DIs) (top left panel) during baseline (blue), sPCP (orange), 

saline (grey), risperidone (green), saline after sPCP (red) and saline after saline (black) 

mice; total duration of explorations (top right panel), number of explorations (lower left 

panel) and mean duration of explorations (lower right panel) of familiar objects (blue), 

novel objects (red) and the combination of both (green). 
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Figure 6.2.1.2: Long-term memory performance during baseline (BAS), sPCP-

treated (SPCP), saline treated (SAL), risperidone treated after sPCP (RIS), saline 

treated after sPCP (sPCP-SAL) and saline after saline (SAL-SAL) conditions. 

Discriminations indexes (DIs) (top left panel) during baseline (blue), sPCP (orange), 

saline (grey), risperidone (green), saline after sPCP (red) and saline after saline (black) 

mice; total duration of explorations (top right panel), number of explorations (lower left 

panel) and mean duration of explorations (lower right panel) of familiar objects (blue), 

novel objects (red) and the combination of both (green). 

 

During the working memory test, risperidone-treated animals explored the 

familiar objects less amount of time than sPCP-treated mice, but in 

comparable levels than the baseline and the saline-saline groups ([time 

exploring familiar objects: one-way ANOVA baseline vs sPCP vs 

risperidone, two-way ANOVA sPCP-risperidone vs. sPCP-saline vs. 

saline-saline]: F2,6 = 24.54, p = 0.001, F2,24 = 4.97, p = 0.083). Risperidone-



174 

treated mice also spent more time exploring the novel objects than sPCP-

treated mice (F2,6 = 6.98, p = 0.027). Furthermore, risperidone-treated mice 

visited the familiar objects fewer times and for shorter periods of time than 

sPCP-treated mice ([number of visits, mean individual time per visit]: F2,6 

= 5.87, 4.82, p = 0.038, 0.056). Moreover, they also explored the novel 

objects for longer periods of time (F2,24 = 5.83, p = 0.011). The changes 

between the mean individual periods of time exploring the familiar objects 

were more apparent during the early visits (F2,19 = 7.07, p = 0.005; repeated 

measures two-way ANOVA within time and between treatments), in 

which risperidone-treated mice explored the familiar objects for shorter 

periods of time than the novel objects (F2,16 = 51.93, p < 0.0005) (Fig. 

6.2.1.3). We note that the group of risperidone-treated mice was small (n 

= 4 mice) due to the long protocol (several animals lost their implant during 

the experiment) and the strict criteria used to include a behavioral test in 

the analyses of the NOR task (see Methods).  



175 

Figure 6.2.1.3: Mean duration of individual visits to novel and familiar objects over 

time during the working memory test. The first 20 explorations are shown for both 

objects combined (left), the novel object (middle) and the familiar object (left). Data from 

baseline is shown in blue, sPCP is shown in orange, saline is shown in grey, risperidone 

is shown in green, saline after sPCP is shown in red and saline after saline treatment is 

shown in black.  

 

During the long-term memory test, risperidone-treated mice recovered the 

memory performance also by reducing the time exploring the familiar 

object compared with the sPCP-treated mice ([time exploring familiar 

object: baseline vs sPCP vs risperidone, sPCP-risperidone vs. sPCP-saline 

vs. saline-saline]: F2,18 = 7.37, p = 0.005, F2,24 = 7.37, p = 0.003). 

Risperidone-treated mice visited fewer times the familiar object ([number 
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of visits comparing: baseline vs sPCP vs. risperidone, risperidone vs. 

saline-sPCP vs. saline-saline]: F2,18 = 3.64, p = 0.047, F2,24 = 4.03, p = 

0.031) and more times the novel object (F2,18 = 5.74, p = 0.012) (Fig. 

6.2.1.2 and Fig. 6.2.1.4). 

Figure 6.2.1.4: Mean duration of individual visits to novel and familiar objects over 

time during the long-term memory test. The first 20 explorations are shown for both 

objects combined (left), the novel object (middle) and the familiar object (left). Data from 

baseline is shown in blue, sPCP is shown in orange, saline is shown in grey, risperidone 

is shown in green, saline after sPCP is shown in red and saline after saline treatment is 

shown in black.  
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6.2.2. Neural substrates of memory acquisition, working 

memory and long-term memory rescue by risperidone 

Next, we investigated the neural signatures of memory rescue by 

risperidone, specifically in memory acquisition, working memory and 

long-term memory (Fig. 6.2.2.1). Risperidone had minimal effects on the 

sPCP-induced non-specific “brain-state” reductions of HPC high gamma 

power ([familiarization, working memory and long-term memory test] 

F2,10 = 5.74, 1.3, 3.78, p = 0.036, 0.34, 0.06; repeated measures two-way 

ANOVA within object or time and treatments; differences with baseline 

and not sPCP-treated) and theta-gamma coupling both locally ( F2,10 = 

12.23, 1.32, 7.14, p = 0.006, 0,33, 0.023; differences with baseline and not 

sPCP-treated) and at the circuit level ( F2,10 = 12.68, 0.72, 8.5, p = 0.005, 

0.45, 0.011; differences with baseline but not with sPCP-treated mice) 

during all the NOR phases. 
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Figure 6.2.2.1: Risperidone had minimal effects on sPCP-induced PFC-HPC 

network deficits during memory acquisition, working memory and long-term 

memory. Baseline biomarkers are depicted in blue, sPCP-biomarkers in orange and 

risperidone-biomarkers in green. Each line corresponds to one mouse. 

 

During memory acquisition (n = 6 mice), risperidone could partially 

recover the transitions from early PFC-to-HPC signals to late HPC-to-PFC 

signals at slow theta and theta (p = 0.059, 0.054; dependent T test between 
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early and late explorations) because PFC-to-HPC theta signals during early 

visits was restored (p = 0.015). Risperidone also partially corrected the 

high gamma HPC-to-PFC signals during early explorations and the PFC-

to-HPC signals during late explorations, together with a reduction of the 

general increase in PFC theta power (Fig. 6.2.2.2). 

 

During working memory (n = 4 mice), the risperidone treatment did not 

recover the previously mentioned neurophysiological biomarkers (Fig. 

6.2.2.3). It should be noted that for the working memory test only 4 animals 

followed all the criteria needed to analyze the task.  
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Figure 6.2.2.2: PFC-HPC circuit activity during memory acquisition in baseline, 

sPCP and risperidone groups. The upper panel shows the PFC theta power (left). 

Changes between early and late interactions of theta wPLI (middle left), theta PSI (lower 

left), slow theta PSI (lower right) and high gamma (middle right) are shown in the lower 

panels of the figure. Note the color used: blue for baseline, orange for sPCP and green for 

risperidone. Dashed lines represent no change in signal directionality. Each line 

corresponds to one mouse. 
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Figure 6.2.2.3: PFC-HPC circuit activity during the working memory task in 

baseline, sPCP and risperidone groups. The panels present the changes between 

familiar and novel explorations of PFC theta power (upper), slow theta PSI (middle) and 

high gamma PSI (lower). Correlation between the difference of familiar and novel objects 

of high gamma directionality and the discrimination index of the working memory task is 
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shown in the lower right panel. Note the color used: blue for baseline, orange for sPCP 

and green for saline. The dashed line represents the 0 or change of the signal 

directionality. Dashed lines represent no change in signal directionality. Each line 

corresponds to one mouse. 

 

During the long-term memory task (n = 6 mice), the risperidone treatment 

could only recover the increased low gamma phase synchrony found in the 

novel object explorations (p = 0.014). Interestingly, a greater difference in 

low gamma phase synchrony between familiar and novel object 

explorations was partially associated with a superior long-term memory 

performance (R = -0.77, p = 0.074), indicating that the recovery of this 

neurophysiological biomarker may be related to risperidone’s pro-

cognitive effects (Fig. 6.2.2.4). These results indicate that risperidone’s 

pro-cognitive effects relied on the increased phase synchronization of low 

gamma as a compensatory mechanism for the sPCP-induced effects. 
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Figure 6.2.2.4: PFC-HPC circuit activity during long-term memory in baseline, 

sPCP and risperidone groups. The upper panels present the changes between familiar 

and novel object interactions of low gamma wPLI (upper left) and the correlation between 

the difference of familiar and novel object low gamma wPLI with the long-term memory 

performance (upper right). The middle panels represent the theta PSI (middle left) and the 

correlation between the difference of familiar and novel object theta PSI with the long-

term memory performance (middle right). The lower panels present the low gamma PSI 

(lower left) and high gamma PSI (lower right). Note the color used: blue for baseline, 
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orange for sPCP and green for risperidone. Dashed lines represent no change in signal 

directionality. Each line corresponds to one mouse. 

 

These results also evidenced that risperidone was unable to recover the 

non-specific disruptions of PFC-HPC circuits produced by sPCP, 

especially in the HPC (Table 4 and Fig. 6.2.2.5). However, risperidone 

selectively rescued specific biomarkers linked to the encoding of 

memories, which may have favored its improvement of memory 

performance. For instance, during memory acquisition, risperidone could 

restore the theta directionality ([shuffle corrected]: p = 0.051) by 

recovering the PFC-to-HPC signal directionality during the first 

explorations (p = 0.035). During long-term memory, the increased low 

gamma phase synchrony during novel object explorations compared to 

familiar object explorations could be a potential biomarker of memory 

retrieval after the chronic risperidone treatment for the memory retrieval 

([shuffle corrected]: p = 0.008). 
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Table 4: Effects of chronic risperidone on the PFC-HPC neural activity changes 

induced by sPCP and the PFC-HPC neurophysiological biomarkers encoding 

different types of memory. Acronyms: MA (memory acquisition), WM (working 

memory), LTM (long-term memory), 𝝳 (delta), 𝛉 (theta), 𝞬 (gamma), 𝛉-𝞬 (theta-gamma 

coupling) and HFO (high frequency oscillations). 

 

Figure 6.2.2.5: Schematic summary of risperidone effects insPCP-induced 

alterations and in PFC-HPC neural dynamics during memory acquisition, working 

memory and long-term memory. Note that the green tick represents total recovery while 
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the light green partial recovery. Note that in the long-term memory plot the recovery of 

low gamma phase synchrony is marked by the green line that connects both areas. 

6.3. Amelioration of prefrontal cortex alterations during 

perception and attention 

Finally, we investigated whether the risperidone treatment (n = 5 mice) 

corrected the sPCP-induced aberrant sensory processing in the PFC. We 

assessed risperidone’s effects on the three auditory tasks 48 hours after the 

last injection of the treatment (Table 5). 

 

First, risperidone could partially recover the response rate with respect to 

sPCP treatment alone during the auditory evoked potential task (F1,4 = 

4.55, p = 0.048, repeated measures ANOVA within baseline, sPCP and 

risperidone), indicating improved auditory processing. Furthermore, 

risperidone partially rescued the decreased spiking activity associated with 

P2 (F2,10 = 2.49, p = 0.076) and the reduced amplitude and spiking activity 

associated with the P3 component ([amplitude, spiking activity]: F1,4 = 

3.92, 2.28, p = 0.065, 0.097). Altogether, these results suggested a partial 

recovery of auditory processing with respect to sPCP (Fig. 6.3.1). 
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However, risperidone could not correct the reduced MMN in the 6000 Hz 

protocol produced by sPCP (Fig. 6.3.2). 

 

Figure 6.3.1: PFC auditory evoked potential comparing baseline, sPCP and 

risperidone groups. The upper panel shows the response rate of the auditory evoked 

potential. The lower panels represent the auditory evoked potentials (middle, voltage) and 

multi-unit activity (lower, spikes per 10 ms) at different time scales.  
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Figure 6.3.2: PFC mismatch negativity (MMN) response comparing baseline, sPCP 

and risperidone groups. The left panel represents the 6000 Hz MMN and the right panel 

represents the 8000 Hz MMN. 

 

Table 5: Summary of risperidone’s effects on the sPCP-induced changes in auditory 

perception and processing. 
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7. DISCUSSION 

7.1. Discussion of chapter I: Neural correlates of psychosis-

like states induced by acute phencyclidine and rescuing 

effects by antipsychotic medication 

In the first project of the thesis we found that the psychotomimetic effects 

of PCP were associated with hypersynchronization and disordered 

communication of PFC-HPC pathways. Acute PCP induced major 

alterations in the PFC: it boosted oscillatory power at atypical frequencies 

within delta, gamma and high frequency ranges and generated delta-HFO 

coupling that suggested the presence of hypersynchronous cortical 

microcircuits. Inter-regional coupling and phase coherence of equivalent 

bands were also enhanced, reflecting increased synchronization of the 

circuit. PCP also diverted intrinsic HPC-to-PFC theta signals into fast delta 

rhythms traveling in the opposite direction, from the PFC to the HPC. PFC-

HPC circuits were initially governed by fast delta rhythms following the 

administration of PCP. The circuit later transitioned into a state dominated 

by aberrant rhythms at higher frequencies while the delta drive was 

attenuated. These events disrupted the normal function of the circuit, 

weakening inherent HPC theta oscillations, theta-gamma coupling and 
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theta connectivity. The two atypical antipsychotic drugs, risperidone and 

clozapine, but not the classical antipsychotic drug haloperidol, reduced the 

aberrant power, coupling and circuit connectivity produced by PCP. In 

fact, haloperidol exacerbated several PCP-induced alterations, including 

PFC fast delta and fast delta-HFO coupling, HPC high gamma oscillations, 

and cortical delta signals. This suggests that PFC-HPC pathways may be a 

major target for atypical antipsychotic drugs, but not typical antipsychotic 

drugs, to elicit antipsychotic actions. Notably, clozapine was the only drug 

that fully rescued the signal directionality within the circuit, which is a 

crucial point considering that disrupted circuit communication is a 

hallmark of schizophrenia (Godsil et al., 2013; Hunt et al., 2017b). It 

should be noted that to differentiate between basal and pathological 

processes we have named slow theta or fast delta, respectively, the 

intermediate frequencies between delta and theta. Fast delta was an 

aberrant band produced by acute PCP that corresponded with a broader 

enhancement of delta frequencies, 2-7 Hz, whereas slow theta, in the next 

chapter, corresponded to a specific band within the theta range, 4-8 Hz, 

which was associated with cognitive processes in basal conditions. 

 

https://www.zotero.org/google-docs/?m8UaW8
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The fast delta rhythms observed after the administration of acute PCP 

support the proposed mechanism of a large-scale delta connectivity in 

schizophrenia (Hunt et al., 2017b; Hunt and Kasicki, 2013). Brain wide 

aberrant delta activity is commonly found in patients with schizophrenia 

during wakefulness (Siekmeier and Stufflebeam, 2010), for example, 

interhemispheric delta coupling is observed during hallucinations (Spencer 

et al., 2009). Delta oscillations in the cortex arise from intrinsically 

bursting layer 5 pyramidal cells that are mediated between GABAB 

receptor inhibition and recurrent excitation (Hunt et al., 2017b). Therefore 

excessive delta power may be a biomarker of disinhibition of pyramidal 

neurons due to NMDAR hypofunction in GABAergic interneurons. 

Interestingly, here atypical antipsychotic drugs, but not haloperidol, 

enhanced slower delta rhythms while decreasing fast delta rhythms that 

correlated with sedative states. Sedation was also observed following the 

administration of the 5-HT2AR antagonist M100907, which is consistent 

with previous studies suggesting that antipsychotic drugs-induced sedation 

depends on 5-HT2AR transmission (Joshi et al., 2017; Williams et al., 

2012). In fact, we have recently shown that sedative effects by 

antipsychotic drugs may result from the cooperation between 5-HT2A/D2R 

antagonism and 5-HT1A agonism (Gener et al., 2019). Overall, 

https://www.zotero.org/google-docs/?V7QpT5
https://www.zotero.org/google-docs/?cG4usn
https://www.zotero.org/google-docs/?MdJsQO
https://www.zotero.org/google-docs/?MdJsQO
https://www.zotero.org/google-docs/?Eallu8
https://www.zotero.org/google-docs/?8BmWZU
https://www.zotero.org/google-docs/?8BmWZU
https://www.zotero.org/google-docs/?4kG4oD
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synchronization at fast delta was associated with psychosis-like states 

whereas synchronization at slow delta was associated with sedative states. 

 

Fast delta synchronization produced by acute PCP entrained aberrant 

network activities at high gamma and HFOs, consequently boosting their 

power, coupling, and circuit coherence. Cortical gamma increases emerge 

during psychosis in healthy individuals and patients diagnosed with 

schizophrenia and are subsequently recovered by antipsychotic drugs 

(Jones et al., 2012; Shaw et al., 2015; Uhlhaas and Singer, 2010). In 

rodents, NMDAR antagonists also increase gamma oscillations in cortical 

regions and this increase can also be rescued by antipsychotic drugs 

(Ahnaou et al., 2017; Caixeta et al., 2013; Hunt et al., 2017b; Phillips et 

al., 2012). We found that risperidone, clozapine and the serotonergic drugs 

reduced acute PCP-amplified PFC high gamma power, while haloperidol 

did not. This finding suggests that 5-HT2AR antagonism and 5-HT1AR 

agonism play causal roles in atypical antipsychotic drugs’ ability to 

attenuate aberrant cortical gamma power. HFOs (<100 Hz) have been 

investigated in humans in the context of epilepsy but much less in 

psychosis, likely due to the technical limitations of detecting HFOs by 

scalp EEG and MEG (Zijlmans et al., 2012). Therefore, an association 

https://www.zotero.org/google-docs/?i5bUrU
https://www.zotero.org/google-docs/?veGxwC
https://www.zotero.org/google-docs/?veGxwC
https://www.zotero.org/google-docs/?D6ijja
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between psychosis and HFOs still needs to be established at a clinical level. 

Intracerebral recordings in rodents show that the NMDAR antagonists, 

PCP and ketamine, produce substantial increases in the power of HFOs 

and HFO coupling with delta waves in several brain regions including 

cortical areas, the HPC, and the nucleus accumbens (Hunt et al., 2017b, 

2015; Pittman-Polletta et al., 2018). Previous studies have shown that 

mesolimbic theta and delta oscillations that modulate HFO amplitude are 

driven by rhythmic activity generated in HPC and PFC, respectively, in 

which both compete for the control of the circuit (Pittman-Polletta et al., 

2018). Accordingly, we also found that acute PCP produced significant 

increases in PFC HFO power and coupling of HFOs with delta oscillations, 

which were subsequently reduced by risperidone but not by haloperidol or 

clozapine. Additionally, M100907 and 8-OH-DPAT rescued PCP-induced 

HFOs, which suggests that 5-HT2AR antagonism and 5-HT1AR agonism 

may mediate risperidone’ ability to recover PFC HFOs.  

 

Previous studies suggest that abnormal activity of parvalbumin-expressing 

(PV+) interneurons may be responsible for the increase of gamma 

oscillations in schizophrenia. In support of this, postmortem studies of 

schizophrenia patients report reduced GABA synthesis in PV+ neurons 

https://www.zotero.org/google-docs/?6U7iiZ
https://www.zotero.org/google-docs/?6U7iiZ
https://www.zotero.org/google-docs/?Inwvod
https://www.zotero.org/google-docs/?Inwvod
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(Gonzalez-Burgos et al., 2015). Moreover, mice lacking NMDARs on 

PV+ neurons have increased spontaneous gamma power in the HPC and 

cortex (Carlén et al., 2012; Guyon et al., 2021; Korotkova et al., 2010a). 

Therefore, in our study the blockade of NMDARs on PV+ neurons by 

acute PCP may have been critically involved in the amplification of high 

gamma oscillations. Importantly, different subpopulations of PV+ neurons 

in the PFC express 5-HT1AR and 5-HT2AR (Puig et al., 2010), rendering 

these neurons key elements in the gamma reduction mediated by atypical 

antipsychotic drugs. In contrast, the neural mechanisms underlying PCP-

mediated HFO are not clear. A recent study has found a close correlation 

between the firing rates of PV+ neurons and HFOs in the medial PFC of 

healthy animals, although a causal relationship could not be established 

(Yao et al., 2020). Moreover, local blockade of NMDARs in the nucleus 

accumbens increases the power of HFOs (Hunt et al., 2010), although the 

neurons involved in generating these HFOs are unknown. Thus, the exact 

neural mechanisms underlying psychosis-associated HFOs in the PFC and 

HPC and their response to antipsychotic drugs will need further 

investigation.  

 

https://www.zotero.org/google-docs/?8ZmSDn
https://www.zotero.org/google-docs/?ggJGAX
https://www.zotero.org/google-docs/?QzOf6F
https://www.zotero.org/google-docs/?dImlFU
https://www.zotero.org/google-docs/?RPRfvf
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Our results demonstrate that 5-HT2AR antagonism and 5-HT1AR agonism 

exert strong influences on PFC-HPC pathways under psychotic-like states 

and suggest that they likely contributed to the actions of risperidone and 

clozapine. In particular, the way in which the 5-HT2AR antagonist, 

M100907, and risperidone blocked PCP’s actions appeared to be similar, 

which likely reflects risperidone’s strong affinity for 5-HT2ARs. 

Conversely, D2R antagonism by haloperidol produced little changes on the 

circuit's neural dynamics. This suggests that atypical antipsychotic drugs, 

but not typical antipsychotic drugs, target PFC-HPC pathways to elicit 

antipsychotic action. 

 

In conclusion, the two atypical antipsychotic drugs, risperidone and 

clozapine, but not the typical antipsychotic drug, haloperidol, reduced 

PCP-induced hypersynchronization and disrupted circuit communication, 

which may point to a fundamentally different neural mechanism by which 

atypical antipsychotic drugs and typical antipsychotic drugs treat the core 

positive, negative and cognitive symptoms in schizophrenia. These 

differential effects likely reflect the different affinity of atypical 

antipsychotic drugs and haloperidol for serotonin and dopamine receptors. 

Our findings show that understanding how antipsychotic drugs affect PFC-
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HPC neural dynamics in animal models may prove useful to gain insight 

into the cognitive and negative symptoms in schizophrenia and is 

imperative to make progress in the development of novel therapeutic 

interventions for neuropsychiatric diseases.  

7.2. Discussion of chapter II and III: Neural substrates of 

sPCP-induced cognitive impairment and rescuing effects of 

risperidone  

In the second project of this thesis, we observed that sPCP disrupted PFC-

HPC neural circuitry that in turn impaired working memory, long-term 

memory, auditory evoked potential and the mismatch negativity (MMN). 

Across all experiments conducted, sPCP decreased local, HPC gamma 

power and local, HPC, and circuit, PFCphase-HPCamp, theta-gamma coupling. 

These results indicate that sPCP generated non-specific changes in PFC-

HPC neural substrates that were independent of the brain state and 

cognitive task. Working memory and long-term memory were impaired by 

sPCP and this was accompanied by a disruption of PFC-HPC interregional 

flow of information at theta and gamma frequency ranges. In baseline 

conditions, these neurophysiological biomarkers were found to be 

associated with the encoding of memory. sPCP also disrupted the late 
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components of the auditory evoked potential and the MMN in the PFC, 

while there was no effect on the ASSR task. Finally, chronic risperidone 

rescued memory impairment and the late components of the auditory 

evoked potential. However, it was unable to restore sPCP-induced 

disruptions in PFC-HPC neural dynamics, only rescuing some 

neurophysiological biomarkers for memory. These results suggest that 

risperidone may use different compensatory circuits to recover the memory 

performance without reinstating the basal circuit activity. 

  

sPCP produced non-selective gamma power alterations in the HPC and the 

PFC that were independent of brain state and cognitive task. These results 

support studies in patients with schizophrenia, in which alterations in 

gamma oscillations were found to be a key biomarker of the disorder 

(Uhlhaas and Singer, 2010). Previous studies have also shown that sPCP 

treatment causes a reduction of PV-interneuron density in the HPC (Abdul-

Monim et al., 2007), accompanied by a reduction in pyramidal neuron 

firing rates (Korotkova et al., 2010b), which may underlie decreases in 

HPC gamma power in sPCP mice. In sPCP-treated mice we also observed 

the decrease in HPC gamma power was accompanied by the disruption of 

the local, HPC, and circuit, PFCphase-HPCamp, theta-gamma coupling. We 

https://www.zotero.org/google-docs/?hkla8b
https://www.zotero.org/google-docs/?YQE7ja
https://www.zotero.org/google-docs/?YQE7ja
https://www.zotero.org/google-docs/?2EXcj9
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controlled for movement influencing the change in theta-gamma coupling 

by analyzing epochs with similar levels of movement. Notably, the 

disruption in HPC gamma power was correlated with the reduction of local 

and circuit theta-gamma coupling, which could suggest that the disruption 

of both neurophysiological biomarkers was caused by a common 

mechanism. Furthermore, sPCP also enhanced gamma power in the PFC 

during quiet wakefulness, which may have been due to the disinhibition of 

pyramidal neurons caused by the NMDAR hypofunction in PV-

interneurons (Sigurdsson, 2016). Gamma alterations were found in both 

the acute and subchronic PCP treatment, indicating that the PCP induced 

NMDAR antagonism produced a strong disruption of the PV-interneuron 

activity. Moreover, alterations in gamma oscillations in the PFC and the 

HPC induced by NMDAR hypofunction, has also been correlated with 

cognitive impairment, including tasks assessing working memory and 

object recognition (Carlén et al., 2012; Korotkova et al., 2010b). 

 

During quiet wakefulness, PFC theta oscillations and PFC-HPC theta 

phase synchrony negatively correlated with long-term memory 

performance in sPCP mice. Interestingly, a negative correlation between 

PFC theta power and long-term memory performance was also found in 

another mouse model of cognitive impairment (Alemany-González et al., 

https://www.zotero.org/google-docs/?hNJ3Md
https://www.zotero.org/google-docs/?ol2XTo
https://www.zotero.org/google-docs/?D9q8bu
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2020). These results suggest that PFC theta oscillations during quiet 

wakefulness could be a potential biomarker of long-term memory 

performance in models of cognitive impairment. Despite that PFC and 

PFC-HPC theta oscillatory function correlated with poor long-term 

memory performance, we did not observe significant differences between 

PFC theta power or theta synchrony before and after the sPCP treatment. 

This could suggest that there is one mechanism generating pathological 

theta rhythms found in sPCP mice that correlates with poor memory 

performance, and a separate mechanism generating basal theta rhythms 

found in baseline and saline conditions, which does not correlate with 

memory performance. Theta oscillations are modulated by interneurons 

and the dopaminergic system (Benchenane et al., 2011), which can be 

altered by sPCP (Cadinu et al., 2018; Sigurdsson, 2016). Therefore, sPCP 

induced alterations in interneuron activity and the dopaminergic system 

may underlie the generation of pathological theta oscillations that are 

correlated with impaired long-term memory in sPCP mice.  

 

Our results from the NOR task in baseline conditions suggest that 

memories were encoded through the flow of information throughout the 

PFC-HPC circuit at theta and gamma frequency ranges. PFC-to-HPC 

gamma signals encoded working memory, whereas HPC-to-PFC gamma 

https://www.zotero.org/google-docs/?D9q8bu
https://www.zotero.org/google-docs/?iYj1zg
https://www.zotero.org/google-docs/?azZi2O
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signals encoded long-term memory retrieval. A previous study also found 

that HPC-to-PFC gamma directionality was relevant for long-term 

memory retrieval in wild-type mice, further supporting our findings 

(Alemany-González et al., 2020). PFC-to-HPC theta directionality 

encoded novelty during all phases of the NOR, whereas HPC-to-PFC theta 

directionality was associated with the acquisition and retrieval of long-

term memories. Previous studies show that novel experiences initiate 

molecular signaling in the PFC producing modifications in synaptic 

connectivity. Moreover, these modifications in synaptic connectivity are 

connected with neural activity in the HPC (Takehara-Nishiuchi, 2020), 

where the memory is stored (Eichenbaum, 2004). The disruption of the 

synaptic connectivity leads to impaired memory formation (Takehara-

Nishiuchi, 2020), further suggesting that memory encoding and retrieval 

is dependent on PFC-HPC pathways. To conclude, our results suggest that 

the new information (novelty) or the information stored recently (working 

memory) uses PFC-to-HPC connectivity at theta or gamma frequency 

ranges, respectively, to encode the recognition of a novel or recent familiar 

object, whereas HPC-to-PFC flow of information may be associated with 

acquisition and retrieval of the memory. 
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Various studies have shown that sPCP treatment produces disruptions in 

recognition memory during the NOR task (Cadinu et al., 2018; Castañé et 

al., 2015; Rajagopal et al., 2016b), which we replicated in this thesis. We 

found that sPCP-treated animals exhibited impaired performance in NOR 

tasks assessing working and long-term memory. Poor performance 

resulted from an equal number of visits to the familiar and novel objects, 

which suggests the animal encoded both objects as novel and thus did not 

recognize the familiar object. Previous studies show that the increase of 

HPC gamma oscillations is important for memory load in humans (van 

Vugt et al., 2010) and rodents (Zheng et al., 2016). Moreover, patients with 

schizophrenia also show decreased HPC recruitment during default mode 

network which is associated with memory encoding (Gurler et al., 2021). 

Therefore, the constant disruption of HPC gamma oscillations in sPCP-

treated animals could be a mechanism underlying their memory 

impairment. In addition, sPCP treatment also disrupted PFC-HPC flow of 

information at theta and gamma frequency ranges, which we found to be 

important neurophysiological biomarkers in memory recognition. In 

conclusion, sPCP mice exhibit impairments in working and long-term 

memory due to the sPCP induced disruption in the neurophysiological 

biomarkers relevant for the encoding of memories.  

https://www.zotero.org/google-docs/?Nz4Rcx
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Patients with schizophrenia present impairments in auditory perception 

and processing that are related with positive symptoms (Galderisi et al., 

2014) and cognitive disability (Javitt and Sweet, 2015). Our results show 

that in the PFC of sPCP treated mice there were similar disturbances in the 

late components of the auditory evoked potential and the mismatch 

negativity (MMN), but not in the early component of the auditory-evoked 

potential or the ASSR. During the auditory evoked potential tests, we 

found disruptions in the P3 component that corresponded with decreased 

spiking activity after the sPCP treatment. Alterations in the P3 component 

have been associated with attention-mediated processing deficits and it’s 

one of the most replicated findings in patients with schizophrenia 

(Hamilton et al., 2019; Turetsky et al., 2015). Another relevant biomarker 

of schizophrenia is a reduction in the MMN, a measure that has been 

related with cognitive and psychosocial abilities (Fitzgerald and Todd, 

2020; Koshiyama et al., 2020). We found sPCP-treated mice replicated 

these alterations, suggesting they also have impairments in cognitive 

processing and attention. However, sPCP-treated mice did not present 

deficits on the ASSR biomarker, which is also a classical biomarker in 

patients with schizophrenia (O’Donnell et al., 2013). These results indicate 

that sPCP mice conserved the evoked gamma activities in the PFC. 

https://www.zotero.org/google-docs/?ECBpVj
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https://www.zotero.org/google-docs/?xQCS1q
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Furthermore, we did not observe alterations in the early components of the 

auditory evoked potential, which have been associated with positive 

symptoms (Galderisi et al., 2014). Electrophysiological recordings in the 

auditory cortex would be necessary to confirm these results as the auditory 

cortex has shown more consistent alterations in the early components of 

the auditory evoked potential and the ASSR in patients and rodent models 

(Wang et al., 2020). 

 

Chronic risperidone rescued memory impairment and the late components 

of the auditory evoked potential. However, it was unable to restore sPCP-

induced anomalous PFC-HPC neural dynamics. Acute risperidone has 

proved to be effective in restoring cognitive deficits in the sPCP mouse 

model of schizophrenia (Cadinu et al., 2018; Grayson et al., 2007; Meltzer 

et al., 2011). In our project, we also showed that a chronic treatment also 

reversed the memory deficits induced by sPCP treatment. Furthermore, 

clinical studies investigating schizophrenic patients treated with 

risperidone demonstrate that risperidone can mildly improve cognition 

(Houthoofd et al., 2008) and partially rescue the auditory processing 

(Umbricht et al., 1999). Moreover, antipsychotic medication modulates the 

decreased HPC recruitment during the memory encoding (Gurler et al., 

2021). In our study, we found that risperidone rescued memory impairment 

https://www.zotero.org/google-docs/?ZAVbQa
https://www.zotero.org/google-docs/?EFIikd
https://www.zotero.org/google-docs/?2DSe5K
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https://www.zotero.org/google-docs/?iI51E8


206 

and the late components of the auditory evoked potential as well as some 

of the neurophysiological biomarkers relevant for the memory 

performance. However, the chronic risperidone treatment was unable to 

reverse sPCP-induced anomalous PFC-HPC neural dynamics. The 

incomplete rescue of the circuit by risperidone may be due to irreversible 

changes produced by the sPCP treatment. In conclusion, our results 

suggest that risperidone recovered memory impairments through 

correcting certain neurophysiological biomarkers or by activating 

compensatory mechanisms that involved other areas, however it was 

unable to recover the most relevant sPCP-induced changes. 

 

We note that this thesis presents several limitations that should be taken 

into account when interpreting the results. First, all the treatments 

consisted of a series of injections which may have caused stress in the mice 

and resulted in behavioral deficits such as depression or anxiety which may 

have influenced memory performance (Lezak et al., 2017; Strekalova and 

Steinbusch, 2010). Mice treated with two consecutive saline treatments 

conserved the baseline PFC-HPC circuit neural dynamics, and 

performance on the auditory and working memory tasks, however they 

exhibited an impairment in long-term memory. Mice treated with one 

saline treatment conserved most baseline neural dynamics and 

https://www.zotero.org/google-docs/?eNRegK
https://www.zotero.org/google-docs/?eNRegK
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performance and did not exhibit any impairments. This suggests that most 

of the alterations produced by the sPCP and risperidone treatment were not 

affected by stress, however some neurophysiological biomarkers could 

possibly be disrupted by chronic stress and cause memory impairment. 

Moreover, further analyses and experiments looking at the single unit 

activity or involving optogenetic manipulations need to be performed in 

order to understand the cellular mechanisms that caused the sPCP-induced 

deficits and partial recovery by, with emphasis on the involvement of PV-

interneurons. 

 

In conclusion, the sPCP treatment produced alterations in gamma and theta 

oscillations which were associated with impaired memory and auditory 

processes, similarly to the observations found in patients with 

schizophrenia. The chronic risperidone treatment could ameliorate 

memory performance by rescuing some of the neurophysiological PFC-

HPC biomarkers or activating compensatory mechanisms, but it was 

unable to restore the sPCP-induced abnormal neural activity within PFC-

HPC circuits. Finally, our findings showed that understanding the neural 

substrates of PFC-HPC circuits during cognitive tasks in a 

pharmacological model of schizophrenia and how they are affected by 

atypical antipsychotic treatments may be useful to gain insight into the 
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cognitive symptoms in schizophrenia, which in turn could help further the 

development of new therapeutic interventions for neuropsychiatric 

diseases.  
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8. CONCLUSIONS 

1. Acute PCP administration produced hypersynchronization and 

disruption of connectivity of PFC-HPC circuits. 

2. Atypical antipsychotic drugs reduced PFC-HPC 

hypersynchronization and disrupted connectivity induced by PCP. 

However, the classical antipsychotic drug, haloperidol, was unable 

to restore the PCP-induced aberrant neural dynamics. 

3. Atypical antipsychotic drugs' greater affinity for serotonin 1A and 

2A receptors may explain their differential effects with haloperidol. 

4. sPCP treatment produced non-specific brain state alterations in 

gamma oscillatory activity and theta-gamma modulation. 

5. PFC theta power and PFC-HPC theta synchrony during quiet 

wakefulness may be potential biomarkers of long-term memory 

performance in mouse models of cognitive impairment. 

6. In basal conditions, theta and gamma functional connectivity, 

especially the signal directionality between PFC-HPC circuits, 

correlated strongly with the encoding of novelty, memory 

acquisition, memory retrieval and working memory.  
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7. After the sPCP treatment, working memory and long-term memory 

performance was disrupted, along with the PFC-HPC 

neurophysiological biomarkers that encoded it. 

8. sPCP treatment also disrupted the late components of the auditory 

evoked potential and the MMN. These results are comparable to 

alterations in auditory and attentional processing observed in 

patients with schizophrenia. However, there was no change in the 

ASSR task, indicating no alterations in evoked gamma activity. 

9. Chronic risperidone rescued memory impairment and the late 

components of the auditory evoked potential. However, it was 

unable to restore sPCP-induced anomalous PFC-HPC neural 

dynamics, only rescuing some neurophysiological biomarkers for 

memory. This implicates other compensatory mechanisms outside 

the PFC-HPC axis that will need further elucidation.  
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