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Abstract 

Episodic memory requires information to be stored and recalled in sequential 

order, and current evidence suggest that these processes are disrupted in 

schizophrenia. Hippocampal phase precession and theta sequences are thought to 

provide a biological mechanism for the sequential ordering of experience at 

timescales suitable for plasticity, suggesting that they could provide the neural 

scaffolding for episodic memory processes. However, neither phase precession nor 

theta sequences have previously been examined in any models of schizophrenia risk. 

The principal aim of experiment 1 was to investigate phase precession and theta 

sequences in a maternal immune activation (MIA) rodent model. Following 

implantation of tetrodes into the dorsal CA1 region of the hippocampus, both single 

unit and local field potential (LFP) recordings were obtained as animals ran around a 

rectangular track for a food reward. Results showed that, while individual pyramidal 

cells located in the CA1 region continued to precess normally in the MIA group, the 

starting phase of precession as an animal enters a new place field was considerably 

more variable in MIA animals when compared to controls. A critical theoretical 

consequence of this variability is that the ordered representation of experience, 

encoded via theta sequences, should become disorganized. In support of this theory, 

theta sequences were disrupted in the MIA group. 

Disorganized theta sequences could potentially interfere with the 

transformation of the spatial phase code to downstream regions that are thought to be 

important for the integration of contextual and reward information, such as the lateral 

septum (LS). In experiment 2, the same protocol was followed as in experiment 1, 

except that tetrodes were implanted into the rostral LS. Results from experiment 2 

indicated that, although spatially selective rate coding was rare, robust phase 

precession relative to the hippocampal theta rhythm was observed across a substantial 

proportion of LS cells irrespective of intervention group. However, in contrast to the 

shallow precession slopes observed for cells in the control (CTL) group, the range of 

phase precession, as measured by the slope of the circular-linear correlation of phase 

and position, was frequently in excess of a single theta cycle for the MIA group. This 

was a novel finding, as phase precession in excess of 360⁰ has generally not been 

observed in previous studies. A partially overlapping subset of cells in the LS also 
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demonstrated bidirectional speed-modulated properties, consistent with the theoretical 

proposal that the LS may be functionally important for the integration of spatial and 

goal-related locomotor responses.  

These results provide the first evidence of disturbed phase coding in an 

animal model of schizophrenia risk that, if it occurs in schizophrenia, may explain 

some aspects of the cognitive symptoms associated with the disorder, including 

disorganized sequential processing and an abnormal discretization of spatial and 

contextual information.  
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Chapter 1 Introduction 

1.1 Overview of schizophrenia 

Schizophrenia is a complex neurological disorder that affects approximately 

one percent of the population worldwide (Jablensky, 2000; McGrath, Saha, Chant, & 

Welham, 2008). Literally translated as a “splitting of the mind,” schizophrenia has 

been conceptualized as a disorder of structural and functional disintegration, whereby 

the ability to organize elements into a cohesive whole is compromised (Javitt, 2009). 

Subjective accounts of the disorder, including artworks, autobiographical writings and 

interviews, have frequently evoked a fragmented sense of self and other, as well as 

fundamental disturbances of perception, memory, space and time (Figure 1.1). These 

disturbances can induce a profound feeling of terror and confusion for those affected 

(Cutting & Dunne, 1989; Freedman, 1974; Saks, 2007; Wadeson & Carpenter Jr, 

1976), often culminating in an acute psychotic episode wherein the patient may 

experience a complete break from reality. In its more chronic form the disorder is no 

less serious or debilitating, and for the majority of patients, long-term functional 

outcomes such as meaningful employment, fulfilling social relationships, or the 

ability to live independently remain poor throughout their lifespan (Harvey, 2014; 

Kahn et al., 2015; Wiersma et al., 2000).  
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Figure 1.1  Blinko, N. (1985). Dwarf on a cross [Ink on card]. Chichester, U.K.; Pallant 

House Gallery. This artwork demonstrates not only the sense of horror and alienation that is 

often described in subjective accounts of the disorder, but also the apparent disintegration of 

an episode into a myriad of disjointed parts. Elements that are normally perceived as 

continuous, such as the negative space between objects, are also shattered into fragments, 

further exacerbating the overwhelming sense of confusion and chaos. Blinko’s art is exhibited 

as part of an “Outsider art” initiative, and the artist has been diagnosed with schizoaffective 

disorder. Retrieved February 6, 2021, from https://www.outsiderart.co.uk/artists/nick-

blinko#&gid=15&pid=1  

 

The costs of schizophrenia are devastating, not only for those diagnosed with 

the disorder, but also for their families and communities (Chong et al., 2016; 

Gutiérrez-Maldonado, Caqueo-Urízar, & Kavanagh, 2005; Lopez et al., 2006). Most 

patients experience their first psychotic episode during late adolescence or early 

adulthood, although disease onset is likely to occur much earlier (Insel, 2010; Kahn et 

al., 2015). As such, schizophrenia has increasingly been recognized as a 
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developmental disorder (Fatemi & Folsom, 2009), and the burden of disability is 

generally protracted across decades, making schizophrenia a leading contributor to 

global disease burden (Lopez et al., 2006; Murray & Lopez, 1997). In the United 

States for example, the total costs associated with the disorder range between 0.02 and 

1.65% of the gross domestic product (Chong et al., 2016). Recovery rates are low – 

estimates from longitudinal studies indicate that only 14-16% of patients make a 

sustained recovery (Harrison et al., 2001; Robinson et al., 2004). Employment rates 

for individuals diagnosed with schizophrenia have been estimated to lie below 20% 

(Marwaha et al., 2007), and rates of homelessness and incarceration are 

disproportionally high (Folsom et al., 2005). In the chronic stage of the disorder, the 

physical health of patients is often compromised, with some estimates indicating that 

the rates of obesity, diabetes, hypertension and nicotine dependence are much higher 

than the national average (Kelly et al., 2011; McEvoy et al., 2005). Suicide rates are 

also disproportionally high (Hor & Taylor, 2010), and together with the medical 

complications outlined above, contribute to an average life expectancy around 20 

years lower than that of the general population (Laursen, Nordentoft, & Mortensen, 

2014).  

Despite decades of scientific research, our current understanding of 

schizophrenia pathophysiology remains rudimentary (Insel, 2010). As a result, both 

the prevalence of schizophrenia and the profound costs to both individuals and 

communities have remained largely unchanged over the last century, ever since the 

disorder was first described by Emil Kraepelin and Eugen Bleuler in 1893 and 1908 

respectively (Hegarty et al., 1994; Insel, 2010; Kahn & Keefe, 2013). Historically, 

schizophrenia has been a difficult disease to manage, and treatment options remain 

limited. The most notable improvements involve the discovery of anti-psychotic 

medications in the second half of the 20th century (Insel, 2010). Such drugs have been 

used to successfully treat the psychotic aspects of the disorder, allowing many 

patients to remain within their communities and avoid chronic institutionalization. 

However, current anti-psychotic medications are ineffective in treating the negative 

and cognitive symptoms, and their lack of specificity can lead to substantial side 

effects (Kahn et al., 2015). Many patients therefore refuse to take their medication, 

supervision is often required to ensure compliance, and there are serious ethical 

considerations involved with administering anti-psychotics to high-risk individuals 

who have not experienced an acute psychotic episode. Furthermore, although several 
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more controversial practices such as insulin shock therapy have now been recognized 

as inhumane and discontinued, and others, including the use of restraints and electro-

convulsive therapies, are only used when other treatment options have been 

exhausted, the violent nature of such practices have contributed to widespread fear 

and misunderstanding of the disorder (Torrey, 1995). Stigmatization thus remains 

higher for schizophrenia than perhaps any other illness (Rössler, 2016), with both 

negative public perceptions and internalized stigma presenting an additional barrier to 

adequate social support systems and improved functional outcomes.  

Overall, schizophrenia remains one of the most poorly understood and costly 

neurological disorders of the 21st century. The current suite of medical treatments and 

psychosocial support are clearly unsatisfactory, and early diagnostic tools that 

successfully identify at-risk children and youth before the onset of psychosis, as well 

as ethical preventative measures to protect them, are modest at best (Kahn et al., 

2015; Penn & Mueser, 1996; Preti & Cella, 2010). There is therefore an urgent need 

for novel research into the basic pathophysiological mechanisms of the disorder. This 

must include research that focuses on early developmental trajectories, including 

subtle cognitive disturbances that may manifest long before the onset of psychosis. 

Such research is likely to be instrumental in the development of novel medications 

with improved specificity and efficacy, as well as more biologically grounded 

diagnostic criteria and the establishment of preventative interventions that are safe, 

effective, and ethically viable (Corcoran, Malaspina, & Hercher, 2005). 

 

1.2 Symptoms 

The symptomology of schizophrenia is heterogeneous, and perhaps best 

understood as a constellation of symptoms, many of which overlap with other 

neurological disorders (Cannon, 2015; Insel, 2010; Van Os, Kenis, & Rutten, 2010). 

Symptoms are generally characterized as either positive, negative, or cognitive. 

Positive symptoms are the easiest to identify, and they comprise abnormal thoughts 

and behaviors that are not typically present in non-clinical populations, such as 

auditory and visual hallucinations, delusional thinking and paranoia, and disorganized 

speech patterns. These symptoms are the hallmark of an acute psychotic episode, and 

they feature predominantly in the public perception and stigmatization of 

schizophrenia. However, although an initial diagnosis of schizophrenia is primarily 
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given following an acute psychotic episode, it is becoming increasingly clear that the 

positive symptoms represent an advanced state of the disorder, and are usually 

preceded by several months, or even years of negative and cognitive symptoms during 

the prodromal phase.   

The negative symptoms of schizophrenia refer to thoughts and behaviors that 

are typically present in non-clinical populations, but are either absent or diminished 

among schizophrenia patients. They include anhedonia (an inability to experience 

pleasure), flattened affect, a scarcity of speech (alogia), social withdrawal, catatonia, 

and avolition (diminished motivation). Unlike the positive symptoms, which can be 

managed via anti-psychotic medications, the negative symptoms do not respond well 

to current treatment options, and may even be exacerbated by them. Therefore, the 

negative symptoms of schizophrenia not only precede the onset of positive symptoms, 

but they comprise a large proportion of the chronic phase, and in many ways are more 

debilitating for patients in the long-term, accounting for a significant proportion of the 

poor social and economic outcomes. 

Schizophrenia is also associated with cognitive dysfunction across several 

domains, including working, episodic and relational forms of memory, attention, 

verbal fluency, learning, executive function, processing speed, exploratory behaviors 

and flexible decision making (Barch & Ceaser, 2012; Fusar-Poli et al., 2012; 

Heinrichs & Zakzanis, 1998). Similar to the negative symptoms, cognitive 

impairments are resistant to anti-psychotic medications and are a critical factor for 

functional outcomes during the chronic phase of the disorder (Green, 1996). 

Furthermore, although there is some disagreement in the literature whether cognitive 

dysfunction progressively deteriorates throughout illness duration, when the 

confounding effects of medication and lifestyle are accounted for, it appears that such 

impairments remain relatively stable following the onset of positive symptoms 

(Aleman, Hijman, De Haan, & Kahn, 1999; Fusar-Poli et al., 2012; Heinrichs & 

Zakzanis, 1998; Rund, 2009). Importantly, cognitive underperformance has also been 

found to precede the onset of positive symptoms by almost a decade (Kahn & Keefe, 

2013). A recent meta-analysis of cognitive performance among adolescents found that 

lower IQ scores systematically increase the risk of developing schizophrenia, with a 

risk increase of 3.7 for every IQ point decrease (Khandaker, Barnett, White, & Jones, 

2011). Similar results have been observed in relation to school grades and other 

measures of cognitive performance (MacCabe et al., 2008; Reichenberg et al., 2010), 
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with scholastic underachievement the strongest predictor of schizophrenia other than 

having a sibling who also has the disorder (Kahn & Keefe, 2013). Such findings have 

prompted some to argue that schizophrenia should be reconceptualized as primarily a 

cognitive disorder, and that the development of new diagnostic tools and treatments 

has been hampered by the continued focus on psychotic symptoms at the expense of 

the underlying cognitive disturbances that generally precede them (Elvevag & 

Goldberg, 2000; Kahn & Keefe, 2013).  

 

1.3 Memory dysfunction 

Several meta-analyses of broad cognitive dysfunction in schizophrenia have 

demonstrated that the most robust findings involve memory impairments, with long-

term verbal memory deficits in particular being the strongest predictor of poor 

functional outcomes (Aleman et al., 1999; Green, 1996; Heinrichs & Zakzanis, 1998). 

Such impairments have been observed across a wide range of experimental paradigms 

in both young, unmedicated patients and older patients, with effect sizes ranging from 

moderate to large (Aleman et al., 1999; Heinrichs & Zakzanis, 1998; Øie, Sundet, & 

Rund, 1999; Saykin et al., 1994). Memory dysfunction has also been observed in 

high-risk populations, and larger than average impairments of visual and verbal 

memory, working memory and verbal fluency in particular have been associated with 

the transition from the prodromal phase to psychosis (Fusar-Poli et al., 2012). 

Furthermore, studies that have controlled for deficits in other cognitive domains such 

as attention, executive function and general intelligence indicate that such deficits 

cannot fully account for concurrent memory impairments, suggesting instead that the 

latter is a primary cognitive dysfunction of the disorder (Boyer, Phillips, Rousseau, & 

Ilivitsky, 2007; Egeland et al., 2003; Gold et al., 1992; Holthausen et al., 2003). 

Similarly, recent evidence suggests that the motivational impairments associated with 

schizophrenia may be a secondary to disturbances in prospective memory, or the 

ability to project oneself into the future and simulate potential outcomes based on 

prior experience (D'Argembeau, Raffard, & Van der Linden, 2008; Heerey, 

Matveeva, & Gold, 2011). 

Memory disturbances associated with schizophrenia do not appear to be 

modality-specific, and include deficits in both recall and recognition memory 

(Aleman et al., 1999; Boyer et al., 2007; Pelletier et al., 2005), working memory (Lee 
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& Park, 2005), spatial memory (Fajnerová et al., 2014; Glahn et al., 2003; Hanlon et 

al., 2006; Park & Holzman, 1992; Salgado-Pineda et al., 2016; Weniger & Irle, 2008), 

episodic memory (Berna et al., 2016; Danion et al., 2005; Danion, Huron, Vidailhet, 

& Berna, 2007; Leavitt & Goldberg, 2009; Rushe, Woodruff, Murray, & Morris, 

1999; Toulopoulou et al., 2003), and prospective memory (D'Argembeau et al., 2008). 

Disturbances at the encoding level appear to be greater than disturbances of 

consolidation or retrieval, although the latter have also been observed (Aleman et al., 

1999; Boyer et al., 2007; Pelletier et al., 2005). Furthermore, although memory 

dysfunction is a common feature of many neurological disorders, disturbances that 

occur predominantly at the encoding level appear to be specific to schizophrenia 

(Egeland et al., 2003; van Oostrom et al., 2003). Patients typically perform better on 

recognition test than free recall (Aleman et al., 1999; Boyer et al., 2007), and 

recognition is only impaired when conscious recollection of previous learning was 

required (Danion, Rizzo, & Bruant, 1999; Grange, Robert, & Rizzo, 1995; Huron & 

Danion, 2002; Tendolkar et al., 2002), suggesting that dysfunctional elaboration at the 

encoding stage may be a critical aspect of memory dysfunction.  

Schizophrenia patients are also more impaired on tasks that require 

conjunctive encoding of multiple features or contextual details, whereas the encoding 

of simple feature remains intact (Boyer et al., 2007). For example, schizophrenia 

patients not only recall less features within a complex visual scene, but their ability to 

bind such features into a coherent scene is also diminished (Gold, Poet, Wilk, & 

Buchanan, 2004). Similarly, schizophrenia patients have demonstrated impaired 

encoding of objects within a spatial and temporal context, although memory for the 

specific object itself is often spared (Brébion, David, Pilowsky, & Jones, 2004; Rizzo, 

Danion, Van Der Linden, Grangé, et al., 1996; Waters, Maybery, Badcock, & Michie, 

2004). Relational memory (defined as the ability to learn associations between items) 

is also impaired (Öngür et al., 2006), again suggesting that the locus of memory 

dysfunction in schizophrenia is the diminished ability to construct complex and 

integrated episodes from their component parts. In support of this hypothesis, 

schizophrenia patients have difficulty describing autobiographical memories, a 

particularly complex form of episodic memory that involves rich contextual details 

that may unfold over protracted periods of time (Berna et al., 2016). 
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1.3.1 Temporal processing disturbances and disordered sequences 

In addition to memory dysfunction, temporal processing disturbances have 

also been identified as a potential trait marker for schizophrenia, with underlying 

relevance to several classic symptoms (Andreasen et al., 1999; Dickinson, Ramsey, & 

Gold, 2007; Kéri, Kelemen, Benedek, & Janka, 2001; Martin et al., 2014). For 

example, a recent meta-analysis of 68 studies that examined temporal processing has 

confirmed that patients with schizophrenia have more variable, and therefore less 

precise, judgement of temporal order than healthy control participants (Thoenes & 

Oberfeld, 2017). Estimation of time intervals is also abnormal among schizophrenia 

patients, with some studies providing evidence of accelerated internal clock speeds 

(Ciullo et al., 2016; Ueda, Maruo, & Sumiyoshi, 2018), while others have indicated 

that internal clock speeds may run at a slower pace when compared to control subjects 

(Thoenes & Oberfeld, 2017). Such impairments furthermore could not be explained 

by either perceptual or motor timing deficits, suggesting that temporal processing 

disturbances are a primary component of cognitive dysfunction in schizophrenia  

(Ciullo et al., 2016). Interestingly, abnormal internal clock speeds have also been 

observed in several studies that disturbed either dopamine (DA), acetylcholine (Ach) 

or glutamate signaling, all of which are known to be disturbed in schizophrenia 

(Cheng, Ali, & Meck, 2007; Jones & Jahanshahi, 2009; Meck, 1996; Wiener, Lee, 

Lohoff, & Coslett, 2014). Finally, schizophrenia patients have also reported 

subjective accounts of temporal velocity fluctuations, as well as a sense that time is 

fragmented rather than continuous (Stanghellini et al., 2016; Vogel et al., 2019). 

These temporal processing disturbances may reflect a fundamental 

disorganization in the encoding and storage of events as they occur across time and 

space, such that the sequential order of information becomes scrambled or unstable. 

For example, studies of contextual memory among schizophrenia patients have 

demonstrated that patients are able to successfully recall target cues, but they have 

difficulty remembering the order in which target cues were learnt (Rizzo, Danion, 

Van der Linden, & Grangé, 1996). In fact, schizophrenia patients are also known to 

perform poorly on tasks that specifically measure sequential order, such as Serial 

Reaction Time (SRT) tasks, or digit symbol coding tasks (Dickinson et al., 2007; 

Siegert, Weatherall, & Bell, 2008). Furthermore, a recent meta-analysis of SRT tasks 

has demonstrated that, although patients do not always exhibit implicit learning 

deficits (McKenna et al., 2002), implicit learning that includes a sequential 
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component is consistently disrupted (Siegert et al., 2008). In another meta-analysis of 

cognitive dysfunction across several domains, schizophrenia patients were more 

reliably impaired on digit coding tasks, a measure of processing speed that includes a 

sequential order component, than any other measure of cognitive function (Dickinson 

et al., 2007). Premorbid groups of high-risk individuals, as well as first-degree 

relatives of schizophrenia patients were also reliably impaired on such tasks, and the 

severity of this particular impairment was the only measure that successfully 

distinguished individuals who would later develop the disorder from their unaffected 

siblings (Dickinson et al., 2007). Importantly, schizophrenia patients perform 

similarly to control subjects on tasks that measure processing speed without a 

sequential component (Fusar-Poli et al., 2012), suggesting that the deficits observed 

during SRT tasks involve sequential order disturbances rather than processing speed 

more generally. Taken together, these studies clearly indicate that the sequential 

ordering of discrete events is disrupted in schizophrenia. 

 

1.4 Pathophysiology 

Similar to the symptomatic profile, the pathophysiology of schizophrenia is 

complex and heterogenous. Most studies of neural pathology among schizophrenia 

patients have provided evidence for subtle structural and functional abnormalities that 

are widespread throughout the brain, although effect sizes are often modest and there 

have been multiple issues with replication across studies (Haijma et al., 2013; Kahn et 

al., 2015; Wright et al., 2000). To date, the most robust findings from structural 

neuroimaging studies have shown enlarged ventricular volumes, as well as reductions 

in grey and white matter across a number of regions, including the hippocampus, 

anterior cingulate cortex, dorsolateral prefrontal cortex, bilateral insula, thalamus, 

amygdala and the cerebellum (Fatemi & Folsom, 2009; Haijma et al., 2013; Kim et 

al., 2018; Wright et al., 2000). Functional neuroimaging has shown a similar profile 

of abnormal regional activation during tasks specifically designed to engage networks 

associated with known cognitive deficits, such as memory, executive processing, and 

reward salience (Fusar-Poli et al., 2007; Kahn et al., 2015).  

Post mortem studies of brain tissue from affected individuals have provided 

additional evidence of reduced brain volume, as well as gross cellular abnormalities 

(Arnold & Trojanowski, 1996). These include disturbances at the site of glutamatergic 
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N-methyl-D-aspartate (NMDA) receptors (Hu, MacDonald, Elswick, & Sweet, 2015), 

the molecular signatures of GABAergic expression (Schmidt & Mirnics, 2015), 

dopaminergic function (Howes & Kapur, 2009), and several glial cell-types 

(Bernstein, Steiner, & Bogerts, 2009). Disturbed cytoarchitecture also been reported, 

including irregular patterns of cell lamination and orientation throughout the cortex 

and hippocampus (Arnold, 2000; Luts, Jönsson, Guldberg‐Kjaer, & Brun, 1998; 

Selemon, Rajkowska, & Goldman-Rakic, 1995), hippocampal shape anomalies 

(Connor et al., 2004), and disorganized white matter tracts in frontal and 

temporoparietal regions (Davis, Kahn, Ko, & Davidson, 1991). Furthermore, although 

the confounding effects of medication and chronic disability on such findings cannot 

be completely ruled out (Kahn et al., 2015), many studies suggest that such 

pathophysiology is not degenerative, but may instead have an early 

neurodevelopmental basis. For example, there is substantial evidence that structural, 

functional and cellular abnormalities are also evident in high risk individuals and 

first-degree relatives (Boos et al., 2007; Fusar-Poli et al., 2007; Wright et al., 2000), 

suggesting that at least some of the volume decreases and cellular abnormalities are 

more likely to be causal factors of the disorder than simply epiphenomena. 

1.4.1 Etiology 

Studies that focus on the etiological and developmental origins of the 

disorder are critical to determine not only which factors are causal, but also to provide 

new insights into how pathological progression might be arrested during early stages 

– before the onset of psychotic symptoms – when functional outcomes generally 

remain positive. To date, the etiology of schizophrenia remains unclear, although 

several important clues are beginning to emerge. The most current evidence suggests 

that schizophrenia does not emerge from a single genetic, biological or environmental 

cause, but rather through the complex interplay of these factors, including epigenetic 

mechanisms that converge on shared pathways of molecular dysfunction. Primary 

causal factors furthermore appear to be subtle and accumulative, suggesting that 

initial events may trigger a developmental cascade of secondary events that 

progressively enhance schizophrenia risk. 
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1.4.1.1 Genetic risk factors 

Monozygotic twin studies of schizophrenia have demonstrated a 

concordance rate of approximately 50% (Cardno et al., 1999), suggesting that the 

disorder has a substantial hereditary component, although other factors beyond genes 

must also play an important role. Overall, meta-analyses of heritability rates among 

first-degree relatives indicate that the disorder has a complex, non-Mendelian genetic 

profile, with estimates of heritability ranging from ~65-80% (Harrison, 2015; 

Lichtenstein et al., 2009; Sullivan, Kendler, & Neale, 2003). To date, a large number 

of genomic regions that may confer an increased risk of developing schizophrenia 

have been identified, including both single nucleotide polymorphisms (SNPs) and, to 

a lesser extent, copy number variants (Harrison, 2015; Stefansson et al., 2009). These 

include variations of neuregulin 1 (NRG1) gene, which plays an important role in 

neurotransmission, synaptic plasticity and axon myelination (Brinkmann et al., 2008; 

Stefansson et al., 2002), loci containing DRD2, which encodes for dopamine D2 

receptor (Ripke et al., 2014), and the disrupted in schizophrenia (DISC1) 

translocation (Brandon et al., 2009). Genetic variants that alter GABAergic and 

calcium signaling have also been implicated with schizophrenia, and are thought to 

play important roles in the establishment of balanced oscillatory networks (Berridge, 

2014; Schmidt & Mirnics, 2015). The integrity of such networks allows individual 

cells to be dynamically receptive to plasticity while also maintaining a regulated 

excitatory-inhibitory balance, a process that appears to be disturbed among 

schizophrenia patients.  

However, no single gene has been shown to reliably contribute to 

pathophysiological development across studies, and effect sizes of individual gene 

contributions are generally very modest, especially for the more common SNPs 

(Harrison, 2015; Kahn et al., 2015). Furthermore, almost all SNPs associated with 

schizophrenia are non-coding regions of DNA, indicating that they are predominantly 

involved in regulating gene expression, such as the timing, abundance and location of 

transcription events, rather than encoding for protein sequences themselves (Harrison, 

2015). Finally, most candidate genes that have been identified are non-specific to 

schizophrenia but may contribute to the development of other neurological disorders 

such as autism, bipolar disorder, attention deficit disorder and major depression 

(Consortium, 2013). The expression of such genetic variants at critical periods of 
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development, in combination with environmental and epigenetic factors is therefore 

likely to have a profound effect on both normal and pathological trajectories. 

Several structural variants that have been associated with increased 

schizophrenia risk are preferentially expressed during fetal development, suggesting 

that the normal developmental processes of neuronal proliferation, differentiation and 

migration may be disrupted during this critical period. (Walsh et al., 2008). Such 

disruptions have been linked to neuregulin and glutamate signaling networks in 

particular, and they are likely to contribute to fundamental disorganization of the 

neuropil, as well as affecting the complex process of synapse formation, connection, 

and pruning (Fatemi & Folsom, 2009; Walsh et al., 2008). Other genes that are 

involved in early neurodevelopment and maturational processes, such as DISC1, 

appear to exert delayed behavioral and neurochemical following pre- and perinatal 

insults in mice, with measurable effects only appearing after puberty, clearly 

mirroring the developmental trajectory of schizophrenia in humans (Niwa et al., 

2010). Similarly, epigenetic mechanisms that follow stressful environmental events, 

such as DNA methylation or histone modifications, have not only been observed in 

tissue from schizophrenia patients, but they are known to remain stable across years 

and to exert delayed effects (Roth, Lubin, Sodhi, & Kleinman, 2009). Such epigenetic 

tags are especially common among patients who experienced obstetric complications 

(Nicodemus et al., 2008), providing yet another mechanism for disturbed genetic 

expression that may be initiated during early life, but which only becomes apparent 

years later. 

 

1.4.1.2 Environmental risk factors  

In addition to obstetric complications, schizophrenia has been associated 

with a number of environmental risk factors. For example, the prevalence of 

schizophrenia has shown positive correlations with maternal adversity, being born 

during winter or spring, urban environments (particularly inner city neighborhoods of 

low socio-economic status), migrant communities, childhood trauma, social distress 

and drug abuse (Kahn et al., 2015; Van Os et al., 2010). Although many of these 

environmental risk factors can exert effects throughout childhood and early 

adulthood, most studies have identified two critical periods of development that are 

particularly sensitive to environmental insults – first, the pre- and perinatal period 
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during early neurodevelopment, and second, the adolescent period when the initial 

symptoms of psychosis are most likely to emerge (Fatemi & Folsom, 2009; 

Keshavan, Anderson, & Pettergrew, 1994; Rapoport, Giedd, & Gogtay, 2012). 

The first of these critical periods to receive scientific attention was the 

adolescent period, generally defined as the onset of puberty through to the mid-

twenties. This period coincides with normal developmental processes involving 

widespread pruning of excess synapses throughout cortical regions (Petanjek et al., 

2011; Zecevic, Bourgeois, & Rakic, 1989), the subsequent myelination of surviving 

axons to enable more efficient neural transmission (Benes, 1989), and the maturation 

of the pre-frontal cortex (Caballero, Granberg, & Tseng, 2016). This suggests that 

environmental events that disrupt these processes may be critical for the transition 

from prodromal states to psychosis. Indirect evidence for this theory has been 

provided by numerous studies showing reductions of cortical grey matter among high-

risk adolescents who then go on to develop symptoms of psychosis (Cannon et al., 

2015; Pantelis et al., 2003; Ziermans et al., 2012), as well as animal models 

demonstrating that synapse elimination during the adolescent period is mediated by 

genetic variants that have been associated with schizophrenia (Sekar et al., 2016). In 

addition, a recent study in neural cultures derived from schizophrenia patients has 

shown that synaptic eliminations were increased in vitro relative to control cultures, 

and that this process could be attenuated with the anti-inflammatory antibiotic 

minocycline, suggesting that the apparent sensitivity to environmental risk factors 

during adolescence may be mediated by inflammation (Sellgren et al., 2019).  

However, it remains unclear whether the processes affecting aberrant 

synaptic pruning can be generated de novo via environmental insults during the 

adolescent period, or whether such insults merely exacerbate processes that are 

already initiated during earlier periods of neurodevelopment. The latter has been 

conceptualized as the two-hit hypothesis, whereby an initial event during early 

neurodevelopment induces subtle cognitive impairments that may not reach clinical 

significance by themselves, but which instead predispose the individual to increased 

vulnerability towards stressors later in life (Maynard, Sikich, Lieberman, & 

LaMantia, 2001). For example, abnormal cognition during childhood may lead to 

greater exposure to environmental insults, such as increased social adversity due to 

odd behaviors, or impaired executive function leading to dangerous decision-making, 

as well as higher sensitivity towards stressors and diminished coping strategies to deal 
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with such stressors once they are encountered. From a biological perspective, 

impaired plasticity, oscillatory and epigenetic mechanisms during childhood may also 

contribute to ad hoc synaptic pruning during adolescence, as unpotentiated or 

deregulated neurons may be erroneously tagged for elimination. Given the extensive 

evidence of broad cognitive and structural abnormalities among high-risk youth 

before the onset of psychosis, recent advances have therefore increasingly turned 

towards these initial “hits,” including environmental risk factors that occur during the 

first critical period of early neurodevelopment.  

 

1.4.1.3 Prenatal neurodevelopment and maternal adversity 

Epidemiological studies of schizophrenia patients and their families have 

provided promising clues that prenatal environmental factors are involved in the 

etiology of the disorder. Prevalence rates have been positively correlated with both 

influenza epidemics and periods of famine that occurred specifically when individuals 

later diagnosed with schizophrenia were in utero, typically during either the first or 

second trimesters (Mednick, Huttunen, & Machón, 1994; Susser et al., 1996). 

Subsequent studies of maternal blood samples have uncovered a more direct 

association between schizophrenia risk among adult offspring and several forms of 

both viral and bacterial infections during gestation, including toxoplasma gondii, 

rubella, measles, genital and reproductive infections, and bronchopneumonia (Brown 

et al., 2004; Brown & Derkits, 2010; Brown et al., 2005; Selemon & Zecevic, 2015). 

Effect sizes have ranged from modest to considerable, with some studies reporting a 

sevenfold risk increase following exposure to pathogens during early gestation 

(Brown et al., 2004). Psychosocial stressors affecting mothers during pregnancy have 

also been associated with heightened schizophrenia risk for their progeny, indicating 

that exposure to stress hormones in utero may also contribute to abnormal 

neurodevelopment (Anacker et al., 2013; Khashan et al., 2008; Koenig, Kirkpatrick, 

& Lee, 2002).  

Recent work has begun to uncover some of the biological mechanisms that 

may contribute to these associations. For example, it has now been demonstrated that 

it is the release of proinflammatory cytokines during the maternal immune response to 

pathogens, rather than prenatal exposure to the pathogens themselves, that triggers 

abnormal neurodevelopment (Gilmore & Jarskog, 1997; Watanabe, Someya, & Nawa, 
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2010). Cytokines are small proteins that play important roles in cell signaling. They 

are primarily secreted by the immune system as part of the inflammatory response to 

pathogens or injury, including non-physical insults such as stress and depression 

(Connor & Leonard, 1998; Meyer, Feldon, & Yee, 2009). Unlike most infectious 

agents furthermore, there is some evidence that certain cytokines can cross the 

placental barrier at critical moments of neurodevelopment (Meyer, Feldon, & Yee, 

2009; Watanabe et al., 2010; Zaretsky, Alexander, Byrd, & Bawdon, 2004). 

Importantly, several cytokines are also known to play an important role in normal 

neurodevelopment, including processes related to neuronal proliferation and 

synaptogenesis (Meyer, Feldon, & Yee, 2009; Selemon & Zecevic, 2015). Consistent 

with the epidemiological findings, elevated levels of cytokines during prenatal 

maternal infection have been show to interfere with these processes (Watanabe et al., 

2010). For example, numerous animal models of maternal immune activation (MIA) 

have provided evidence of disrupted cytoarchitecture and molecular signaling 

pathways in offspring, as well as behavioral abnormalities that match the 

symptomatic profile of schizophrenia (Brown & Derkits, 2010; Fatemi & Folsom, 

2009; Meyer, Feldon, & Yee, 2009). These studies, and the validity of the MIA model 

are discussed in further detail in section 1.7. 

Evidence of gene-environment interactions and epigenetic effects following 

MIA have also been discovered. For example, at least 19 genetic variants associated 

with increased schizophrenia risk have also been shown to be either upregulated or 

downregulated following maternal infection across embryonic days 9-18 in a rodent 

model (Fatemi & Folsom, 2009; Fatemi et al., 2008). Several other candidate genes 

for schizophrenia are also critically involved in the life-cycles of pathogens, 

suggesting that individuals with a higher genetic vulnerability for schizophrenia may 

be more sensitive to prenatal environmental insults than those without such genetic 

predisposition (Carter, 2009). Again, genetic variants involved in neural proliferation, 

differentiation, and migration, and well as those that regulate neuregulin and 

glutamate signaling appear to be most sensitive to the effects of MIA (Hahn et al., 

2006), providing additional evidence that these processes are disrupted in 

schizophrenia. Epigenetic disturbances following prenatal insults have also been 

reported, such as hypermethylation of DNA methyltranferase 1 (DNMT1) promotors 

following prenatal infection, which has been shown to trigger a signaling cascade that 

alters brain development and GABAergic transmission in particular (Dong et al., 



16 

 

2007; Veldic et al., 2004). Taken together, these studies have provided compelling 

evidence that the maternal immune response following prenatal infection can disturb 

neurodevelopment at critical periods. Such disturbances appear to generate long-term 

alterations of cognitive function, synaptic transmission and molecular signaling that 

may not present as clinical manifestations of disease by themselves, but which 

predispose affected individuals to a far greater risk of developing schizophrenia at 

later periods.  

 

1.4.2 Pathophysiological mechanisms 

What then, are the major pathophysiological mechanisms that most likely 

contribute to schizophrenia symptomology and cognitive dysfunction? To date, 

studies of schizophrenia patients and animal models have uncovered a plethora of 

putative mechanisms, although many of these can be summarized in three major 

hypotheses – the dopamine hypothesis, the glutamate hypothesis, and the 

disconnection hypothesis. The major tenets of these hypotheses, and the evidence 

supporting them, are outlined in the following sections. It’s important to point out 

however that these three hypotheses are not mutually exclusive, although their 

relative contributions as primary or secondary mechanisms to disease pathology 

remain contested. 

 

1.4.2.1 The dopamine hypothesis 

The dopamine hypothesis has historically been the central hypothesis of 

schizophrenia pathophysiology (Howes & Kapur, 2009). It is primarily based on two 

observations – the first being the efficacy of anti-psychotics medications that block 

dopamine D2 receptors in treating the symptoms of psychosis, and second, that 

schizophrenia-like symptoms can be induced via amphetamine use (Howes & Kapur, 

2009). Numerous studies over the following years provided evidence of elevated levels 

of dopamine metabolites and D2 receptor densities in specific brain regions of 

schizophrenia patients, most notably in mesolimbic areas such as the ventral tegmental 

area (VTA). These studies suggested that excessive dopamine levels are the primary 

source of psychosis, and that altered transmission at the D2 receptor was particularly 

important in this process. However, elevated dopamine levels were not universally 

found across all brain regions, and paradoxically, there was indirect evidence of 
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hypodopaminergic activity in the frontal cortex. The superior efficacy of Clozapine 

(Leucht et al., 2013), an atypical antipsychotic that preferentially targets serotonin 

receptors and has only low affinity for the dopamine D2 receptor, further indicated that 

the original hypothesis was problematic.  

Subsequent modifications of the original hypothesis have theorized that an 

imbalance of dopamine signaling was responsible for at least some of the core 

symptomatic features of the disorder. For example, positive symptoms could emerge 

due to hyperdopaminergic activity in striatal regions, while hypodopaminergic activity 

in frontal regions may be responsible for motivational impairments (Davis et al., 1991). 

This latter theory was more consistent with general studies of dopamine function 

suggesting that the neurotransmitter is primarily involved in reward salience and 

pleasure, and it was also supported by findings from animal models demonstrating that 

regionally-specific hypo- and hyperdopaminergia were interdependent processes. For 

example, lesion studies that reduce dopamine activity in the frontal cortex led to 

increased dopamine levels in the striatum and nucleus accumbens (NAc), suggesting 

the prefrontal dopamine neurons typically play a role in inhibiting dopamine activity in 

subcortical regions (Carter & Pycock, 1980). Elevated striatal dopamine has been also 

been observed following various forms of either neonatal stress or social subordination 

in both rodents and monkeys (Boksa & El-Khodor, 2003; Hall et al., 1998; Morgan et 

al., 2002; Tidey & Miczek, 1996), and at least one study of social isolation among 

neonatal rats has described simultaneous striatal increases and frontal reductions in 

dopamine levels,  providing a mechanism for regionally specific dysfunction that it 

more ecologically valid than experimental lesions (Möller et al., 2013). Recent 

technological advances such as in vivo molecular imaging have allowed for more direct 

evidence of abnormal dopamine levels in schizophrenia patients. Meta-analyses of such 

studies indicate that there is relatively robust evidence for both elevated dopamine 

synthesis at presynaptic terminals and higher D2 and D3 receptor densities in the 

striatum (Howes et al., 2007; Kestler, Walker, & Vega, 2001),  as well as more limited 

evidence for D1 receptor dysfunction in prefrontal regions (Abi-Dargham, 2004; 

Friedman, Temporini, & Davis, 1999; Karlsson, Farde, Halldin, & Sedvall, 2002).  

Despite robust evidence of dopamine dysfunction, the mechanisms of how 

regional-specific imbalances contribute to the expression of positive, negative or 

cognitive symptoms remain unclear (Howes & Kapur, 2009). One proposal is that 

abnormal activation of subcortical dopamine systems, predominantly via aberrant D2 
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receptor dynamics, may be related to aberrant incentive salience and reward prediction 

(Berridge & Robinson, 1998; Robbins & Everitt, 1996). For example, excessive 

dopaminergic activity in striatal regions could lead to the misattribution of salience to 

innocuous stimuli that would otherwise be ignored. As a result, the system is 

overloaded with sensory information, contributing to cognitive processing impairments, 

the emergence of hallucinations and delusions, and over time, to diminished 

motivational drive as dopaminergic activity signaling reward becomes 

indistinguishable from noise (Howes & Kapur, 2009). This is a compelling argument 

because it not only accounts for a broad range of schizophrenia symptomology, but the 

specific clinical expression of abnormal dopaminergic activity is filtered through the 

individual’s existing sociocultural and cognitive schemas, resulting not only in the 

heterogeneity of behavioral and thought disturbances observed in schizophrenia 

patients, but also suggesting that prior adverse experiences will influence maladaptive 

outcomes. However, although there is some evidence suggesting that striatal dopamine 

dysfunction contributes to aberrant reward processing (Juckel et al., 2006) and altered 

pre-pulse inhibition, a well-validated measurement of sensorimotor gating that is 

disrupted in both schizophrenia patients and animal models (Brisch et al., 2014), 

hyperdopaminergic activity in mesolimbic regions has been more strongly and reliably 

associated with the symptoms of psychosis than motivational impairments (Howes & 

Kapur, 2009). Furthermore, this theory does not account for the role of abnormal 

dopamine activity in prefrontal regions, and evidence supporting a putative link 

between D1 receptor dysfunction and either negative symptomology or cognitive 

impairments is less clear. Several studies have found a correlation between spatial 

working memory and prefrontal D1 receptor dysfunction in both clinical populations 

and animal models of schizophrenia (Goldman-Rakic et al., 2004; Williams & Castner, 

2006), but more direct evidence indicative of causal directionality is minimal.  

 It has also been difficult to reconcile updated versions of the dopamine 

hypothesis with the discovery that cognitive impairments typically precede the onset of 

psychotic symptoms be several years, or with the large body of evidence linking 

schizophrenia to neurodevelopmental, genetic and chemical abnormalities that 

implicate several neurotransmitter systems beyond dopamine (Howes & Kapur, 2009). 

One possible theory is that structural and functional abnormalities in frontotemporal 

regions, including but not limited to altered dopamine signaling, progressively 

contribute to elevated dopaminergic activity in striatal regions as these regions develop 
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throughout childhood and adolescence (Howes & Kapur, 2009). Studies of high-risk 

individuals suggest that striatal dopaminergic hyperactivity is already present during 

the prodromal stage, that the severity of the dysfunction corresponds to poor prognosis, 

and that individuals with elevated striatal dopamine levels are more sensitive to minor 

stressors when compared to controls (Brunelin et al., 2008; Howes et al., 2009; Myin-

Germeys et al., 2005). Taken together, these findings suggest that dopamine 

dysfunction may play a key role in the transition from prodromal states to clinical 

psychosis (Howes & Kapur, 2009), possibly via heightened stress responses to noxious 

stimuli, although it remains unclear whether altered dopamine signaling also 

contributes to other forms cognitive dysfunction during the prodromal stage.  

Finally, studies of anti-psychotic pharmacodynamics continue to provide 

robust evidence that antagonism of dopamine receptors, and particularly the D2 

receptor, play a critical role in the management of psychotic symptoms, although it is 

now widely acknowledged that other neurotransmitters such as serotonin, 

acetylcholine, glutamate and GABA must also play important roles, and that alterations 

to any one neurotransmitter are likely to have profound modulatory effects on several 

other signaling systems (Brisch et al., 2014; Howes & Kapur, 2009). For example, 

studies that used the mitotoxin methylazoxymethanol acetate (MAM) model of 

schizophrenia risk have observed either a loss of parvalbumin (PV) interneurons in the 

ventral subiculum, or hyperactivity in the ventral hippocampus, which in both cases led 

to an elevation in striatal dopamine activity. This dopaminergic hyperactivity was 

furthermore restored to baseline levels following inactivation of either the ventral 

subiculum or ventral hippocampus, suggesting that dopaminergic hyperactivity 

proceeds from GABAergic dysregulation in hippocampal brain regions (Lodge & 

Grace, 2007, 2008). In short, dopamine dysfunction appears to be an important aspect 

of schizophrenia pathophysiology, but the current evidence suggests that it is more 

likely to be a secondary mechanism that develops in response to other, more primary 

disruptions elsewhere. 

 

1.4.2.2 The glutamate hypothesis 

More recent work has concentrated on the hypothesis that abnormal 

glutamatergic signaling may play a critical role in schizophrenia pathophysiology. As 

the brain’s primary excitatory neurotransmitter, glutamate is involved in all forms of 
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learning and cognition at the fundamental level of neuronal discharge, and disruptions 

to glutamate signaling are likely to have profound implications for synaptic plasticity. 

Initial evidence for the glutamate hypothesis came from studies that demonstrated 

reduced glutamate levels in the cerebrospinal fluid from schizophrenia patients (Kim, 

Kornhuber, Schmid-Burgk, & Holzmüller, 1980), as well as the observation that 

ketamine and other psychotomimetic drugs such as phencyclidine (PCP) induce not 

only hallucinations and delusional ideation, but they also contribute to negative 

symptomology and cognitive deficits similar to those observed in schizophrenia 

patients (Krystal et al., 1994; Moghaddam & Javitt, 2012; Umbricht et al., 2000). 

These drugs function primarily as a glutamate antagonist that specifically blocks the 

NMDA receptor (NMDAR) channel (Javitt & Zukin, 1991), suggesting that NDMAR 

dysfunction might play a critical role in schizophrenia pathology. This is an attractive 

hypothesis, not only because there are several lines of evidence pointing towards 

NMDAR irregularities in both schizophrenia patients (Meador-Woodruff & Healy, 

2000) and animal models (Neill et al., 2010), but the neurodevelopmental importance 

of NMDARs for synaptogenesis and functional connectivity suggests that 

disturbances at this site could have profound consequences for developmental 

cascades (Konradi & Heckers, 2003). 

NMDARs are critical for synaptogenesis and plasticity for three important 

reasons. First, they are essential for the stabilization of new synapses during early 

neurodevelopment, and a reduction in NMDAR activity leads to diminished synaptic 

connectivity during crucial periods for the establishment of functional neuronal 

circuitry. Secondly, the NMDA receptor contains a voltage dependent magnesium 

(Mg2+) block, which prevents the channel from opening due to ligand binding alone. 

Simultaneous pre- and post-synaptic activity is therefore required to open the channel, 

providing a mechanism for Hebbian plasticity, whereby a synapse connecting two 

cells will be strengthened only if both cells are repetitively active in tandem (Hebb, 

2005). This concept, known as long term potentiation (LTP), has subsequently been 

confirmed experimentally in numerous studies (Bliss & Lømo, 1973; Nicoll, 2017), 

and it is widely thought to be the most viable biological mechanism that supports 

learning and memory (Bailey, Bartsch, & Kandel, 1996; Bliss & Collingridge, 1993; 

Lynch, 2004). The third reason is that NMDA receptors are highly permeable to 

calcium (Ca2+) influxes, which initiates several intracellular signaling cascades that 

are critical for cellular plasticity and apoptosis (Konradi & Heckers, 2003).  
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Numerous studies have demonstrated that these processes are likely to be 

disrupted in schizophrenia. For example, post mortem studies of brain tissue from 

schizophrenia patients have shown a reduction of dendritic spine density on pyramidal 

neurons from temporal and frontal areas of the neocortex when compared to controls 

(Garey et al., 1998; Glantz & Lewis, 2000). Dendritic spines are small protrusions 

that are found on neuronal dendrites, and they contain the majority of excitatory 

synapses in mammalian brains (Penzes et al., 2011). Such reductions in spine density 

are thought to be the primary source of grey matter abnormalities described in 

schizophrenia patients (Penzes et al., 2011), and animal models that show reduced 

spine density have also demonstrated cognitive and behavioral disturbances that 

resemble schizophrenia phenotypes (Barros et al., 2009; Chen et al., 2008; Neill et al., 

2010). Importantly, reduced spine densities are also observed in models of MIA 

(Coiro et al., 2015), as well as several models of genetic risk (Abazyan et al., 2010; 

Barros et al., 2009; Chen et al., 2008; Li, Woo, Mei, & Malinow, 2007; Mukai et al., 

2008; Stark et al., 2008) and social adversity (Silva-Gómez, Rojas, Juárez, & Flores, 

2003), clearly suggesting that a disruption of glutamatergic plasticity constitutes a 

common pathological pathway for the diverse risk factors associated with 

schizophrenia. A schematic diagram of how NMDARs contribute to LTP, and how 

this process might be disturbed in schizophrenia, is presented in Figure 1.2. 
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Figure 1.2  Schematic diagram of how NMDA receptors regulate long-term potentiation 

(LTP), and how NMDA receptor dysfunction in schizophrenia could affect plasticity. In the 

silent synapse example, the presynaptic neuron (marked with a +) releases glutamate into the 

synaptic cleft, but because the membrane of the post-synaptic neuron remains hyperpolarized, 

the magnesium block is not removed from the NMDA receptor on the post-synaptic neuron. 

As a result, sodium and calcium ions cannot enter the post-synaptic cell, which remains silent. 

In the LTP example however, the presence of an a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor in the post-synaptic membrane depolarizes the 

membrane sufficiently to remove the NMDAR magnesium block, thereby allowing sodium 

and calcium ions to flood into the post-synaptic cell. This triggers a range of molecular 

cascades that result in both the growth of dendritic spines, and the insertion of additional 

receptors into the post-synaptic membrane. Due to these additional receptors, the post-

synaptic membrane will be easier to depolarize. This process in known as LTP, and it thought 

to be a promising biophysical mechanism for the encoding and storage of memory traces. In 

the final schizophrenia (SZ) example, the NMDA receptor is dysfunctional, resulting in only 

a partial removal of the magnesium block, and therefore attenuating the molecular cascades 

that result in LTP.    

 

However, although NMDAR hypofunction and a corresponding reduction of 

synaptic plasticity have been well documented in schizophrenia patients and animal 

models, several studies have also paradoxically reported that schizophrenia is 

associated with glutamatergic hyperactivity (Moghaddam & Javitt, 2012). For 

example, glutamate levels in awake animals following administration of an NMDA 

antagonist at doses high enough to induce cognitive deficits were found to be elevated 
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in prefrontal regions rather than reduced, a finding that was inconsistent with the 

evidence from in vitro slice preparations or in anaesthetized animals (Jackson, 

Homayoun, & Moghaddam, 2004; Lorrain et al., 2003; Moghaddam, Adams, Verma, 

& Daly, 1997; Moghaddam & Adams, 1998). This is possible for two main reasons – 

first, NMDAR blockade appears to increase the presynaptic release of glutamate at 

some synapses, which then binds to non-NMDAR receptors such as the AMPA 

receptor (Moghaddam et al., 1997). Importantly, drugs that specifically block AMPA 

receptors attenuate the cognitive deficits observed following NMDA blockade 

without altering levels of extracellular glutamate, suggesting that an imbalance of 

glutamate transmission via different receptor types might be responsible for 

pathological outcomes rather than absolute glutamate levels per se (Moghaddam et 

al., 1997). Secondly, NMDA receptor hypofunction has also been shown to affect the 

delicate balance between excitatory and inhibitory neuronal transmission. For 

example, inhibition of NMDA receptors in the prefrontal cortex of awake rats initially 

decreases the activity of GABAergic interneurons, which then increases the firing of 

most pyramidal neurons at a delayed rate (Homayoun & Moghaddam, 2007). This net 

disinhibition of pyramidal neurons occurs because most interneurons have a lower 

discharge threshold than pyramidal neurons, and thus, in the presence of NMDA 

receptor antagonists, GABAergic interneurons are preferentially inhibited, 

paradoxically resulting in an increase of feed-forward excitation (Li, Clark, Lewis, & 

Wilson, 2002; Maccaferri & Dingledine, 2002; Moghaddam & Javitt, 2012). 

Regulation of excitatory-inhibitory connections is particularly important for 

hippocampal and neocortical networks, as these regions are susceptible to runaway 

feed-forward excitation and subsequent neurotoxicity. A schematic diagram of how 

an imbalance of excitation/inhibition may result in enhanced LTP and subsequent 

neurotoxicity is provided in Figure 1.3. 
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Figure 1.3  Schematic diagram of how dysfunctional NMDA receptors in schizophrenia may 

contribute to an imbalance of excitatory/inhibitory transmission. In the balanced example, the 

membrane of the GABAergic neuron (top, in purple) is more polarized than the membrane of 

the glutamatergic neuron (below, pink). LTP signaling cascades are therefore initiated in the 

GABAergic neuron first, causing the activity of this neuron to increase. This causes more 

GABA (-) to be released, which binds to receptors on the post-synaptic glutamatergic neuron 

and subsequently inhibits firing, thereby preventing run away-excitation. In the unbalanced 

schizophrenia example (SZ), dysfunctional NMDA receptors on the GABAergic neuron 

attenuate LTP, resulting in decreased GABA release into the synaptic cleft. As a result, the 

glutamatergic neuron does not receive inhibitory regulation, and subsequent run-away 

excitation may cause excessive LTP and potential neurotoxicity. Eventually, neurotoxic 

synapses may be flagged for apoptosis. 

 

In addition to potential neurotoxic effects, tonic hyperactivity of 

glutamatergic transmission may also contribute to increased noise within the network, 

thereby reducing the ability to selectively process relevant information and ignore 

irrelevant noise (Moghaddam & Javitt, 2012). Indirect evidence of widespread tonic 

hyperactivity among schizophrenia patients has been observed in several functional 

magnetic resonance imaging (fMRI) studies, especially during so-called resting states 

when subjects are not engaged in specific cognitive tasks (Heckers, 2001). For 

example, despite diminished cognitive performance among patients, several studies 

indicate that network activity is similar for both patients and controls during task 

related epochs, but unlike control subjects, the relevant networks fail to disengage 
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among patients during non-task related epochs (Heckers, 2001). Hyperactivity has 

also been observed in the PFC of healthy subjects following the administration of 

NMDAR antagonists (Breier et al., 1997), as well as in single unit recordings in 

awake rodents, where importantly, spike discharges were not organized in bursts but 

occurred instead in an irregular pattern of spike activity (Jackson et al., 2004). This 

fundamental disorganization of spiking activity may have important consequences for 

perception, learning and memory, whereby tonic elevations of glutamate generate 

random spiking activity related to irrelevant or spurious stimuli, but coordinated 

potentiation of relevant stimuli remains low due to an absence of bursting patterns 

normally associated with LTP induction (Larson & Munkácsy, 2015).  

In addition to NMDAR disturbances, several studies have demonstrated that 

other forms of GABAergic signaling are also abnormal among schizophrenia patients 

and animal models (Gonzalez-Burgos, Cho, & Lewis, 2015; Lisman, 2012). These 

include reduced levels of glutamate decarboxylase 67 (GAD67) mRNA, a key 

enzyme involved in GABA biosynthesis (Akbarian & Huang, 2006; Dickerson et al., 

2014), and the altered expression of PV+ cells (Coyle, 2004; Nakazawa et al., 2012), 

a subclass of interneurons that preferentially target the soma and proximal dendrites 

of pyramidal neurons, and which are known to play a critical role in the temporal 

coordination of spiking activity (Wulff et al., 2009). A delayed excitatory to 

inhibitory switch of GABAergic transmission during early post-natal development 

following an MIA intervention has also been observed (Corradini et al., 2018). 

Furthermore, although it remains unclear whether NMDA hypofunction and other 

GABAergic disturbances arise independently (Coyle, 2004), one study has 

demonstrated that the selective deletion of NMDA receptors from predominantly PV+ 

interneurons during early development triggers several molecular, physiological and 

behavioral phenotypes reminiscent of schizophrenia in a mouse model, including 

spatial working memory impairments, social withdrawal and reduced pre-pulse 

inhibition (Belforte et al., 2010). Importantly, animals that received the same 

manipulation post-adolescence did not show the same abnormalities, indicating that 

the refinement of excitatory-inhibitory circuitry during early development is critical 

(Nakazawa et al., 2012). However, behavioral abnormalities only became apparent 

during adolescence, they were exacerbated if the animals were exposed to stress, and 

they improved following administration of the antipsychotic risperidone, clearly 

mirroring the pathological trajectory of schizophrenia (Belforte et al., 2010). Taken 



26 

 

together, these studies clearly suggest that glutamatergic dysfunction in schizophrenia 

is intimately coupled to GABAergic function, and that early developmental events 

that disrupt the refinement of excitatory-inhibitory networks can exert profound but 

often subtle effects that manifest years after the initial insult. 

 

1.4.2.3 The disconnection hypothesis  

The disconnection hypothesis argues that the core symptoms of 

schizophrenia proceed from the functional disintegration of specialized systems 

within the brain, including both the intrinsic connections within a local cell assembly, 

and long-range connectivity between distinct brain regions (Friston, 1998). According 

to this hypothesis, such disintegration is caused by reduction of synaptic efficacy 

rather than anatomical disconnections, and it may be further exacerbated by excessive 

synaptic pruning during adolescence (Friston, Brown, Siemerkus, & Stephan, 2016; 

Friston, 1998). Evidence for this hypothesis comes primarily from both functional and 

structural imaging studies demonstrating that long-range connectivity is abnormal 

among subjects diagnosed with schizophrenia when compared to healthy control 

subjects, and that abnormal connectivity patterns often correlate with symptom 

severity (Friston et al., 2016; Friston, 1998; Pettersson-Yeo et al., 2011). This 

includes both hyper- and hypo- connectivity (Fornito & Bullmore, 2015), although a 

recent meta-analysis has demonstrated that hypo-connectivity is a more prominent 

feature of the disorder (Pettersson-Yeo et al., 2011). Abnormal connectivity appears 

to be most prevalent within frontal regions, although prominent disruptions with 

temporal and sub-cortical regions have also been observed (Friston et al., 2016; 

Pettersson-Yeo et al., 2011), including hippocampal dysconnectivity in a 

neurodevelopmental model of the disorder that only manifests as schizophrenia-like 

behaviors after adolescence (Lipska & Weinberger, 2002).  

According to the disconnection hypothesis, the symptoms of schizophrenia 

reflect a fundamental imprecision of predictive coding that can be explained by 

aberrant gain control at the level of synapses (Friston et al., 2016). This failure to 

modulate gain control appropriately is thought to result in the propagation of circular 

inferences, in which the line between top-down, internally generated beliefs and 

bottom up, sensory information is continuously distorted (Jardri & Denève, 2013). At 

a physiological level, the precise modulation of synaptic gain control requires a 
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delicate excitatory/inhibitory balance, as well as the precise timing of synchronized 

network activity. In line with this, several cognitive and behavioral tasks associated 

with prefrontal and hippocampal regions require the precise spike timing of pyramidal 

neurons in relation to rhythmic oscillations of the local field potential (LFP), a 

phenomenon that is critically controlled by a complex network of GABAergic 

interneurons (Başar, Başar-Eroglu, Karakaş, & Schürmann, 2001; Buzsaki, 2006; 

Buzsáki, Geisler, Henze, & Wang, 2004; Mann & Paulsen, 2007). Disruptions to this 

finely-tuned network may result in aberrant neural synchrony both within and 

between regional cell assemblies, as well as deficient spike time dependent plasticity 

(STDP), a phenomenon whereby synaptic potentiation or depression depends on the 

millisecond precision of neuronal discharge (Bi & Poo, 1998). In support of this 

association between inhibitory regulation and functional connectivity, studies using 

different animal models of schizophrenia risk have independently demonstrated 

reductions of PV+ interneuron activity in hippocampal regions, and in both cases, 

these reductions were accompanied by aberrant neural synchrony between the 

hippocampus and medial prefrontal cortex (mPFC; Dickerson et al., 2014; Lodge, 

Behrens, & Grace, 2009).  

Furthermore, the temporal coordination of neuronal networks is thought to 

depend on synchronized oscillatory activity that is organized into distinct frequency 

bands. Disruptions of neuronal synchronization across several frequency bands have 

often been observed in schizophrenia, including beta (~12-30 Hz), gamma (~30-90 

Hz, and theta (~2-10 Hz) band activity (Colgin, 2016; Uhlhaas & Singer, 2010; 

Williams & Boksa, 2010). For example, in a recent study that compared 

schizophrenia patients with healthy control subjects, schizophrenia patients 

demonstrated a reduction in theta power and diminished theta phase coupling between 

the mPFC and the medial temporal lobe, and this was correlated with both memory 

performance and abnormal GABAA receptor expression in the schizophrenia group 

(Adams et al., 2020). Similar findings have been observed in animal models of the 

disorder, suggesting that the theta rhythm in particular may be important for long-

range functional connectivity between the prefrontal cortex and the hippocampus, and 

by extension, cognitive tasks that require memory or executive function (Dickerson, 

Wolff, & Bilkey, 2010; Sigurdsson et al., 2010). Interestingly, another study using a 

neurodevelopmental model of schizophrenia has also demonstrated that targeted 

cognitive training during adolescence can normalize theta synchronicity within 
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hippocampal regions, and this normalization coincided with the prevention of 

cognitive deficits that typically emerge post-adolescence (Lee et al., 2012). This 

suggests that targeting plasticity mechanisms during critical developmental periods is 

a viable strategy for improving functional connectivity in schizophrenia. 

Finally, although the evidence for functional dysconnectivity in 

schizophrenia is focused on frontal and temporal regions, emerging evidence suggests 

that dysregulated excitatory-inhibitory networks are also likely to compromise the 

integrity of hippocampal projections to other subcortical areas such as the LS, the 

striatum and the ventral tegmental area (Lansink et al., 2009; Luo et al., 2011; Tingley 

& Buzsáki, 2018). These latter regions are important for dopaminergic modulation, 

and disruptions to the coordinated spiking activity of glutamatergic pyramidal 

neurons upstream is likely to exert important effects on subcortical dopaminergic 

activity. In turn, striatal dopaminergic concentrations have been shown to be strongly 

influence the synchronization of GABAergic micro-circuits in a computational model, 

suggesting that dopamine might have a wider modulatory role in the maintenance of 

functional connectivity (Humphries, Wood, & Gurney, 2009). Rather than being 

viewed as an alternative theory therefore, the disconnection hypothesis is largely 

consistent with the other major hypotheses of schizophrenia pathology, providing a 

theoretical framework for how synaptic dysfunction at the cellular level manifests as 

functional disconnection at the network level. A summary of these three main 

hypotheses, and how they interact with each other, is presented in Figure 1.4. 
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Figure 1.4  Summary of the three main hypotheses of schizophrenia pathophysiology. At the 

most fundamental level, dysfunction at the site of NMDA receptors on both glutamatergic 

(Glu) and GABAergic cell bodies results in an imbalance of excitatory/inhibitory 

transmission in several brain regions, including the hippocampus (HPC). GABAergic 

dysregulation in particular is thought to contribute to dopaminergic hyperfunction in 

subcortical regions, which may be further exacerbated by dopaminergic hypofunction in the 

frontal cortices. Imbalanced excitatory/inhibitory networks could also affect synaptic 

plasticity and the transformation of neural codes between interconnected regions. Over time, 

these disturbances may result in increased dysconnectivity, both within local networks, and 

across long-range connections between regions (solid black lines in the “normal” schematic, 

broken lines in the schizophrenia schematic). Together, these pathophysiological mechanisms 

are thought to contribute to the heterogeneous constellation of symptoms that occur in 

schizophrenia. 

 

1.5 Hippocampal dysfunction in schizophrenia 

As noted above, there is a large body of evidence indicating that the 

pathophysiological mechanisms of schizophrenia are not regionally specific, but 

instead encompass a heterogeneous range of cellular and network disturbances that 

are widespread throughout the entire brain. Nevertheless, several of the structural, 

neurochemical and functional abnormalities observed in schizophrenia converge on 

the hippocampus, and hippocampal pathophysiology has thus been proposed to 

underlie at least some of the prominent features of the disorder (Harrison, 2004; 

Heckers, 2001; Heckers & Konradi, 2002). A number of these abnormalities have 

already been outlined, such as decreases in neural density, disturbed cytoarchitecture 

and synapse expression, altered GABAergic signaling, and aberrant network 
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synchrony (Harrison, 2004; Heckers, 2001). Functional disturbances in hippocampal 

regions have also been observed during fMRI, and such disturbances are often 

correlated with impaired performance on tasks thought to require hippocampal 

processing, such as episodic and spatial memory paradigms (Harrison, 2004; Heckers, 

2001). Hippocampal abnormalities are also known to occur in both prodromal and 

first episode non-medicated patients, as well as first-degree relatives, and are 

therefore unlikely to be secondary to the illness or a result of medication (Boos et al., 

2007). These effects do not appear to be a result of neurodegenerative pathology, as 

longitudinal studies show no progressive degeneration in hippocampal tissue from 

diagnosis onwards, suggesting that they are stable features of the disorder (Harrison, 

2004). A detailed overview of how hippocampal dysfunction may contribute to 

cognitive disturbances will therefore be outlined in the following sections.   

 

1.6 The role of the hippocampus in learning and memory 

1.6.1 Hippocampal anatomy 

The hippocampal formation is a complex structure that is embedded 

bilaterally within the medial temporal lobe and forms part of the limbic system. The 

entire hippocampal formation comprises the hippocampus proper, the dentate gyrus 

(DG), the entorhinal cortex (EC), and the subicular complex. The hippocampus 

proper, also known as Ammon’s horn or Cornu Ammonis, is further subdivided into 

three anatomically and physiologically distinct regions, referred to as CA1, CA2 and 

CA3. Compared to other neural systems, the hippocampus proper has a unique 

cytoarchitecture, with cell bodies that are organized in a single layer, laminar inputs, 

and a flow of information that is predominantly unidirectional (Andersen et al., 2006). 

The majority of information thus enters the hippocampal formation via the EC, then 

travels through the DG to CA3, CA2 and CA1 respectively, before exiting via the 

subiculum (Amaral & Lavenex, 2007). In addition to sensory information arriving via 

the EC, the hippocampus also receives afferents from medial septum (MS), as well as 

bidirectional connections with several regions involved in emotional processing, such 

as the amygdala and hypothalamus. Major downstream targets of the hippocampal 

formation include the LS, the diagonal band of Broca, the nucleus accumbens, the 

thalamus, the mammillary bodies, the prefrontal cortex, and the rostral brain stem 

(Amaral & Lavenex, 2007; Swanson & Cowan, 1977). 
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A simplified circuit of principal neural connections from the DG to CA3 and 

then CA1 is known as the trisynaptic circuit (Figure 1.5), and although the specific 

function of each area remains an open question, each step in this circuit is thought to 

play a crucial, incremental role in information processing. For example, the sparse 

connections and ongoing neurogenesis found in the DG make this region an ideal 

candidate for pattern separation (Leutgeb, Leutgeb, Moser, & Moser, 2007), whereby 

similar environmental cues can be parsed into distinct representations. In contrast, the 

auto-associative properties of the CA3 network suggest that CA3 may be critical for 

pattern completion processes, in which the gaps arising from fragmentary 

environmental cues are filled in with previously acquired representations from earlier 

experience (Guzman, Schlögl, Frotscher, & Jonas, 2016). Finally, these highly 

processed representations are then cross-checked in CA1 with sensory information 

arriving directly via the EC (Bittner et al., 2015), and the final output is then sent off 

to downstream regions that encode for emotional valence, action planning and 

motivational drive. Numerous studies have provided empirical support for this general 

scheme (Lee, Rao, & Knierim, 2004). A schematic of the major input and output 

routes through the hippocampus is provided in Figure 1.5. 

 

 

Figure 1.5  The flow of information through the hippocampal circuit. Information 

predominantly enters the trisynaptic circuit (in purple) from layer 2 of the EC, where it then 

proceeds first to the DG, and then CA3 and CA1 respectively. The EC also sends a smaller 

direct input to CA1 (in yellow). In turn, CA1 projects out to several regions, with the majority 

of CA1 axons targeting the LS. The hippocampus also has bidirectional connections with the 

medial septum, which acts as a “pacemaker” of local field potentials that oscillate at the theta 
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frequency. Inputs from the medial septum are predominantly cholinergic or GABAergic (pink 

dotted line). DBB = Diagonal band of Broca. 

 

1.6.2 Hippocampal function  

1.6.2.1 Episodic memory 

In humans, the hippocampus has predominantly been associated with 

memory since 1953, when a patient named Henry Molaison (HM) suffered severe 

amnesia following a bilateral temporal lobotomy as a treatment for his epilepsy 

(Scoville & Milner, 1957). HM’s amnesia was characterized by both anterograde and 

retrograde impairments, although distant childhood memories and procedural memory 

were largely spared, suggesting that the hippocampus is primarily involved in the 

initial encoding and temporary storage of declarative memory (Squire, 2009). 

Declarative memory is explicit memory for facts and events, and it therefore differs 

from implicit memory in that the subject is consciously aware of the memory trace. It 

comprises both episodic memory (events that the subject has personally experienced), 

and semantic memory (the ability to retain factual information). However, subsequent 

studies of amnesic individuals with early hippocampal damage indicated that 

semantic memory was largely preserved, suggesting that only episodic memory 

encoding was critically dependent on hippocampal integrity (Vargha-Khadem et al., 

1997).  

Since these initial observations, numerous studies have confirmed that the 

hippocampus is critical for the encoding and consolidation of episodic memory traces. 

This includes both autobiographical memory, a form of episodic memory that is 

particularly rich in contextual and emotional details, and imagination, which has been 

conceptualized as episodic “memory” that looks forward toward the future, thereby 

allowing for the simulation of prospective episodes based on prior experience 

(Schacter, Addis, & Szpunar, 2017). In support of this, when individuals with 

hippocampal damage are asked to construct an imagined experience, their responses 

lack vivid contextual details, consisting instead of fragmented images that are not 

anchored to a coherent spatial scaffolding (Hassabis, Kumaran, Vann, & Maguire, 

2007). 

One defining characteristic of episodic memory that differentiates it from 

semantic memory is that the former is anchored to a spatio-temporal context (Tulving, 
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1993). Thus, episodic memory typically includes details about where an event took 

place, and how the discrete components that comprise such events are ordered 

chronologically within the event space. It has thus been argued that the complex 

biological mechanisms supporting episodic memory have most likely evolved from 

more simple mechanisms supporting navigation though the physical world (Buzsáki 

& Moser, 2013). In support of this hypothesis, the hippocampus appears to encode 

allocentric spatial coordinates as an animal move through physical space (O'Keefe & 

Dostrovsky, 1971). Spatial cognition has also been linked to non-spatial memory 

performance across a number of experimental paradigms in both animals and humans 

(Eichenbaum, 2017b; Eichenbaum et al., 1999; Smith & Mizumori, 2006). For 

example, the encoding of contextual or environmental cues has been shown to aide 

memory retrieval, and information acquired in one particular context appears to be 

more readily accessible if recall occurs within that same context (Godden & 

Baddeley, 1975). Recently, single cell recordings from humans have provided more 

direct evidence to support this view, demonstrating that the successful recall of 

episodic memory is correlated with the activity of spatially selective cells during a 

virtual reality memory game (Miller et al., 2013). The hippocampus also plays an 

important role in temporal processing (Meck, Church, & Matell, 2013) including 

temporal pattern separation (Jacobs, Allen, Nguyen, & Fortin, 2013) and sequence 

generation (Buzsáki & Tingley, 2018). Taken together, these studies provide 

compelling evidence that the hippocampus is involved in both spatial and temporal 

cognition, thereby providing the neural scaffolding for episodic memory construction 

(Eichenbaum, 2014). 

 

1.6.2.2 Place cells and the cognitive map. 

The first seminal finding linking the hippocampus to spatial cognition was 

the discovery of “place cells.” In these initial experiments, single cell recordings 

targeted towards dorsal CA1 in rats demonstrated that there is a population of 

pyramidal cells that fire bursts of complex spikes when an animal is in a particular 

spatial location, later known as the cell’s place field (O'Keefe, 1976; O'Keefe & 

Dostrovsky, 1971). Initially, these cells did not appear to be sensitive to either the 

rat’s direction of movement, nor to simple sensory or incentive manipulations, such as 

turning off the lights or changing rewards, suggesting that the primary function of 
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place cells was to provide an allocentric representation of spatial coordinates that 

remains stable over time (O'Keefe, 1976). Subsequent studies revealed that 

neighboring cells were active in different place fields, and that together, these fields 

covered all areas of the animal’s local environment. Furthermore, although an 

individual cell might be active across different environments, the pattern of network 

firing was always different, suggesting that a relatively small number of cells was 

sufficient to represent a large number of complex spatial configurations as the animal 

moves from one environment to the next (Kubie & Muller, 1991; O'Keefe & Conway, 

1978). Due to these properties, it was thus hypothesized that hippocampal place cells 

function primarily as a “cognitive map,” providing “an objective spatial framework 

within which the items and events of an organism’s experience are located and 

interrelated” (O'keefe & Nadel, 1978). According to this theory, the cognitive map 

not only guides spatial navigation, but it also provides the neural scaffolding required 

for contextual memory processing, and it can be flexibly updated or modified 

depending on the animal’s current environmental context.  

Numerous studies have provided general support for this hypothesis (Smith 

& Mizumori, 2006). For example, spatially tuned cells have frequently been observed 

throughout the entire hippocampal formation, including the canonical place found in 

CA1 and CA3 (O'Keefe, 1976; O'Keefe & Dostrovsky, 1971), smaller and more 

spatially dispersed fields in the DG and subiculum (Muller et al., 1991; Sharp & 

Green, 1994), as well as grid cells in the EC, where spatial firing is not restricted to a 

single place field but follows a geometrical, grid-like pattern across the entire 

environment (Hafting et al., 2005). Hippocampal lesions in rodents also impair 

performance on a variety of navigation tasks, (Morris, Garrud, Rawlins, & O'Keefe, 

1982; Olton, Walker, & Gage, 1978; Sutherland, Whishaw, & Kolb, 1983), and more 

subtle disruptions, such as transient blockade of NMDA receptors, or genetic 

knockouts that interfere with intra-cellular signaling cascades, have also been 

associated with spatial memory disruptions (Dupret, O'neill, Pleydell-Bouverie, & 

Csicsvari, 2010). In addition to rodents, place cells have been observed in bats 

(Ulanovsky & Moss, 2011) and primates, although place cells in the latter are 

responsive to spatial information that is currently observed by the animal, rather than 

the space the animal is physically located in (Rolls, 1999). Evidence of spatially tuned 

cells has also been found in humans (Ekstrom et al., 2003; Miller et al., 2013), and 

human performance on navigational tasks has been associated with hippocampal 
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integrity and activation, particularly on the right side (Bohbot et al., 1998; Maguire, 

Frackowiak, & Frith, 1997; Maguire et al., 2000). Examples of place cells, grid cells, 

and place field remapping is provided in Figure 1.6. 

 

Figure 1.6  Spatially tuned cells and remapping. (A) Example plots of grid cells in the EC 

and place cells in the hippocampus. Top plots show the animal’s path through an open field 

(black lines), with spiking activity shown in red. Bottom plots show firing rate heat maps of 

the same cells, with lowest spiking areas shown in blue and highest shown in red. (B) An 

example of place field remapping following a change in contextual cues (either white or black 

walls for the testing apparatus). Both images are taken from Moser, Rowland, and Moser 

(2015), but (B) was originally published in Bostock, Muller, and Kubie (1991). 

 

Additional support for the cognitive map hypothesis came from the 

demonstration that place cells can remain stable over long periods of time (O'Keefe, 

1976; Thompson & Best, 1990), and that place fields will rapidly remap following 
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exposure to novel environments (Bostock et al., 1991; Muller & Kubie, 1987). 

Specifically, place fields were shown to remap more readily in response to altered 

distal cues than proximal sensory cues (O'Keefe & Speakman, 1987), and their size 

appeared to either expand or contract relative to changes in the size of geometric 

boundaries (Muller & Kubie, 1987). Initially, these findings suggested that place cells 

preferentially encoded for abstract spatial orientations, and that their spatial firing 

properties were predominantly defined by the geometric boundaries of the 

experimental apparatus at the expense of local sensory information (Muller & Kubie, 

1987; O'keefe & Nadel, 1978).  

Subsequent studies however demonstrated that place cells were also 

responsive to more proximal alterations, such as salient local landmarks (Knierim, 

2002; Knierim & Rao, 2003; Shapiro, Tanila, & Eichenbaum, 1997). Remapping has 

also been observed following non spatial perturbations, including current illumination 

levels (Markus et al., 1994), odor and trial type (Wood, Dudchenko, & Eichenbaum, 

1999), and tactile cues (Gener, Perez‐Mendez, & Sanchez‐Vives, 2013). In fact, a 

growing body of evidence indicates that place cells do not simply represent 

allocentric spatial coordinates, but instead, they are acutely sensitive to the salient 

details that define an animal’s ongoing subjective experience (Eichenbaum et al., 

1999; Moser et al., 2015). For example, place cells regularly develop directionality 

along stereotyped trajectories, including within an open field if the animal has learnt 

to run along a specific path (Markus et al., 1995; Navratilova et al., 2012). Place cells 

are also sensitive to the animal’s prior experience with the testing procedure (Leutgeb 

et al., 2005), as well as to the presence of an aversive stimulus (Moita et al., 2004; 

Okada, Igata, Sasaki, & Ikegaya, 2017). Similarly, place cells are overrepresented in 

goal locations (Gauthier & Tank, 2018; Hok et al., 2007; Hollup et al., 2001), and 

their firing patterns are sensitive to the presence of rewards, including the 

development of asymmetrical skew and a shifted center of mass relative to reward 

sites following experience, (Lee et al., 2006; Wirtshafter & Wilson, 2020). Taken 

together, these studies clearly demonstrate that place fields are not shaped solely by 

external spatial coordinates, but instead, their formation depends on a dynamic and 

adaptive interplay between objective space and the animal’s individual, subjective 

experience.  

A growing number of reports have thus begun to challenge the assumption 

that place cells primarily encode for objective spatial coordinates, arguing instead that 
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the appearance of spatially tuned cells is a secondary by-product of a more 

fundamental coding strategy (Buzsáki & Tingley, 2018; Eichenbaum, 2017a). One 

proposal is that “place cells” function primarily as a conjunctive encoding 

mechanism, providing a framework for discrete cues to be inter-related (Eichenbaum, 

2017b; Jeffery, Gilbert, Burton, & Strudwick, 2003). This view is supported by the 

finding that CA1 place cells are not only less spatially selective than CA3 place cells, 

but also less stable than spatially tuned cells in the DG, indicating that spatial 

information is not progressively refined and stabilized as it moves through the 

trisynaptic circuit (Barnes et al., 1990; Hainmueller & Bartos, 2018). The end goal of 

spatial processing through the hippocampal circuit therefore appears to prioritize the 

rapid encoding and flexible storage of new associations rather than absolute spatial 

fidelity. In line with this, CA1 place cells have been shown to readily remap 

following contextual manipulations, but such remapping did not impair navigational 

performance, suggesting that spatial memory can be dissociated from the activity of 

specific place cells (Jeffery et al., 2003). Furthermore, although hippocampal integrity 

has been associated with spatial memory deficits in humans, such deficits tend to 

emerge predominantly during tasks that require flexible navigation strategies 

(Etchamendy et al., 2012; Maguire, Nannery, & Spiers, 2006), again indicating that 

hippocampal processing is more concerned with the flexible reorganization of spatial 

cues, and the emergence of novel relations between previously unrelated constituents, 

rather than absolute spatial memory. 

 

1.6.2.3 The hippocampus as a sequence generator 

More recently, an even more radical reinterpretation of place cell activity has 

been espoused, in which the primary function of the hippocampus is to generate the 

sequential ordering of environmental cues and events as they occur across time 

(Buzsáki & Tingley, 2018). In this view, the apparent spatial tuning of place cells is 

illusionary, instead reflecting the passage of time as an animal moves through a given 

environment. Support for this hypothesis initially came from a study where rats were 

trained to run on a stationary wheel for a fixed amount of time. “Place cells” 

continued to reliably fire during specific time periods throughout the task, clearly 

indicating these cells were more responsive to the temporal component of the rat’s 

subjective experience than external spatial coordinates (Pastalkova, Itskov, 
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Amarasingham, & Buzsáki, 2008). Several other studies have since confirmed the 

existence of so-called “episode” or “time” cells (Gill, Mizumori, & Smith, 2011; 

Kraus et al., 2013; MacDonald, Lepage, Eden, & Eichenbaum, 2011), and it has been 

suggested that place cells may flexibly respond to salient aspects of either time or 

space, depending on the animal’s current situation and goals (Eichenbaum, 2014). 

Taken together, these studies suggest that the fundamental function of place cell 

activity is to encode the sequential relationships between salient stimuli during 

experience so that such experiences can be stored and recalled in the correct 

sequential order for future use (Buzsáki & Tingley, 2018). 

 

1.6.3 The biophysical mechanisms of memory processing and sequence 

generation in the CA1 region 

Although the distinct regions of the hippocampal formation are all thought to 

contribute to memory encoding and storage in some capacity, the CA1 region has 

been identified as particularly important for more complex forms of episodic memory, 

such as autobiographical memory and prospective memory (Bartsch et al., 2011). In 

humans for example, specific lesions of the CA1 area have been shown to be 

associated with a diminished ability to retrieve and re-experience autobiographical 

memories (Bartsch et al., 2011), and a recent fMRI study has provided evidence that 

CA1 is preferentially involved in processing the contextual component of episodic 

memory (Dimsdale-Zucker et al., 2018). Animal models have also demonstrated that 

the CA1 region in particular may be critical for the sequential component of episodic 

memory formation, as lesions to the CA1 region (and to a lesser extent in CA3) have 

been shown to impair memory recall of a previously learned temporal sequence task, 

although no such impairment was observed when rats performed an non-episodic 

version of the same task (Hunsaker, Lee, & Kesner, 2008). Similarly, while CA3 

lesions have been shown to preferentially disrupt spatial pattern separations processes, 

CA1 lesions are more likely to disrupt temporal pattern separation processes (Lee, 

Jerman, & Kesner, 2005), suggesting that the CA1 region may be critical for the 

temporal sequencing component of episodic memory.  
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1.6.3.1 Cellular properties of the CA1 region 

In rats, the CA1 region is an elongated, c-shaped structure organized on a 

longitudinal axis from dorsal to ventral sub-regions. Dorsal regions of CA1 have 

predominantly been associated with spatial memory and navigation, whereas ventral 

regions appear to play an important role in emotional cognition (Strange, Witter, Lein, 

& Moser, 2014). Principal excitatory neurons are known as pyramidal neurons due to 

the characteristic shape of their soma, which are densely packed along the pyramidal 

cell layer. Unlike principal cells in CA3, CA1 pyramidal cells generally do not share 

reciprocal connections, and therefore lack the auto-associative properties of the CA3 

region (Amaral & Lavenex, 2007). CA1 pyramidal cells are also generally smaller 

than CA3 pyramidal cells, and they are organized in a more homogenous fashion, 

with basal dendrites that extend into the stratum oriens, and apical dendrites that 

extend through both the stratum radiatum and the stratum lacunosum-moleculare. The 

Shaffer collaterals from CA3 terminate predominantly on synapses located in the 

stratum radiatum, whereas the smaller, direct innervation from the EC, known as 

temperoammonic projection, targets synapses in the stratum lacunosum moleculare. 

The large pyramidal cell population is also regulated by a much smaller population of 

interneurons, comprising of several distinct classes. These include perisomatic basket 

cells that express PV+, and somatostatin (SOM) expressing interneurons that target 

distal dendritic regions, such as oriens lacunosum-moleculare (O-LM) cells (Amaral 

& Lavenex, 2007). A schematic diagram of a CA1 pyramidal cells is presented in 

Figure 1.7. 
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Figure 1.7  Schematic diagram depicting the organization of pyramidal cell layers in the CA1 

region. The soma of pyramidal cells (red triangles) are densely packed into the stratum 

pyramidale, with basal dendritic branches extending into the stratum oriens, and apical 

dendrites extending through the stratums radiatum and lacunosum moleculare. Memory traces 

are thought to arrive via the Schaffer collaterals originating in CA3 (purple), and this input 

predominantly targets dendrites located in the stratum radiatum. This information is then 

cross-referenced with sensory information arriving from the EC (yellow), which 

predominantly targets dendrites in the stratum lacunosum moleculare. Axons (aquamarine, at 

top) then send information to a number of output regions. The balance of synaptic activity 

throughout these regions, together with local GABAergic inhibition, and both cholinergic 

(indigo, dashed lines) and long-range GABAergic inputs (dotted lines) arriving from the 
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medial septum – diagonal band of Broca (MSDB) are thought to regulate the rhythmic 

oscillation of local field potentials at theta frequencies.  

 

1.6.3.2 Local field potentials and oscillatory activity 

In addition to the spiking activity of individual neurons, complex cognitive 

operations require the activity of coordinated network assemblies. In the 

hippocampus, and especially in area CA1 where densely packed pyramidal cell bodies 

and dendrites are arranged in parallel, the unidirectional flow of synaptic currents 

provides a large amplitude signal that can readily be summed, known as the local field 

potential (LFP). As mentioned earlier, this LFP signal is organized into periodic 

fluctuations that occur at several specific frequencies, including the low frequency, 

sinusoidal waves of the theta band (~4-12 Hz), high frequency gamma oscillations 

(~25-100 Hz), and sharp wave-ripples (~110-250 Hz ripples superimposed on low 

frequency ~0.01-3 Hz sharp waves). Oscillatory activity within these different 

frequency bands generally occurs during specific behaviors. For example, oscillations 

in both the theta and gamma bands typically emerge during periods of locomotion, 

and they frequently co-occur, with faster gamma oscillations nested within the slower 

theta rhythm (Colgin, 2016). As a result, the theta/gamma neural code has been 

associated with active exploration on an environment, and it thought to support the 

initial encoding and subsequent retrieval of relevant memory engrams during such 

periods (Lisman & Jensen, 2013). In contrast, sharp wave-ripples are generally 

observed during slow-wave sleep or awake immobility, and they have thus been 

associated with off-line memory consolidation processes during periods of rest 

(Buzsaki, 1998; Buzsáki, 2015).  

 

1.6.3.3 The theta rhythm 

In rodents, the theta rhythm is generally observed during epochs of 

locomotion (Vanderwolf, 1969), although it is also known to occur during rearing 

(Whishaw & Vanderwolf, 1973), preparation for movement (Foster, Castro, & 

McNaughton, 1989), as well as during rapid eye movement (REM) sleep (Robinson, 

Kramis, & Vanderwolf, 1977; Winson, 1974). The theta rhythm has also been 

observed in rabbits, cats and primates (Green & Arduini, 1954), as well as in humans 

(Ekstrom et al., 2005), although in humans it occurs at a slightly lower frequency (~1-
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4 HZ; Jacobs, 2014; Lega, Jacobs, & Kahana, 2012; Watrous, Lee, et al., 2013). The 

first clues that the theta rhythm may be important for memory emerged during the 

1970s with several studies providing evidence that the amount of theta activity 

present in electroencephalogram (EEG) recordings was positively correlated with 

memory retrieval in rats (Landfield, McGaugh, & Tusa, 1972), as well as predicting 

learning rates in rabbits (Berry & Thompson, 1978). More direct evidence that theta 

promotes memory performance was obtained from studies that abolished hippocampal 

theta via septal lesions. In these studies, rats who received lesions post-training could 

no longer navigate to a previously learned goal location, although they could 

recognize the goal location if they came upon it by chance (Winson, 1974). Transient 

blockade of the theta rhythm immediately before either learning or subsequent testing 

has also been shown to impair both spatial and non-spatial memory performance, but 

similar deficits were not observed when theta was temporarily abolished during the 

interim between learning and testing, indicating that the theta rhythm is more 

important for the initial encoding of subsequent retrieval of spatial information, but 

not for the maintenance of spatial memory over time (Mizumori et al., 1990).  

In addition to spatial memory performance, the theta rhythm has also been 

associated with successful decision making in a spatial navigation task (Belchior, 

Lopes‐dos‐Santos, Tort, & Ribeiro, 2014), and with evaluating the behavioral 

relevance of stimuli so that future responses can be modified accordingly (Macrides, 

Eichenbaum, & Forbes, 1982). Similar findings have been found in human subjects, 

including increases in hippocampal theta power during tasks that require episodic 

memory encoding (Guderian, Schott, Richardson-Klavehn, & Düzel, 2009; Kaplan et 

al., 2012; Lega et al., 2012; Watrous, Tandon, et al., 2013), spatial navigation 

(Cornwell et al., 2008), relational binding (Backus et al., 2016; Olsen et al., 2013; 

Staudigl & Hanslmayr, 2013), sequential planning (Kaplan et al., 2020), decision 

making (Guitart-Masip et al., 2013) and threat avoidance (Khemka, Barnes, Dolan, & 

Bach, 2017; Oehrn et al., 2015). Taken together, these findings clearly indicate that 

oscillatory activity in the theta range is important for episodic memory, and 

potentially for the organization of sequentially ordered information. 

Generation of the hippocampal theta rhythm is thought to depend on several 

factors, including the coordinated activity of excitatory activity within cell 

assemblies, inhibitory regulation, the targeted release of modulatory 

neurotransmitters, and intrinsic membrane oscillations (Drieu & Zugaro, 2019). In the 
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CA1 region specifically, theta generation involves the rhythmic excitation of 

pyramidal cells from both EC and CA3 efferents targeted to specific dendritic regions 

(Buzsáki & Vanderwolf, 1983; Kamondi, Acsády, Wang, & Buzsáki, 1998), as well 

as both rhythmic cholinergic inputs and feed-forward, GABAergic inhibition 

originating from the MSDB (Freund & Antal, 1988; Stewart & Fox, 1990). These 

inputs from the MSDB are thought to have an important pacemaker role, and lesions 

to these areas have been shown to abolish the hippocampal theta rhythm entirely 

(Bland & Bland, 1986; Rawlins, Feldon, & Gray, 1979). Local GABAergic inhibition 

is also critical for theta regulation (Goutagny, Jackson, & Williams, 2009; Kamondi et 

al., 1998), and one study has demonstrated that stimulation of a single CA1 

interneuron can synchronize the firing of pyramidal cell assemblies at theta 

frequencies, indicating that interneurons can exert profound effects on network 

coordination (Cobb et al., 1995). In particular, PV+ interneurons that target the peri-

somatic regions of principal cells are likely to play an important role in this process 

(Amilhon et al., 2015; Stark et al., 2013). In support of this hypothesis, the genetic 

ablation of synaptic transmission onto PV+ interneurons has been shown to both 

strongly reduce theta modulated activity in behaving mice and prevent theta-gamma 

coupling (Wulff et al., 2009).  

 

1.6.3.4 Theta phase precession 

Theta phase precession is a form of temporal coding that was first observed 

in CA1 place cells as animals moved across a two-dimensional trajectory (O'Keefe & 

Recce, 1993; Skaggs, McNaughton, Wilson, & Barnes, 1996). Thus, in addition to the 

rate-modulated firing that defines canonical place fields, the firing phase of principal 

cells in relation to the LFP theta oscillation systematically changes from later to 

earlier phases on each successive theta cycle as an animal advances across a place 

field (Figure 1.8). This precession never exceeded a full 360⁰ across an entire place 

field (Maurer et al., 2006a; O'Keefe & Recce, 1993; Skaggs et al., 1996), and when 

data was limited to include only spikes occurring during a single trial, the range of 

precession has been shown to be even lower, typically around 180⁰ (Schmidt et al., 

2009). The circular-linear correlation between phase and distance travelled within the 

place field is also invariant to changes in speed (Geisler et al., 2007), and if speed is 

held constant, the slope of precession is inversely correlated with the size of the place 
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field, such that firing phase will precess at a faster rate across smaller place fields 

(Maurer et al., 2005). Due to these properties, phase precession provides additional 

spatial information over and above that of the conventional rate code, which is 

necessarily ambiguous in regards to the animal’s position as it either enters or exits 

the field, and which is heavily influenced by the animal’s speed. Phase precession 

thus allows for these ambiguities to be resolved, and several studies have confirmed 

that the hippocampal phase code is a more robust predictor of an animal’s current 

location than the rate code alone (Huxter, Burgess, & O'Keefe, 2003; Jensen & 

Lisman, 2000; Tingley & Buzsáki, 2018).  

 

 

Figure 1.8  Theta phase precession of hippocampal place cells. (A) Schematic of a canonical 

place field defined by firing rate. (B) Schematic of a place field defined instead by its phase 

code. Note that phase does not precess a full 360⁰, in line with experimental findings within a 

single trial, (Schmidt et al., 2009). (C) Diagram of spiking across several theta cycles, 

demonstrating phase advance. (D) Examples of pooled phase precession from pyramidal cells 

recordings in CA1. The x axis depicts the animal’s position along the track, and the y axis 
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depicts theta phase (shown across 2 cycles). Boxes below the plots mark the reward location 

on the track, and arrows mark corners. (E) An alternative portrayal of phase precession from 

the same study as (D), in which phase advance is shown in colored dots along the track. Each 

grey line represents one lap. Both (D) and (E) are taken from Skaggs et al. (1996). 

 

However, although phase precession improves spatial resolution along linear 

tracks, additional studies using open field paradigms have demonstrated that it is 

unlikely to encode an allocentric representation of space (Jeewajee et al., 2014). 

Instead, phase precession appears to code for the distance travelled through space in a 

specific direction (Huxter, Senior, Allen, & Csicsvari, 2008), and distinct phases have 

been shown to correlate best with the animal’s relative distance from the place field 

center (Jeewajee et al., 2014). Phase precession can also occur in reverse order during 

passive backwards travel (Cei et al., 2014), although when rats were trained to 

physically run backwards phase precession proceeds in the same direction as forwards 

travel, suggesting that reverse order phase precession only occurs when spatial cues 

are incongruent with self-ambulatory signals (Maurer et al., 2014). This suggests that 

phase precession provides a dynamic and highly flexible coding mechanism that 

integrates information about spatial position, direction, and distance travelled. 

Furthermore, recent studies have demonstrated that cells continue to precess 

even when the spatial dimension is held constant, indicating that phase precession 

may encode the temporal or sequential components of episodes more generally. For 

example, robust phase precession has been documented when rats ran on either a 

wheel or treadmill (Cei et al., 2014; Pastalkova et al., 2008; Royer et al., 2012), 

during virtual reality navigation (Aghajan et al., 2015; Chen et al., 2018; Ravassard et 

al., 2013), or when they jumped from a platform to avoid a shock (Lenck-Santini, 

Fenton, & Muller, 2008). Similarly, hippocampal phase precession has also been 

documented when animals are forced to wait at a decision point during an alternation 

task, suggesting that it may encode for internally generated states, such as goal 

motivation and planning for future behaviors (Takahashi, Nishida, David Redish, & 

Lauwereyns, 2014). 

Theta phase precession has been most extensively studied in rodent 

pyramidal cells located in CA1, although it has also been observed in CA1 

interneurons (Ego‐Stengel & Wilson, 2007; Maurer et al., 2006b), as well as in other 

brain regions both within and outside the hippocampal formation, including CA3 
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(O'Keefe & Recce, 1993), the DG (Skaggs et al., 1996), the EC (Hafting et al., 2008; 

Mizuseki, Sirota, Pastalkova, & Buzsáki, 2009), the ventral striatum (van der Meer & 

Redish, 2011), the medial PFC (Jones & Wilson, 2005) and the LS (Tingley & 

Buzsáki, 2018). Phase precession has also been observed without reference to 

rhythmic theta oscillations in bats, suggesting that it is adaptive to differences in LFP 

properties across species (Eliav et al., 2018; Ulanovsky & Moss, 2007). Recently, 

phase precession has also been confirmed in single cell recordings from human 

subjects performing a virtual reality navigation task (Qasim, Fried, & Jacobs, 2020). 

In this study, hippocampal phase precession was referenced to a slightly broader 

range of theta frequencies (~2-10Hz), in line with previous evidence that human theta 

typically oscillates around 4 Hz. This precession furthermore was shown to represent 

the progression of both spatial and non-spatial, goal-related events. For example, 

evidence of phase precession was observed in a population of hippocampal cells that 

did not display significant spatial tuning, and this phase precession appeared to be 

anchored to upcoming goal locations, providing additional evidence that phase 

precession in humans is likely to subserve episodic and prospective memory 

processes more generally (Qasim et al., 2020).  

 

1.6.3.5 Theta sequences 

While phase precession describes sequential spiking activity at the level of 

single cells, it also has important implications for sequential processing at the network 

level. Thus, when several cells with overlapping place fields are co-active, phase 

precession provides a mechanism for sequential order at behavioral timescales to be 

preserved and compressed within a single theta cycle (~120ms; Figure 1.9), a 

timescale that is suitable for the induction of synaptic plasticity (Bi & Poo, 1998; Dan 

& Poo, 2004; Skaggs et al., 1996). This network phenomenon, known as  a ‘theta 

sequence’ (Foster & Wilson, 2007), has thus garnered considerable interest as a viable 

mechanism of sequential memory encoding and storage (Dragoi & Buzsáki, 2006; 

Drieu & Zugaro, 2019; Jaramillo & Kempter, 2017; Skaggs et al., 1996).  
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Figure 1.9  Schematic diagram of theta sequences. When an animal is in a particular location 

along a track (top) there will be a number of place cells active, all with overlapping place 

fields (a-e; middle). Vertical black lines delineate the position of the animal in each of the 

place fields and the resultant phase of the theta cycle that the cell fires in. As a result, cells A-

E fire in an ordered sequence across a theta cycle where the order matches their relative 

spatial relationship (bottom). Note that the generation of this ordered sequence requires that 

the starting phase and the slope of precession are coherent across all cells A-E.   

 

Experimental verification of theta sequences can be demonstrated via 

positive correlations between the temporal order of spike pairs that occur within a 

single theta cycle and the behavioral order of their respective place fields (Foster & 

Wilson, 2007). Using this method, several studies have now confirmed that theta 

sequences rapidly emerge during active exploration of an environment (Feng, Silva, 

& Foster, 2015; Foster & Wilson, 2007).  

Theta sequences have been observed in a range of experimental conditions, 

including tasks that require goal-planning and decision making (Gupta, Van Der 

Meer, Touretzky, & Redish, 2012; Johnson & Redish, 2007; Wikenheiser & Redish, 

2015), as well as several paradigms that don’t include a spatial component. For 

example, theta sequences have been demonstrated during a task that requires the 

sequential integration of sound and odor cues (Terada, Sakurai, Nakahara, & 

Fujisawa, 2017), and they are also necessary for maintaining internally generated 

place fields when external spatial cues are held constant (Wang et al., 2015). This 

latter finding suggests that theta sequences are involved in the construction of mental 

maps, an important component of both episodic and prospective memory. In support 

of this, the developmental emergence of theta sequences recently been shown to 
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coincide with the maturation of hippocampal memory in rodents (Muessig et al., 

2019), providing compelling evidence that theta sequences may serve as a neural 

substrate for episodic memory traces. Importantly, recent studies have also 

demonstrated that theta sequences are associated with episodic memory and 

sequential planning in humans (Heusser, Poeppel, Ezzyat, & Davachi, 2016; Kaplan 

et al., 2020). 

Theta sequences are a promising mechanism for the encoding and storage of 

episodic memory traces because of two main properties. First, they provide a 

mechanism for the sequential ordering of information across time and space that is 

compressed within a neural-relevant timeframe, and second, this compression of 

sequential information across neuron-pairs is compatible with the biophysical 

constraints of synaptic plasticity. In classic Hebbian plasticity, learning occurs when 

there is a repeated coincidence of pre-and post-synaptic activity, resulting in a 

potentiated synaptic connection between two cells (Hebb, 2005). Potentiated cells will 

therefore fire more quickly and more often in response to relevant stimuli, thereby 

forming chains of synaptic activity that sweep ahead of the present moment, and 

which can be used to predict upcoming events based on prior experience (Jensen & 

Lisman, 1996; Lisman & Redish, 2009; Mehta, 2015; Skaggs et al., 1996; Tsodyks, 

Skaggs, Sejnowski, & McNaughton, 1996).  

In terms of place cells, upcoming locations can therefore be cued 

synaptically, such that more distant place fields should begin to fire much earlier than 

they would have prior to learning, when the animal was still reliant on external cues 

alone (Mehta, Barnes, & McNaughton, 1997; Mehta, Quirk, & Wilson, 2000). 

Evidence that theta sequences do in fact “sweep ahead” of the animal’s current 

position towards salient goal locations has been provided by several studies (Gupta et 

al., 2012; Johnson & Redish, 2007; Wikenheiser & Redish, 2015). Memory 

performance is also correlated with the presence of theta sequences, providing further 

support to hypothesis that theta sequences are important for learning (Lenck-Santini 

& Holmes, 2008; Robbe & Buzsáki, 2009; Wang et al., 2015). 

Theta sequences may be particularly important for bidirectional spike time 

dependent plasticity (STDP), a phenomenon by which synapses may be either 

potentiated or depressed depending on the temporal order of spiking (Dan & Poo, 

2004). For example, experimental evidence indicates that previously weak synapses 

will be potentiated if the post synaptic neuron fires within 20 ms after presynaptic 
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activation, but if this temporal order is reversed, the post-synaptic will instead be 

depressed (Bi & Poo, 1998). The compression of theta sequences therefore provides a 

flexible coding mechanism by which synaptic weights can be modified in a 

bidirectional manner. During initial learning for example, compressed sequences will 

be potentiated. However, previously learned trajectories may subsequently need to be 

‘unlearned’ if the goal location is moved or barriers are introduced, and new 

trajectories may need to be potentiated instead in their place. The “disorganization” of 

compressed sequences could fulfil this function, thereby providing a bidirectional 

mechanism that not only supports learning, but also allows for the flexible updating of 

new information over time.  

Although initial studies of hippocampal phase coding assumed that theta 

sequences should automatically emerge from the simultaneous phase precession of 

individual cells with overlapping place fields (Skaggs et al., 1996), experimental 

findings from several studies have challenged this assumption (Dragoi & Buzsáki, 

2006; Feng et al., 2015; Foster & Wilson, 2007; Itskov et al., 2008; Middleton & 

McHugh, 2016; Schmidt et al., 2009). According to these studies, phase precession 

appears to be a necessary, but not sufficient precursor to theta sequences. For 

example, one study has demonstrated that, although place cells demonstrate robust 

phase precession during the first lap of a new recording session, theta sequences are 

absent (Feng et al., 2015) This suggests that additional coordination of phase coding 

at the network level may be required for theta sequences to emerge. In support of this 

theory, Feng et al. (2015) found that the starting phase of precession as an animal 

enters a new place field was relatively incoherent at the network level during the first 

lap, but was rapidly synchronized over subsequent laps, suggesting that theta 

sequences require the coordination of phase precession properties across individual 

cells within an assembly. Taken together, these findings suggest that phase precession 

and theta sequences together provide a highly flexible coding mechanism that can be 

finely tuned at the level of both individual cells and across cellular networks. 

 

1.6.3.6 Theta/gamma cross coupling 

LFP oscillations at gamma frequencies are also present throughout the 

hippocampus, and they often co-occur with theta during epochs of locomotion, with 

the higher frequency gamma oscillations nested within the slower theta rhythm 



50 

 

(Colgin, 2016). Furthermore, gamma amplitude and phase are both known to be 

influenced by theta rhythms, with higher gamma amplitudes coupled to the peak of 

the theta oscillation (Belluscio et al., 2012; Csicsvari, Jamieson, Wise, & Buzsáki, 

2003). This phenomenon, known as cross-frequency coupling, is thought to play an 

important role in the successful encoding and retrieval of memory, and it has thus 

been hypothesized that nested gamma oscillations may play an important role in the 

temporal organization of spiking activity relative to theta (Lisman, 2005; Lisman & 

Buzsáki, 2008; Lisman & Jensen, 2013). Correlational support for this hypothesis has 

been demonstrated in a number of studies showing that gamma power, gamma 

coherence and theta/gamma cross-coupling are all increased during successful 

memory performance in rodents (Shirvalkar, Rapp, & Shapiro, 2010; Tort et al., 

2009), monkeys (Jutras, Fries, & Buffalo, 2009), and humans (Axmacher et al., 2010; 

Maris, van Vugt, & Kahana, 2011; Sederberg et al., 2006). 

Although the gamma rhythm has historically been conceptualized as a 

singular rhythm that encompasses a broad frequency range, recent reports suggest that 

gamma frequencies may be better conceptualized as two distinct frequency bands, 

with low gamma activity occurring at frequencies between 30 and 60 Hz, whereas 

high gamma occurs between 60 and 100 Hz (Colgin et al., 2009). These distinct bands 

are thought to have complementary functions in the hippocampus, and may allow for 

the integrated organization of internally and externally generated information arriving 

from different sources. Thus, high gamma activity frequently occurs around the peak 

of the theta oscillation, and is thought to play an important role in the encoding of 

sensory information arriving from the EC, while low gamma tends to occur during the 

descending phases of the theta oscillation, and has been predominantly associated 

with memory retrieval processes originating in CA3 (Colgin et al., 2009; Schomburg 

et al., 2014).  

Additional support for this dual coding system comes from studies 

demonstrating that CA1 low gamma predominantly co-occurs with theta sequences 

that sweep ahead of the animal’s current location, whereas high gamma appears to 

represent the animal’s current location in real time (Senior et al., 2008; Zheng, Bieri, 

Hsiao, & Colgin, 2016). Similarly, low gamma is more frequently coupled to late 

theta phases as animals enter a new place field, suggesting that it is preferentially 

involved in the prospective coding of future locations, whereas high gamma was 

associated with the retrospective encoding of recently visited locations (Bieri, 
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Bobbitt, & Colgin, 2014). Such studies provide compelling support for theoretical 

models suggesting that the encoding and retrieval mechanisms of memory are 

temporally segregated according to distinct theta phases, although it remains unclear 

whether low and high gamma typically co-occur during a single theta cycle, or 

whether separate theta cycles preferentially represent either future and present 

locations depending on the animal’s current situation and goals (Colgin et al., 2009; 

Zheng et al., 2016). Interestingly, high gamma power has been shown to be 

diminished following administration of a cholinergic antagonist known to selectively 

block memory encoding, resulting in a significant shift of gamma coupling to later 

phases of the theta cycle (Newman, Gillet, Climer, & Hasselmo, 2013). This suggests 

that disturbances of theta/gamma coupling could have important effects on how 

incoming information is interpreted in regards to source monitoring, potentially 

shifting the emphasis from externally generated sensory information to internally 

generated representations, and vice versa. 

Another interesting property of nested gamma oscillations is that each theta 

cycle provides room for approximately 4-8 gamma cycles. Because humans can 

typically hold only 7 ± 2 items in working memory at one time (Miller, 1956), it has 

therefore been hypothesized that nested gamma oscillations within a single theta cycle 

may provide the neural scaffolding required for how continuous information is parsed 

into meaningful “chunks” (Lisman & Idiart, 1995). The theta/gamma neural code may 

therefore function in a similar manner to words and sentences in language, with each 

gamma oscillation representing a single “word,” while the theta oscillation works to 

organize the sequential order of such “words” into meaningful sentences (Lisman & 

Buzsáki, 2008). Some evidence for this proposal has been provided by a study 

demonstrating that theta sequences not only represent the environment in segments 

divided by salient landmarks, but also that both the length of the theta cycle and the 

number of gamma cycles nested within it were positively correlated with longer path 

lengths (Gupta et al., 2012). This suggests that the number of nested gamma cycles 

may reflect the number of discrete information processing steps contained within 

larger segments of information, thereby setting limits on the information capacity of 

each unit. Furthermore, when network activity was recorded during momentary 

transitions between two previously learned environmental contexts, spiking across 

separate theta cycles flicked between the two environments, but activity within a 

single cycle was generally restricted to only one environment, suggesting that each 
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theta cycle represents a discrete unit of information (Jezek et al., 2011). Taken 

together, these findings suggest that co-occurring theta and gamma oscillations 

function as a neural syntax (Buzsáki, 2010), allowing the animal to discretize and 

order incoming information in an efficient and flexible manner. 

 

1.6.3.7 Sharp wave-ripples and replay 

In contrast to the regular sinusoidal patterns observed during the theta 

rhythm, sharp wave-ripples form an irregular pattern of large amplitude waves that 

are typically present during either slow wave sleep, or when animals are awake but 

immobile, such as eating, grooming, and other consummatory behaviors (Buzsáki, 

1986). Sharp wave-ripples are readily observed in hippocampal regions, and unlike 

other oscillatory rhythms, they are thought to originate within the hippocampus itself 

(Colgin, 2016). Sharp waves in CA1 are thought to originate from glutamatergic 

activity originating in CA3 (Buzsáki, 1986), while high frequency CA1 ripples are 

predominantly local events (Hirase, Czurkó, Mamiya, & Buzsáki, 1999), thought to 

emerge from the spiking activity of PV+ basket cells that target perisomatic regions of 

principal place cells (Schlingloff et al., 2014).  

Sharp wave-ripples are predominantly associated with the phenomenon of 

replay, whereby sequences of place field activity during active exploration are later 

reactivated during rest (Lee & Wilson, 2002; Pavlides & Winson, 1989; Wilson & 

McNaughton, 1994). Similar to theta sequences, the reactivation of sequential spiking 

activity that occurs during sharp wave-ripples (SPW-Rs) occurs at a timescale that is 

suitable for the induction of synaptic plasticity, although SPW-R replay may occur at 

faster rates, and can therefore code for even longer sequences (Davidson, 

Kloosterman, & Wilson, 2009). To date, replay has been observed in several animal 

models during both sleep and awake rest, and indirect evidence of replay has also 

been demonstrated in humans by measuring cerebral blood flow to hippocampal 

regions, first during learning and subsequently during slow wave sleep (Peigneux et 

al., 2004). Such reactivation patterns are most prominent during the first few hours 

after learning, and they are thus thought to contribute to the consolidation of newly 

acquired information and the subsequent transferal of memory from the hippocampus 

to more permanent storage in neocortical regions, consistent with findings that 

memory retention in humans is more reliable if subjects are able to sleep immediately 
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after learning new information (Peigneux et al., 2004). Recently, more causal 

evidence that replay is involved in memory consolidation has been demonstrated in 

rodent models, where perturbation of SPW-R activity during post-learning sleep led 

to impaired performance on a spatial memory task (Ego‐Stengel & Wilson, 2010; 

Girardeau et al., 2009). Similarly, stimulation of reward regions in response to place 

cell activity during sleep has been shown to induce an artificial place/reward 

association which led to specific goal-directed behaviors in rodents during subsequent 

testing, providing compelling evidence that replay during sleep is functionally 

important for goal-related spatial memory (De Lavilléon, Lacroix, Rondi-Reig, & 

Benchenane, 2015). 

At the cellular level, several properties of CA1 neurons during sharp wave-

ripples support the idea that they are involved in memory consolidation and 

subsequent transferal to neocortical areas. For example, shunting inhibition from 

ripple events prevents the majority of pyramidal cells from firing despite strong 

depolarization from sharp waves (English et al., 2014), suggesting that only a 

minority of potentiated cells, corresponding perhaps to those memory traces that are 

most salient, are consolidated for long-term storage, while other cells encoding for 

less important memory engrams are depotentiated. Interestingly, LTP has been shown 

to be significantly impaired in CA1 slices during SPW activity (Colgin et al., 2004), 

suggesting that SPW-Rs may promote the removal of transient memory traces 

following their transferal to more permanent stores, thereby ensuring that new 

experiences can be successfully disambiguated from older experiences (Mehta, 2007).  

This is consistent with findings demonstrating that experience dependent plasticity in 

CA1 is more transient than LTP in either CA3 or the DG, suggesting that the 

predominant function of CA1 processing is to interpret subtle differences between 

current and previously experienced events, perhaps by comparing current sensory 

cues to stored representations represented by CA3 networks, and then selecting which 

memory traces should be transferred to a more distributed cortical network (Inostroza 

& Born, 2013; Lee et al., 2004).  

Although SPW-R events are most readily observed during sleep, they have 

also been demonstrated during epochs of awake immobility (Foster & Wilson, 2006). 

Similar to asleep SPW-R replay, the sequential activation of pyramidal cells during 

awake rest occurs in the forward direction, or the same temporal order as events were 

originally experienced. Forward sequences have also been observed before behavioral 
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experience, and these events are referred to as “preplay” (Dragoi & Tonegawa, 2011). 

In addition to replay and preplay events, sequential activity during awake SPW-Rs 

also occurs in the backwards direction, a phenomenon known as reverse replay 

(Foster & Wilson, 2006). Reverse replay appears to be important for updating salient 

reward information (Ambrose, Pfeiffer, & Foster, 2016), whereas preplay has been 

associated with the evaluation of potential paths at decision points (Singer, Carr, 

Karlsson, & Frank, 2013; Takahashi, 2015), as well as the formation of novel routes 

(Gupta, van der Meer, Touretzky, & Redish, 2010; Pfeiffer & Foster, 2013). In 

addition to memory consolidation and transferal therefore, SPW-Rs are likely to 

subserve active learning and trajectory planning in real time. In further support of this 

hypothesis, disruption of awake SPW-Rs has been shown to impair working memory 

and decision making processes in rodents (Jadhav, Kemere, German, & Frank, 2012), 

indicating that awake SPW-Rs are likely to have broad functional significance.  

Finally, the developmental emergence of SPW-R replay and theta sequences 

appears to be coordinated, with both occurring approximately one week after the 

initial appearance of spatially localized place fields (Muessig et al., 2019). This 

suggests that they may play complementary roles, and in fact, preplay events in the 

forwards direction while animals waited to begin a new run have been shown to be 

strongly correlated with theta sequences during that run (Diba & Buzsáki, 2007). 

More direct evidence that theta sequences and SPW-R replay are associated comes 

from a study where rats either sat passively or run on a treadmill attached to a moving 

train. Results showed that, although places cells were sequentially activated on a 

behavioral timescale in both conditions, theta sequences and subsequent SPW-R 

replay during sleep only occurred in the active condition, suggesting that theta 

sequences during experience may be required for the consolidation of memory 

sequences during rest (Drieu, Todorova, & Zugaro, 2018).  

 

1.6.4 Evidence that hippocampal sequencing mechanisms may be disrupted in 

schizophrenia 

As discussed earlier, schizophrenia has been associated with episodic 

memory and sequential learning deficits, as well as both structural and functional 

abnormalities in hippocampal regions, disrupted inhibitory regulation and plasticity, 

and desynchronized oscillatory activity. However, very few studies have explicitly 
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examined how hippocampal mechanisms that might be involved in sequencing are 

disrupted in any models of the disorder. One study has demonstrated that sequential 

replay in SPW-Rs is abolished in a calcineurin knockout model of schizophrenia 

despite the continued presence of SPW-R activity (Suh et al., 2013), and disordered 

ripple events have also been observed in a DISC1 genetic model (Altimus et al., 

2015). This is consistent with findings demonstrating that memory consolidation 

processes are impaired among schizophrenia patients overnight (Contreras, Dorantes, 

Mexicano, & Guzmán-Flores, 1986).  

To date, no studies have explicitly examined whether phase precession or 

theta sequences are disrupted in any models of the disorder, although a handful of 

studies have provided compelling evidence that such disruptions are plausible. For 

example, one study has demonstrated that administration of PCP, which has been 

shown to induce transient schizophrenia-like symptoms in healthy individuals and to 

exacerbate symptoms in patients, disrupts the precise spike timing of place cell pairs 

relative to the theta rhythm without disrupting other place field properties (Kao et al., 

2017). The preferred phase of place cell spiking relative to theta has also been shown 

to be impaired in a DISC1 model of the disorder (Kaefer et al., 2019), which would be 

a logical consequence of disrupted phase precession. Disrupted theta/gamma 

synchrony between the hippocampus and the mPFC has also been observed in an 

MIA model of schizophrenia risk, and this was accompanied by disturbed firing 

phases of mPFC neurons relative to hippocampal theta, as well as slow-gamma 

associated deficits in pre-pulse inhibition, a well-documented behavioral 

endophenotype of the disorder (Dickerson et al., 2010). Similar disruptions of long-

range theta synchrony have been observed in a genetic model, and the magnitude of 

such disruptions at training onset predicted learning acquisition rates (Sigurdsson et 

al., 2010). Interestingly, local theta synchrony within hippocampal regions is also 

disturbed in a neurodevelopmental lesion model, and again, this was correlated with 

cognitive impairments, although both theta coordination and performance deficits 

were prevented when rats were pre-trained during adolescence, suggesting that 

developmental trajectories have important effects on theta-mediated cognitive 

processes (Lee et al., 2012). Taken together, these studies suggest that phase 

precession and theta sequences could be disrupted in schizophrenia, and may provide 

a novel avenue for therapeutic intervention and treatment. 
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1.7 The lateral septum 

Although correlations between neural activity and external measures have 

provided rich avenues for research, recent reports have emphasized the need for 

studies that examine how local neural codes are transformed, or “read out” by 

downstream regions (Buzsáki & Tingley, 2018). As the major output area of the 

hippocampus, network activity in the CA1 region is likely to have profound effects on 

how hippocampal neural codes are propagated to downstream regions, including both 

cortical and sub-cortical regions. For example, potential disruptions of hippocampal 

sequencing mechanisms may contribute to aberrant sequence coding and plasticity in 

the LS, the major output area of CA1 principal cells (Risold & Swanson, 1997b; 

Swanson & Cowan, 1977). In support of this hypothesis, evidence suggests that LS 

neurons utilize both rate and phase coding to represent spatial information (Takamura 

et al., 2006; Tingley & Buzsáki, 2018), and dysfunction of the LS has been associated 

with several neurological disorders, including schizophrenia (Sheehan, Chambers, & 

Russell, 2004).  

1.7.1 Lateral septum anatomy and connections 

The LS is a relatively large region, located deep within the subcortical 

forebrain between the lateral ventricles. It is the major sub-cortical target of 

hippocampal efferents (Zaczek, Hedreen, & Coyle, 1979), with current estimates 

suggesting that hippocampal- LS connections are at least an order of magnitude more 

dense than hippocampal projections to any cortical regions (Risold & Swanson, 

1997b). This includes direct connections from both CA1 and CA3, as well as an 

indirect path via the subiculum. Inputs to the LS are generally glutamatergic, although 

the LS itself is comprised of predominantly GABAergic cell bodies (Risold & 

Swanson, 1997a), which then project to a number of brain regions, including the 

hypothalamus, thalamus, the amygdala, the nucleus accumbens, and the VTA (Deng 

et al., 2019; Luo et al., 2011; Risold & Swanson, 1997b; Swanson & Cowan, 1977; 

Vega-Quiroga, Yarur, & Gysling, 2018). Furthermore, although the flow of 

information to and from the LS is largely unidirectional, the LS also sends a smaller 

projection back to CA1 and CA3 (Deng et al., 2019), as well as reciprocal projections 

to the MS (Risold & Swanson, 1997b). The dense interconnections between the 

hippocampus, the MS and the LS are known collectively as the septohippocampal 

formation. 
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 Current evidence suggests that the LS contains several subdivisions based 

on neuronal cell types, firing patterns and functional relevance (Sheehan et al., 2004). 

Generally, the LS has been divided into rostral, caudal and ventral sub-regions. 

Projections from CA1 are known to selectively target rostral and, medial and ventral 

regions of the LS (Risold & Swanson, 1997b). A schematic diagram of the major LS 

regions and connections is provided in Figure 1.10. 

 

 

Figure 1.10  Major anatomical regions of the septal complex. The LS is generally subdivided 

into caudal (cLS, also known as the dorsal portion), rostral (rLS, also known as the 

intermediate LS), and ventral (vLS) sections. It is located between the lateral ventricles (LV) 

and the medial septum (MS). Inputs from CA1 predominantly target the rostral subsection. In 

turn, the rLS projects to a number of regions, including the hypothalamus. Image is from 

Tsanov (2018).  

 

1.7.2 Lateral septum function 

The LS has received relatively little academic attention when compared to 

other brain regions, and the functional significance of the LS remains poorly 
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understood. Until recently, the LS has been typically conceptualized as a relay station 

linking hippocampal output with regions associated with reward valence, motivation 

and emotion (Sheehan et al., 2004). However, evidence that the LS may play a more 

fundamental role in the coordination of adaptive behavioral responses to stimuli 

associated with reward first emerged in the 1950s. In one seminal study, stimulating 

electrodes were implanted in various brain regions and rats were trained to self-

stimulate by pressing on a lever. Of all the brain regions examined, electrodes placed 

in the septal region were most strongly associated with motivated behaviors (Olds & 

Milner, 1954). Since these early studies, LS activity has been associated with a 

number of motivated behaviors that involve either positive or negative reinforcement, 

such as appetite and thirst (Ellen & Powell, 1962; Sweeney & Yang, 2015, 2016), 

social bonding (Clemens, Wang, & Brecht, 2020; Liu, Curtis, & Wang, 2001; 

Sheehan & Numan, 2000), drug seeking (Harasta et al., 2015; Jiang et al., 2018), and 

place avoidance (Trent & Menard, 2010). The LS also appears to play an important 

functional role in the regulation of anxiety (Yadin, Thomas, Grishkat, & Strickland, 

1993), fear (Thomas, 1988), and aggression (Albert & Wong, 1978; Leroy et al., 

2018; Wong et al., 2016), as well as affecting locomotor speed (Bender et al., 2015).  

Several lesions studies have provided evidence that the LS is involved in 

conditioned place preferences, suggesting that the LS may play an important role in 

integrating spatial information with information pertaining to both rewards and 

aversive stimuli (Sheehan et al., 2004). For example, impaired reversal learning and 

increased perseveration has been observed following stimulation of the LS during a 

spatial discrimination task, suggesting that the LS may be particularly sensitive to 

contextual information associated with rewards, rather than the reward itself (Cazala, 

Galey, & Durkin, 1988). Glutamatergic signaling along the hippocampal-LS pathway 

is also thought to be critical for conditioned place avoidance, as infusion of 

glutamatergic acid into the LS has been shown to disrupt conditioned responses to 

contextual cues, while infusion of a glutamate antagonist had the opposite effect 

(Calandreau, Desgranges, Jaffard, & Desmedt, 2010). Similarly, re-exposure to an 

environment that had previously been associated with morphine has been shown to 

significantly increase the firing rate of both CA3 pyramidal neurons and GABAergic 

LS neurons, as well as enhancing the expression of GAD65/67 in the LS (Jiang et al., 

2018). This led to a downstream reduction of GABAergic activity in the VTA, the 

subsequent disinhibition of dopaminergic neurons, and increased behavioral responses 
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indicative of conditioned place preference. These effects were attenuated following 

microinjections of an NMDA receptor inhibitor to the LS, suggesting that NMDA 

receptors that terminate on LS GABAergic neurons are critical for the integration of 

contextual information that is then sent to the VTA (Jiang et al., 2018). 

How the LS represents spatial information at the neuronal level has only 

received a small amount of attention to date. An emerging consensus suggests that a 

proportion of LS cells carry spatial information, although the LS spatial code appears 

to be degraded when compared to hippocampal pyramidal cells. For example, LS 

place fields are less abundant than hippocampal place fields (Takamura et al., 2006; 

Wirtshafter & Wilson, 2020; Zhou, Tamura, Kuriwaki, & Ono, 1999), they appear to 

carry less information (Takamura et al., 2006), and they are less stable across trials 

(Tingley & Buzsáki, 2018). The spatial firing properties of LS place cells are also less 

consistent across studies, suggesting that their spatial firing properties may be more 

sensitive to differences in electrode placement, experimental design, or task 

requirements.  

However, although the spatial rate code appears to be less robust when 

compared to hippocampal place cells, a recent study has demonstrated that LS cells 

may encode spatial information predominantly via firing phase (Tingley & Buzsáki, 

2018). In this study, the majority of LS cells fired indiscriminately across the entire 

track, but the precise timing of spiking activity relative to the background theta 

oscillation recorded from hippocampal CA1 cells was sufficient to predict the 

animal’s position along the track. In fact, at high spatial resolutions, this phase code 

was a more reliable predictor of the animal’s location than either the rate or phase 

codes utilized by hippocampal neurons, suggesting that the LS may play a more 

important role in spatial memory than previously suspected. Furthermore, if spatial 

position is encoded primarily via phase in the LS, this allows for the intriguing 

possibility that the rate code should be available to encode other information, thereby 

providing a mechanism for the integration of spatial information with other forms of 

salient information, such as emotive state, motivational drive, or non-spatial 

environmental cues. In support of this hypothesis, LS rate codes have been associated 

with locomotor speed, the presence of sound and light cues, and proximity to reward 

(Wirtshafter & Wilson, 2019, 2020). 
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1.7.3 Evidence of lateral septum dysfunction in schizophrenia 

Early evidence that dysfunction of the LS may be associated with psychotic 

behaviors emerged during the 1950s, with electrical recordings from schizophrenia 

patients showing abnormal spiking activity in the septal region (Heath & Peacock, 

2013). As mentioned earlier, the LS in also interconnected with many regions that 

regulate dopamine release, such as the VTA, the NAc, and the medial prefrontal 

cortex, suggesting that LS activity may affect dopamine concentrations (Luo et al., 

2011; Risold & Swanson, 1997b; Vega-Quiroga et al., 2018). Conversely, it has also 

been argued that DA signaling provides a gating mechanism for both glutamatergic 

and GABAergic neurotransmission along the hippocampal-LS pathway (Maeda, 

1994). Support for these hypotheses has been provided by numerous studies showing 

that administration of antipsychotics to rodents results in altered neural transmission 

in the LS, although the precise mechanisms by which antipsychotics affect LS 

transmission remain opaque (Sheehan et al., 2004).  

Studies that induce psychotic symptoms via the administration of ketamine 

have also demonstrated pronounced alterations to LS signaling, including abnormal 

LFP oscillations, more depolarized membrane potentials and lower input resistance, 

enhanced potentiation of excitatory post-synaptic currents, and attenuated inhibitory 

regulation (Yu et al., 2002). Abnormal transmission in septal regions has also been 

observed in cats following administration of PCP (Contreras et al., 1984), and similar 

EEG patterns are also evident in schizophrenia patients using depth electrode 

recordings targeted towards the septal regions, particularly in conjunction with 

psychotic symptoms (Heath & Walker, 1985).  

Patients diagnosed with schizophrenia also have larger gaps between the two 

hemispheres around the septum pellucidum, which is located along the midline of the 

septal region (Galarza et al., 2004; Kwon et al., 1998). This gap is thought to emerge 

during neurodevelopment, and while the gap itself is not thought to contribute to 

schizophrenia pathology, it may reflect abnormal developmental processes in the 

septal region during critical periods (Sheehan et al., 2004). In support of this 

hypothesis, the protein reelin is known to be expressed in rodent septal neurons only 

during critical developmental periods between gestational day (GD) 13-18 until 

postpartum day 20-21, a time course that is reminiscent of MIA (Schiffmann, Bernier, 

& Goffinet, 1997). Reelin is important for the development of dendritic spines, and 

reelin knockout mice have also been used to model schizophrenia pathophysiology 
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(Costa et al., 2002), suggesting that this could be one potential source of abnormal 

neurodevelopment in the septal region. Similarly, the expression of DISC1, a well-

documented genetic risk factor for schizophrenia, has been shown to occur 

predominantly in either the hippocampus or the LS in primates (Austin et al., 2003). 

This suggests that critical developmental processes within these two regions may be 

of particular importance for pathological outcomes.  

 

1.8 The maternal immune activation (MIA) model 

The observation of phase precession and theta sequences requires invasive 

recording techniques, and these phenomena are therefore difficult to investigate in 

humans. Instead, this study used a rodent model of schizophrenia risk. As described 

previously, the MIA animal model is built on robust epidemiological evidence 

suggesting that exposure to viruses or other pathogens during the gestation period is 

an etiological risk factor for the development of schizophrenia, as well as other 

neurodevelopmental disorders such as autism spectrum disorder (ASD) and epilepsy 

(Adams, Kendell, Hare, & Munk-Jørgensen, 1993; Brown & Meyer, 2018; Knuesel et 

al., 2014). Several studies have confirmed that MIA offspring manifest many of the 

neurobiological, cognitive and behavioral symptoms of schizophrenia (Meyer, 

Feldon, & Fatemi, 2009; Meyer, Feldon, Schedlowski, & Yee, 2005; Wolff & Bilkey, 

2010; Zuckerman & Weiner, 2005), and these studies have thereby provided evidence 

of a more causal relationship between MIA and pathological outcomes. The MIA 

model is therefore thought to have important pre-clinical significance (Haddad, Patel, 

& Schmid, 2020; Reisinger et al., 2015), and it has been identified has having 

important translational value (Brown & Meyer, 2018). The following section will 

briefly consider the validity of the MIA model as a risk-factor for schizophrenia. 

1.8.1 Production of the MIA model 

MIA has been modelled in both rodents (Boksa, 2010; Meyer, Feldon, & 

Fatemi, 2009; Wolff & Bilkey, 2010) and non-human primates (Bauman et al., 2014; 

Weir et al., 2015) using a variety of induction protocols. In rodents, both bacterial and 

viral infections have been used to produce an MIA response. However, because 

alterations of fetal development have been shown to proceed more directly from 

exposure to elevated cytokine levels rather than the infectious agent themselves, 

several MIA models have been developed using agents that target the maternal 
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immune response more directly. These include the bacterial endotoxin 

lipolysaccharide (LPS), as well as polyriboinosinic:polyribocytidilic acid (polyI:C), a 

synthetic analogue of double stranded RNA that regulates acute responses to viral 

pathogens. The use of such agents provides several important advantages in addition 

to general safety. For example, because LPS and polyI:C target the immune response 

directly, both the intensity and the timing of the immune response can be more 

precisely controlled by the experimenter. PolyI:C injection protocols are typically 

administered at GD 14 – 15 for rats, resulting in elevated cytokine levels for up to 48 

hours (Haddad et al., 2020), although earlier and later injection protocols have also 

been studied (Meyer, Feldon, & Fatemi, 2009). The most common dosage is 4 mg/kg 

delivered by intravenous injection (i.v.) via the tail (Haddad et al., 2020).  

 

1.8.2 Validity of the MIA model 

There is now a large body of evidence demonstrating that various MIA 

models reproduce several phenotypes reminiscent of schizophrenia in affected 

offspring. For example, the polyI:C model has been shown to trigger a range of 

biophysical and molecular abnormalities consistent with schizophrenia, including 

decreases in hippocampal volume (Crum et al., 2017; Piontkewitz, Arad, & Weiner, 

2011; Zuckerman, Rehavi, Nachman, & Weiner, 2003), altered GAD and PV+ 

expression (Canetta et al., 2016; Cassella et al., 2016; Dickerson et al., 2014; 

Piontkewitz et al., 2012; Steullet et al., 2017), abnormal levels of nitric oxide (Zhang 

et al., 2018), chronically elevated cytokine levels (Garay, Hsiao, Patterson, & 

McAllister, 2013), reduced inhibition (Zhang & van Praag, 2015), an increased 

glutamate/GABA ratio in the hippocampus (Patrich et al., 2016), abnormal synaptic 

plasticity (Savanthrapadian et al., 2013), and dopaminergic dysfunction (Luchicchi et 

al., 2016; Ozawa et al., 2006; Zuckerman et al., 2003).  

At the behavioral level, the polyI:C model has also been consistently 

associated with deficits in pre-pulse inhibition (PPI) of the acoustic startle response 

(Howland, Cazakoff, & Zhang, 2012; Luchicchi et al., 2016; Ozawa et al., 2006; 

Wolff & Bilkey, 2010; Zhang & van Praag, 2015), a measure of sensorimotor gating 

that is frequently observed in schizophrenia patients (Braff, Geyer, & Swerdlow, 

2001). PolyI:C offspring have also demonstrated abnormal latent inhibition (Meyer, 

Schwendener, Feldon, & Yee, 2006; Zuckerman & Weiner, 2005), increased 
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sensitivity to dopamine agonists and NMDA antagonists (Gray et al., 2019; Lins et 

al., 2018; Piontkewitz et al., 2011), abnormal social communication (Yee, 

Schwarting, Fuchs, & Wöhr, 2012), reduced behavioral flexibility (Ballendine et al., 

2015; Bitanihirwe et al., 2010; Savanthrapadian et al., 2013), temporal processing 

disturbances (Deane, Millar, Bilkey, & Ward, 2017), memory disturbances (Meyer et 

al., 2008; Murray, Davies, Molder, & Howland, 2017; Wolff, Cheyne, & Bilkey, 

2011), and impaired reversal learning (Kleinmans & Bilkey, 2018; Zuckerman & 

Weiner, 2005). Importantly, many of these disturbances are only apparent when 

affected offspring reach maturity, mirroring the pathological trajectory of 

schizophrenia (Meyer et al., 2006; Zuckerman et al., 2003). Furthermore, these 

cognitive and behavioral disturbances can be attenuated via administration of 

antipsychotics (Piontkewitz, Arad, & Weiner, 2010; Zuckerman et al., 2003; 

Zuckerman & Weiner, 2005). Taken together, these findings suggest that the polyI:C 

model has good construct, face, and predictive validity. 

Nevertheless, the translational value of the model from rodents to humans 

has some limitations. Most notably, the timing of injection protocols is a complex 

issue, especially considering that there is no clear consensus regarding which stages 

of early neural development are most sensitive to MIA in humans (Meyer, Feldon, & 

Fatemi, 2009). For example, some epidemiological studies have indicated that 

maternal immune responses that occur specifically during the first semester are most 

strongly correlated with the subsequent development of schizophrenia (Brown et al., 

2004), while others suggest that the second trimester may be more critical (Barr, 

Mednick, & Munk-Jorgensen, 1990; Takei et al., 1996). Further complicating the 

issue are the different developmental trajectories observed in rodents and humans 

respectively. In particular, rat brains are developmentally less mature than human 

brains at birth, and are not considered to reach a similar developmental stage until 

approximately 7-13 days later (Boksa, 2010). To account for this difference, rodent 

MIA protocols must therefore be delivered somewhat later during the gestational 

cycle, which may result in differential interactions with maternal hormone levels and 

stress. The precise administration of polyI:C injection protocols should alleviate some 

of these limitations and thereby increase the translational validity of the model, 

although many of these issues have not been fully resolved (Haddad et al., 2020). 

However, numerous studies have explicitly investigated developmental consequences 

using different timing protocols ranging from GD to 9 through to GD 17 in rodents 
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(Boksa, 2010; Haddad et al., 2020; Meyer, Feldon, & Fatemi, 2009). These studies 

have provided compelling evidence that the timing of injection protocols is associated 

with specific phenotypes, thereby allowing researchers to select the injection protocol 

best suited to their experimental aims.  

The greater complexity of human neurodevelopment and disease expression 

is another important issue to consider when modelling pathological disorders in 

rodents. To address this issue, recent studies have examined MIA in non-human 

primates. For example, the fetal brain development of rhesus monkeys shows a 

similar trajectory to human brain development (Workman et al., 2013), and they also 

demonstrate more complex social behaviors and emotional expression that are 

difficult to measure in rodents (Machado et al., 2015). Studies of MIA in rhesus 

monkeys have demonstrated that that the affected offspring display several behavioral 

phenotypes associated with schizophrenia and autism, including deficits in social 

attention, abnormal gaze patterns, altered communication and social interaction, and 

more repetitive behaviors (Bauman et al., 2014; Machado et al., 2015; Rose et al., 

2017; Vlasova et al., 2020). MIA in rhesus monkeys has also been associated with a 

decrease in cortical grey matter in offspring (Short et al., 2010; Vlasova et al., 2020), 

abnormal dendritic spine morphology in dorsolateral prefrontal cortex (Weir et al., 

2015), and chronically elevated cytokine levels (Rose et al., 2017). Taken together, 

these studies provide an important bridge between rodent models and epidemiological 

evidence linking MIA to schizophrenia in humans. 

Finally, MIA has been associated with a range of neurodevelopment 

disorders in addition to schizophrenia, suggesting that it may lack specificity. For 

example, the MIA model is considered to be an etiological risk factor for both 

schizophrenia and ASD, and various MIA models have produced a range of 

phenotypes that are consistent with both disorders. Many of these phenotypes, such as 

reduced PPI, behavioral inflexibility and an imbalance of excitatory/inhibitory 

transmission have preclinical significance for both disorders (Haddad et al., 2020). 

However, this overlap is consistent with findings from several comparative studies 

among patients diagnosed with either schizophrenia or ASD, in which common 

genetic, pathophysiological, cognitive and behavioral phenotypes have been 

frequently observed (Barlati, Deste, Ariu, & Vita, 2016; Carroll & Owen, 2009; Spek 

& Wouters, 2010). In particular, schizophrenia and ASD have both been associated 

with cognitive disorganization and an impaired ability to generate rich episodic scenes 
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(Spek & Wouters, 2010), suggesting that sequential processing deficits may be a 

primary risk for both disorders. Furthermore, although some MIA models are known 

to produce phenotypes that are more consistent with ASD than schizophrenia, such as 

social withdrawal and repetitive behaviors, these phenotypes have been more strongly 

associated with early gestation (GD 9-12.5) protocols (Haddad et al., 2020). In 

contrast, phenotypes that are more specific to schizophrenia, such as increased 

dopamine concentrations in striatal regions (Luchicchi et al., 2016), enlarged 

ventricles and decreased hippocampal volume (Crum et al., 2017; Piontkewitz et al., 

2011), and the attenuation of cognitive disturbances following administration of 

antipsychotics (Piontkewitz et al., 2010) have all been observed following polyI:C 

injection protocols on GD15 in rats, suggesting that this MIA model may have 

particular preclinical relevance for schizophrenia. 

 

1.9 Summary, aims and general hypotheses 

A large body of evidence indicates that the cognitive symptoms of 

schizophrenia, including episodic memory and sequential processing deficits, may be 

important preclinical markers of the disorder. However, the biophysical mechanisms 

that contribute to such deficits remain poorly understood. Current evidence from both 

schizophrenia patients and animal models suggest that structural, cellular and 

molecular abnormalities are all present in hippocampal regions, including a 

fundamental imbalance of excitatory/inhibitory transmission. More basic scientific 

research has also demonstrated that phase precession and theta sequences provide the 

biophysical mechanisms necessary for sequence generation, and are likely involved in 

a range of cognitive functions, including the encoding and storage of episodic 

memory traces. However, no studies to date have explicitly investigated whether 

phase precession and theta sequences are disrupted in any models of schizophrenia 

risk. 

The aim of this study was to examine the effects of MIA on hippocampal 

phase precession and theta sequences in rats as they perform a simple navigational 

task. In addition, the effects of MIA on the firing of LS neurons were also examined. 

To address these questions, pregnant dams received a tail injection of either polyI:C 

or saline on GD 15 to induce a synthetic cytokine response. Once mature, movable 

tetrodes were surgically implanted into either the dorsal CA1 region (experiment 1), 
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or the rostral LS (experiment 2), and both single cell activity and local field potentials 

were recorded over several weeks as rats performed a simple running task for a food 

reward. Data was analyzed using custom-built scripts that identified place fields and 

allowed a relative phase to be assigned to each spiking event in relation to the 

background theta oscillation recorded from the same tetrode. This spiking phase was 

then cross-referenced to the animal’s position along the circular track, thereby 

allowing for a comparison of phase precession properties between MIA and control 

animals. Spiking activity in relation to reward proximity and running speed was also 

examined. It is hypothesized that at least some aspects of hippocampal phase 

precession will be disrupted in MIA animals, and that this will result in a 

disorganization of theta sequences in CA1. Additionally, it is also hypothesized that 

disrupted spatial and reward processing will be apparent in the LS following the MIA 

manipulation, consistent with changes in hippocampal outputs. 
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Chapter 2 General methods 

 

 All experimental protocols were approved by the Otago University Animal 

Ethics Committee, and were conducted in accordance with New Zealand animal 

welfare legislation. 

 

2.1 Subjects and prenatal treatment 

All subjects were generated using the MIA intervention previously described 

by Dickerson et al. (2010) and (Wolff & Bilkey, 2015). Female Sprague Dawley rats 

(~3 months old) were time-mated with GD1 considered to be the first day after 

copulation. On GD 15, pregnant rats were briefly anesthetized with isoflurane (5%; 

Bayer) and administered either a single injection of polyinosinic:polycytidylic acid 

(poly I:C; 4.0 mg/kg, i.v. dissolved in 0.9% saline (Baxter)), or an equivalent saline 

injection 1 ml/kg. Poly I:C and saline treatments were always performed in pairs on 

the same day. All dams and pups were housed in open cages prior to weaning. After 

birth, litters were culled to a maximum of 6 male pups and, post-weaning, were 

housed in littermate groups of 2-3 in individually ventilated cages (IVC). The housing 

room was maintained at a normal 12-h light/dark cycle, and temperature controlled to 

20-22⁰C. Immature rats were provided access to food and water ad libitum, and after 

three months were food deprived to no less than 85% of their free-feeding weight in 

preparation for the experimental procedure. Water was available ad libitum 

throughout the entire experimental procedure. All rats weighed between 400 and 650 

grams at the time of surgery. 

 

2.2 Apparatus 

All experiments were carried out in a wooden rectangular shuttle box 

measuring 900 by 800mm (Figure 2.1). All arms were 100mm wide, and all walls 

reached and internal height of 270mm. The entire apparatus was painted in matte 

black and was devoid of visual cues or barriers. The box was always in the same 

location, in a small recording room. A video camera was mounted to the ceiling of the 

recording room to track the animals’ position, which was captured via three infrared 

LED lights attached to the acquisition system’s head stage. All experiments were 

performed in a darkened environment with some ambient light from the recording 
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computer and a small lamp aimed away from the apparatus into one corner of the 

room. 

 

 

Figure 2.1  Schematic of the recording apparatus and experimental procedure. Red dot 

signifies the infrared LED lights attached to the head stage, and blue dot indicates the camera 

position above the shuttle box. The reward (Coco pops, black ovals) was always delivered 

manually to the center of arm 4 after each lap. Arm 1 is on the left, arm 2 at the top, and arm 

3 on the right. Rats were trained to run in a clockwise direction only. 

 

2.3 Preoperative training 

Mature male offspring (3-12 months) were trained over a period of 5 to 15 days. 

Animals were randomly selected from their litter, with a maximum of two rats per 

litter. On days 1-5 rats were habituated to the recording room, apparatus and food 

reward, and were allowed to free-forage for Coco Pops (Kellogg Company) scattered 

throughout the apparatus. Following successful habituation, whereby rats actively 

explored the maze and consumed the food reward, the placement of Coco Pops was 

gradually restricted, first to the top 2 corners of the maze and in the center of the 

reward arm, and then to the reward arm only. During this period, rats were trained to 

run in a clockwise direction and were turned back to the correct direction with a 

paddle when necessary. Coco-pops (approx. 6 per reward delivery) were delivered 
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manually by the experimenter. Training was considered completed when rats 

consistently ran in a clockwise direction for the food reward over a twenty-minute 

session.  

 

2.4 Microdrive construction 

Adjustable microdrives were custom built from 3D printed plastic 

components (Figure 2.2). Each drive had 8 electrode channels and one ground 

connection, and contained 2 moveable tetrode bundles that could be wound via an 

exposed screw at the top of the drive. Drives built for LS experiments sacrificed one 

electrode channel for a separate LFP wire, and thus consisted of one tetrode and one 

tritrode. Electrodes consisted of 25µm nichrome, heavy formvar insulated wire 

(Stablohm 675 HFV NATRL; California Fine Wire Company), which were first spun 

into tetrodes, and then each electrode was soldered to a gold pin. Tetrodes were then 

threaded through a 23-gauge metal shaft attached to an adjustable shuttle, and after 

drives had been fully assembled and sealed, the electrode tips were gold electroplated 

over several days prior to surgery until impedances were reduced to ~ 200-300 kΩ 

(NanoZ, Neuralynx). Separate, non-adjustable LFP wires consisted of 127µm nickel 

chromium coated wire (Johnson Matthey). Microdrives containing more than 1 short 

wire per tetrode after gold plating were discarded. 

 

 

Figure 2.2  Example of a custom built, adjustable microdrive. Pictured drive was assembled 

specifically for LS experiments, and contains one tetrode, one tritrode, a separate LFP wire, 

and a ground wire. Microdrives assembled for hippocampal experiments were identical 

except that they contained two tetrodes and a ground wire only.  
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2.5 Surgery 

Following successful training, animals were anesthetized with 5% isoflurane 

(Merial New Zealand) in oxygen and maintained at 1.5 to 2.5% throughout surgery. 

After animals were deeply anesthetized, they were given a subcutaneous injection of 

Atropine (1mg/kg) to ease their breathing, as well as the analgesics Carprofen 

(1mg/kg) and Temgesic (buprenorphine; 0.1mL), and a prophylactic antibiotic, 

Amphoprim (trimethoprim and sulfamethazine, 0.2mL). Rats were then mounted on a 

stereotaxic apparatus (David Kopf Instruments) placed above a heating pad, and a 

lubricating eye gel (Visine) was applied. The scalp was shaved and sterilized with 

Betadine (Povidone-iodine), followed by a subcutaneous injection in the scalp of the 

local anesthetic Lopaine (lignocaine hydrochloride 20mg mL-1; 0.1mL diluted in 

0.4mL of saline). After exposing the skull, the brain was levelled and the target areas 

were identified with a digital stereotaxic instrument with 10 micron resolution 

(Stoelting). An opening was drilled above the left hemisphere over the dorsal CA1 

region of the hippocampus, and an additional opening was drilled above the LS if 

required. Microdrives and LFP wires were slowly lowered towards the target areas, 

the exposed wire was covered with sterile Vaseline to ensure that tetrodes could be 

adjusted post-surgery, and then secured to the skull with jewelers’ screws and dental 

cement. A ground wire was secured to an additional screw placed above the right 

hemisphere. Post-surgery rats received a secondary dose of Amphoprim immediately 

upon waking, and then an additional dose of Carprofen 24 hours later. Rats were 

provided with ad libitum food and water post-surgery and were given 8 days to 

recover. 

 

2.6 Experimental protocol 

Following recovery, rats were again food deprived to no less than 85% of their 

free-feeding weight. Post-operative training was carried out to ensure that rats could 

still perform the task adequately, and rarely exceeded a single session. Rats were then 

attached to a multichannel data acquisition system (DacqUSB; Axona Ltd, St Albans, 

UK), and cell activity was closely monitored until single units were identified. For 

both hippocampal and LS experiments, the experimental protocol was the same as the 
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last stage of training. Rats ran no more than one session per day, and completed ~60 – 

80 laps per session. 

 

2.7 Data acquisition 

Extracellular unit activity was first passed through an AC-coupled unity gain 

amplifier before passing through to the DacqUSB recording system. Single unit data 

was bandpass filtered between 600 and 6000 Hz, sampled at a rate of 48 kHz with 24-

bit resolution, and digitally amplified between 5000 and 7000 times. For each tetrode, 

one electrode with minimal spiking activity on the other tetrode was selected as a 

reference. Action potential thresholds were set at a minimum of 70 - 80 µV and 

recorded for a 1 ms window whenever the spiking amplitude met this threshold. All 

spike events were time-stamped relative to the beginning of the recording. LFP data 

was simultaneously recorded, and were referenced to ground. LFP data was low- pass 

filtered at 500 Hz (with notch filtering selective for activity at 50 Hz) with a gain of 

~500, and sampled at 48 kHz. The animal’s location was determined from 3 infrared 

LEDs mounted on the animal’s headstage and recorded by a camera located above the 

chamber. Positional data was analyzed with a sampling rate of 50 Hz and then 

converted into x and y coordinates by the recording system. Single unit, position and 

LFP data was saved for later analysis. All recordings with at least 1 putative cell were 

included in the final dataset on the condition that there was a minimum of 4 separate 

recordings from that particular animal. 

 

2.8 Data analysis 

All preliminary data analyses were carried out using Matlab using either 

native or custom written scripts. Statistical analyses were performed in either 

GraphPad Prism 8.1.1 (GraphPad Software, Inc., San Diego, CA, USA) or Oriana 4 

(Kovach Computing Services, Inc., Anglesey, UK). 

 

2.8.1 Isolation of single units 

For each recording, single units were identified manually offline using 

purpose designed cluster cutting software (Plexon Offline Sorter, Version 3), 

primarily via the peak-to-valley distance and principal components analysis of the 

waveforms. Sorted data was then exported to Matlab for further analysis. 
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2.8.2 Linearization of the track 

The rectangular track was linearized so that the starting location was the 

lower left corner (as in Figure 2.1). All subsequent analyses were performed using 

this linearized transformation unless otherwise specified. 

 

2.9 Statistical analyses 

For all subsequent statistical analyses, the following procedure was performed. 

First, raw data were transformed to a lognormal distribution if appropriate. All data 

(either in raw form or the log transform) were then checked for assumptions of 

normality and equality of variances. These checks were performed in GraphPad Prism 

8.1.1 (GraphPad Software, Inc., San Diego, CA, USA), using the D’Agostino & 

Pearson test for normality, and the F test to compare variances. If data did not meet 

the assumptions for normality based on the D’Agostino & Pearson test, visual 

inspection of histograms and QQ plots was performed, and extreme outliers were 

removed using the Graphpad function for removal of outliers. All data that failed to 

meet assumptions of normality based on this procedure were then analyzed using the 

appropriate non-parametric test. Specific details about the tests used are provided in 

each results section. For normally distributed data with unequal variances, Welch’s t-

test was used instead of a student’s t-test. All t-tests were two-tailed. Data with a 

normal distribution are presented as mean ± SEM unless explicitly stated otherwise in 

the figure legends. For all data that did not meet normality assumptions, the median is 

depicted instead. Bonferroni post hoc tests were performed as required. Significance 

levels were defined as p < .05. Additional information about significance levels is 

provided in the figures as: * p < .05, ** p < .01, *** p < .001. 

Additional circular statistics (to compare group differences in the intercept of 

the circular correlation of phase and position, and to generate the mean vector length 

(MVL) for animal by animal and litter by litter analyses) were performed in Oriana 4. 

Group differences for angular variance (defined as 1-MVL) were performed using the 

variance ratio F-test, found at https://www.statskingdom.com/220VarF2.html. 
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2.10 Histology 

Following completion of experiments, rats were anaesthetized with 5% 

isoflurane in oxygen, and a 2mA direct current was passed through each electrode for 

approximately 1 second to lesion the site of the electrode tip. Rats were then 

euthanized with an overdose of isoflurane and transcardially perfused, first with 120 

ml of 0.9% saline, and then 120 ml of 10% formalin in saline. Brains were then 

carefully extracted from the skull after removal of the Microdrive, and stored in 10 % 

formalin in saline. One week prior to sectioning, brains were transferred first to 10% 

formalin in H2O for 24 hours, and then to a 10% formalin/30% sucrose solution for 

approximately 3-7 days, until the brain sunk to the bottom of the sucrose solution. 

Dehydrated brains were then sectioned into 60 μm coronal slices with a cryostat 

(Leica CM1950). Sections were then mounted on slides and stained with a thionine 

acetate Nissl stain (Santa Cruz Biotechnology, Inc. After slides were dry (min. 24 

hours) electrode placement was imaged with a local power (1.5x) digital microscope 

(Leica Biosystems, LLC) to verify electrode placement. 
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Chapter 3 The effects of the MIA manipulation on CA1 phase 

precession and theta sequences 

 

3.1 Introduction 

Recent reports have provided compelling evidence that hippocampal phase 

precession and theta sequences may subserve episodic memory, suggesting that 

chronic disruptions of these processes are likely to have important functional 

outcomes. However, only a handful of studies have investigated how these 

phenomena may be disrupted in models of pathology or pathological risk. One study 

using an animal model of temporal lobe epilepsy (TLE) has previously reported that 

both phase precession of individual cells and theta sequences are disrupted, including 

a smaller proportion of cells demonstrating significant phase precession, significantly 

reduced slopes among the TLE group, and disorganized sequential firing of spike 

pairs (Lenck-Santini & Holmes, 2008). Similar disruptions have also been reported 

following administration of either a cannabinoid (Robbe & Buzsáki, 2009) or an 

acetylcholine receptor antagonist (Newman et al., 2017). It has also been 

demonstrated that administration of PCP results in a the temporal discoordination of 

spike pairs relative to the theta rhythm without affecting spatial rate coding (Kao et 

al., 2017). No studies however have systematically investigated how phase precession 

and theta sequences might be disrupted in any models of schizophrenia risk. 

A previous study of hippocampal firing properties following an MIA 

manipulation  has reported decreases in hippocampal place field size, shifts in the 

preferred firing phase relative to the theta LFP, and an altered pattern of global 

remapping (Wolff & Bilkey, 2015). Similar changes have also been observed in a 

DISC1 model or the disorder, suggesting that such disruptions may be a common 

factor across two independent models of schizophrenia risk (Kaefer et al., 2019). In 

particular, smaller place fields in MIA animals may be a reflection of disturbed STDP 

associated with theta sequences (Mehta et al., 1997), while changes in the preferred 

firing phase would be a logical consequence of abnormal phase precession. Abnormal 

firing patterns and synaptic dysfunction in the hippocampus have also been observed 

in an MIA model (Ito, Smith, Hsiao, & Patterson, 2010; Oh-Nishi et al., 2010; Patrich 

et al., 2016; Zhang & van Praag, 2015), in addition to reduced coherence between the 

dorsal hippocampus and medial prefrontal cortex (Dickerson et al., 2014). Behavioral 
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differences indicative of sequential and temporal processing deficits have also been 

reported in MIA models, such as impaired performance on an odor span task (Murray 

et al., 2017), and an overestimation of the passage of time during a temporal bisection 

task (Deane et al., 2017). Memory performance and flexible decision making are also 

disturbed in MIA models (Bitanihirwe et al., 2010; Kleinmans & Bilkey, 2018; 

Savanthrapadian et al., 2013; Wolff et al., 2011).  

Aberrant phase precession could occur in several distinct ways. First, the 

circular-linear correlation of phase and position may be weakened, thereby reducing 

the spatial and temporal resolution of the phase code. Similarly, a smaller proportion 

of cells may exhibit significant precession (based on the p-value of the circular-linear 

correlation of phase and position), indicating that the phase code is less robust. The 

slope of precession could also be disrupted, with lower slope values indicative of a 

restrictive range of precession as the animal traverses the place field (<180⁰), while 

higher values could represent an excessive phase range (~360⁰, or possibly even 

exceeding a full cycle). Both restrictive and excessive phase ranges could have 

problematic implications for the encoding and storage of sequential information. For 

example, precession ranges that are too low will sacrifice spatial and temporal 

resolution, while ranges that are too high may make it difficult to differentiate 

between adjacent theta cycles, so that spikes occurring during late phases of the 

previous theta cycle are misrepresented as spikes occurring on early phases of the 

subsequent cycle (Schmidt et al., 2009).  

Another possibility is that phase precession and theta sequences may be 

differentially affected in MIA animals. For example, although it was initially assumed 

that theta sequences were an inevitable consequence of phase precession (Skaggs et 

al., 1996), this view has recently been challenged by several experimental findings 

(Dragoi & Buzsáki, 2006; Feng et al., 2015; Foster & Wilson, 2007; Itskov et al., 

2008; Middleton & McHugh, 2016). Instead, theta sequences may require additional 

network coordination beyond phase precession in individual cells, such as relatively 

coherent phase precession slopes across cells with overlapping place fields, as well as 

the synchronization of starting phase at the network level (Feng et al., 2015). A 

schematic diagram of how slope and starting phase can disrupt theta sequences is 

provided in Figure 3.1.  
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Figure 3.1  Schematic diagram of how the slope and starting phase of precession in 

individual pyramidal cells could affect theta sequences at the network level. Restricted slopes 

preserve sequence order, but sacrifice temporal and spatial resolution. Excessive slopes make 

is difficult to parse successive theta cycles, and spiking that represents later place fields may 

be erroneously processed as occurring early in the subsequent cycle. Both an incoherent slope 

and an incoherent starting phase result in disordered sequences. These theoretical examples 

suggest that phase precession properties within individual cells must be finely tuned to allow 

for optimal organization of sequential information at the network level. 

 

Alternatively, it has also been suggested that the formation of theta 

sequences may precede phase precession (Venditto, Le, & Newman, 2019; Wang et 

al., 2015). Theoretically, this proposal is possible according to the asymmetric 

interference model of phase precession proposed by Mehta, Lee, and Wilson (2002), 

whereby the ramping activity of potentiated synapses due to theta sequences causes 

cells to fire progressively earlier within the theta cycle as the animal moves across a 



77 

 

given place field, thereby resulting in phase precession. Some experimental support 

for this proposal was provided in a recent study, in which administration of a 

cholinergic  antagonist resulted in reduced phase precession but preserved theta 

sequences (Venditto et al., 2019).  

The aim of the following experiments is to determine whether phase 

precession and theta sequences are disrupted in an MIA model of schizophrenia risk. 

It is hypothesized that differences in either the circular-linear correlation of the phase-

position relationship, the significance of that correlation, the slope of precession, the 

starting phase of precession, or some combination of these measures, will be evident 

in MIA animals when compared to control (CTL) animals. It is also predicted that 

disruptions across any of these measures will be associated with disorganized theta 

sequences in the MIA group.   

 

 

3.2 Methods 

A detailed overview of subjects, pre-operative training, microdrive 

construction, surgical procedures and experimental protocol is provided in the general 

methods section. A portion of the data used in experiment 1 was collected previously 

by other members of this laboratory. 

  

3.2.1 Surgical implantation 

Tetrode bundles were implanted in the left hemisphere above dorsal CA1. 

Target coordinates were -3.8mm AP from bregma and -2.5mm ML from the midline, 

and tetrodes were slowly lowered until they were just above the pyramidal cell layer 

(1.6 -1.8mm from dura; Figure 3.2).  
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Figure 3.2  Tetrode placement in the CA1 region of the hippocampus. (a) Stereotaxic 

coordinates for surgical implantation (purple) and final target areas after post-surgery 

adjustment (red). The tetrodes bundles are depicted by the thick black line. Image taken from 

Paxinos and Watson (2006). (b) Example photograph of a CA1 lesion showing the final 

tetrode placement in the pyramidal cell layer. (c) Final tetrode locations for both groups, with 

CTL locations shown in black and MIA locations in red. 

 

3.2.2 Experimental procedure 

After a 10 day recovery period, post-operative training and test trials were 

carried out in the recording room. Test trials consisted of a 5-10 minute recording 

session, in which single unit data was closely monitored as the rat ran laps for the 

food reward. During the test period, tetrodes were slowly lowered (~40µm per day) 

towards the dorsal CA1 pyramidal cell layer until well-isolated single units were 
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identified. Test trials were typically conducted over 5-10 days. Once single unit 

activity was confirmed, tetrodes were not lowered further throughout the duration of 

the experiment. Experimental recordings for hippocampal were between 15 and 20 

minutes long, and testing continued either until single units were lost, or the 

experiment was terminated for histology. 

 

3.2.3 Data acquisition 

Once single units had been identified, LFP activity was recorded from a 

relatively quiet channel on the same tetrode. Thus, single unit activity was always 

referenced to LFP activity recorded from the same tetrode during analysis. All other 

data acquisition procedures are provided in the general methods section. 

 

3.2.4 Isolation of single units 

Putative place cells were isolated if they had an average firing rate <5 Hz, a 

peak to trough spike width of ~400 µs, a complex pattern of bursting activity 

identified from the autocorrelation of spike times, and evidence of theta modulation 

(Figure 3.3). All cells that did not meet these criteria were excluded from further 

analysis. 
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Figure 3.3  Isolation of hippocampal single units. (A) Examples of multiple well-isolated 

clusters on a single tetrode for both a CTL and MIA recording. (B) Waveforms and spike 

histograms from the same recordings, showing the distinctive place cell shape. (C) Examples 

of theta modulation in the cross correlograms from the same recordings. 

 

3.2.5 Analysis of place cell properties 

Place fields were identified by dividing the track floor into 1 cm long bins 

and creating an occupancy map from the position tracking data based on the amount 

of time the rat spent in each bin (Figure 3.4). Spikes were binned similarly for each 

single unit by identifying the number of spikes that occurred within each bin. 

Element-wise division was then used between the spike map and the occupancy map 

to create a firing mate map where each bin contained the firing rate for a cell. Firing 

rate maps were smoothed with a 10 cm wide moving window. Place fields were then 

detected automatically by detecting regions of at least 10cm in length that had a firing 
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rate of at least twice the mean firing rate for the cell (Porter, Schmidt, & Bilkey, 

2018). If more than two place fields were detected for a cell, only the largest was 

analyzed. Following this, each place field map was analyzed separately to determine 

place field length and mean infield firing rate.  Where place fields wrapped around the 

start-end position of the linearized maze they were linearly shifted prior to firing rate 

analysis. 

 

 

Figure 3.4  Example of occupancy (dwell) and a firing field heat map. Red X marks the 

approximate reward location in the second example. 

 

Place field location along the track was determined by matching the place 

field center (defined here as the midway point between the first and last bins within a 

place field) to absolute track position.  

Spatial information content provides a measure of how informative a given 

spike is in regards to the animal’s current location within an environment. Place cells 

with a higher information value therefore provide a more reliable prediction of current 

location than cells with a lower information value (Skaggs, McNaughton, & Gothard, 

1993). The formula for information, measured in bits per spike is: 

𝐼𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =  ∑ 𝑝𝑖 

𝑁

𝑖=1

𝜆𝑖

𝜆
 𝑙𝑜𝑔2 

𝜆𝑖

𝜆
   

where the environment is divided into N distinct bins (i = 1, …, N), pI  

denotes the occupancy probability of bin i, λi is the mean firing rate for bin i, and λ is 

the overall mean firing rate of the cell. 
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3.2.6 Analysis of LFP properties 

Sampling of local field potentials (LFPs) occurred from either the same 

electrode from which unit data was detected or one in the same bundle. LFP activity 

was sampled at 4800Hz.  To determine theta waveform shape, the LFP was bandpass 

filtered between 6-10Hz and a phase profile was determined using the Hilbert 

transform. A sample waveform of 200 ms duration was subsequently captured 

whenever the phase data indicated a trough had been reached. These samples were 

then averaged, as were the phase profiles.  

Theta frequency was calculated by determining the average theta cycle 

length for each cell in ms, and then dividing that value by 1000. 

 

3.2.7 Analysis of phase precession 

For all phase precession analyses, the phase reference was always to the LFP 

signal taken from the CA1 pyramidal cell layer, and 0⁰ corresponds to the trough of 

the oscillation. An EEG amplitude envelope generated by the Hilbert transform was 

also applied to discard spikes of very low theta amplitude. On average this removed 

approximately 8% of spikes from the dataset. For all spikes that occurred within a 

place field, spike phase was determined by matching the animal’s position within the 

place field to the instantaneous phase of the 6-10 Hz theta rhythm, and then analyzed 

using procedures described previously (Kempter et al., 2012). This involves using 

circular-linear regression to provide a robust estimate of the slope and phase offset of 

the regression line, and a correlation coefficient for circular-linear data analogous to 

the Pearson product-moment correlation coefficient for linear-linear data. The fits 

were constrained to have a slope of no more than -2 and +1 theta cycles per place 

field transverse. Phase precession analysis was conducted by pooling spiking data 

from all passes through the place field within a given recording session. Because theta 

states are associated with locomotion (Vanderwolf, 1969), phase precession analysis 

was only performed on data where the animal was running at least 5 cm/s. The raw 

theta waveform was also checked across several recordings from each animal to 

ensure that the LFP was not clipped, and recordings containing regular clipping were 

excluded from further analysis.  
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A total of 327 place cells from 9 MIA animals (8 litters) and 222 place cells 

from 8 CTL animals ( 5 litters) met these criteria and were included in the final 

analysis. 

3.2.8 Analysis of theta sequences 

For this analysis recordings where at least three cells had been recorded 

simultaneously were identified. The place fields of these cells were then displayed on 

a 20 by 20 pixel matrix and the center marked manually. Here the center was defined 

as the bin with the highest firing rate that was closest to the center of place field mass. 

For cells with multiple place fields, the largest place field was always selected except 

in cases where this cell was situated directly in the reward region. In such cases, the 

next largest place field located in a non-reward location was selected. Cells with a 

single place field located in the reward area were included if the place field covered 

regions adjacent to reward, but were excluded if they were restricted to reward area 

only (such cells were smaller than average, and were not common). Place field 

location around the track was then converted to polar coordinates so that the distance 

between place fields could be represented in angular format. Ripple events (140-200 

Hz) were detected in the LFP and any spikes that occurred during these events were 

discarded. The time between every spike generated by each of the cells in the 

recording was determined, and where that time interval was within a set window (e.g. 

40 ms), the data were correlated with the angular distance between the place fields of 

the two cells using a circular-linear correlation.  The use of a circular representation 

helped to resolve the difficulty of determining whether a place field is ahead of or 

behind another in a topologically circular apparatus.  

 

3.2.9 Analysis of speed 

Speed was calculated by dividing place cell activity along each of the 4 track 

arms, and then calculating the mean speed (in cm/s) at which the rat travelled through 

that place field. For speed analysis, the reward arm was excluded, as animals were 

generally stationary during consumption of the reward.  
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3.3 Results 

3.3.1 Basic firing properties of single cell units 

The firing rate of cells recorded from MIA animals was significantly higher 

than for control cells, including both the mean firing rate (Mann Whitney U = 26557, 

p < .001) and the infield firing rate (U = 30118, p <.001; Figure 3.5a). The increased 

firing rates in the MIA group did not appear to be due to differences in locomotor 

speed as median speed was not significantly different between groups (Mann Whitney 

U = 76689, p = .283; Figure 3.5b). The MIA intervention had no significant effect on 

place field length (t (547) = 1.79, p = .075), although there was a trend towards 

slightly larger place fields among MIA cells (Figure 3.5c). There was also no 

significant difference between groups for the information content measure, measured 

in bits per spike (Mann Whitney U = 76475, p = .314, Figure 3.5d).  

 

 

Figure 3.5  Basic firing properties of single cell units. (A) Mean firing rates of single units, 

including both the mean firing rate across the entire track and the infield firing rate. Black 

bars denote the median. (B) Violin plots of speed. For this analysis, median speed was 

calculated across the 3 non-reward arms, as animals were often stationary in arm 4 as they 
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consumed the reward. (C) Place field length. Bars denote mean and standard error. (D) 

Information content in bits per spike. Bars denote median. Significance levels for all images: 

* p < .05, ** p < .01, *** p < .001. 

 

3.3.2 Basic properties of theta oscillations 

A comparison of the local field potential (LFP) activity, recorded from the 

electrodes at which place cells were located, showed that the frequency of theta 

oscillations was slighter lower in the CTL group, although the difference was 

significant (Welch’s t(131.1) = 4.09, p < .001; Figure 3.6b). Inspection of LFP 

waveforms furthermore revealed that CTL and MIA theta oscillations were of near 

identical shape, and although the amplitude of MIA oscillations was significantly 

higher (Mann Whitney U =4645, p = .003; Figure 3.6c,d), the difference between 

amplitudes was very small. Importantly, the phase profile of the theta waveform, as 

generated by the Hilbert transform, was virtually identical across the two groups 

(Figure 3.6e). 

 

 

Figure 3.6  Basic properties of theta oscillations. (a) Examples of filtered and raw EEG 

recordings for both groups. (b) Violin plot of theta frequency in Hz. (c) Average wave form 

shape in the theta band. Lighter color denotes standard error. (d) EEG amplitude. Bars denote 

median. (e) Average phase profile of the theta waveform. 
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3.3.3 MIA cells continue to demonstrate robust phase precession 

Phase precession was characterized as animals moved through the place 

fields of each of the place cells. When all cells were examined, there was no 

significant difference between the MIA and CTL cells for the majority of basic phase 

precession properties, as measured by the r value of the circular-linear correlation of 

phase and position, the p value of that correlation, and the slope of the regression line 

(Table 1). This indicated that the MIA intervention did not alter the ability of 

individual cells to precess, and that this precession had a similar structure and slope 

across the place field when compared to phase precession in CTL cells (see Figure 3.7 

for example plots). Since these data included all cells, regardless of whether they had 

significant phase precession (circular-linear correlation p < 0.05) or not, these 

characteristics were then re-examined in the subset of cells that had a significant p-

value for the circular-linear correlation. This subset accounted for 50% of all CTL 

cells (n = 112) and 44% of MIA cells (n = 145). These proportions were not 

significantly different to expected values (chi-square, p = .159). Again, there were no 

significant differences for any of the phase precession measures mentioned above, 

confirming that individual cells continue to precess normally following an MIA 

intervention (Table 1, lower half), irrespective of whether the whole population of 

cells, or just the significantly precessing cells were analyzed. 
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Table 1. Measures of phase precession (circular-linear correlation) in hippocampal 

place cells following an MIA intervention. Upper data includes all cells. Lower data is 

from the subset of cells that displayed significant (p<0.05) phase precession. 

 
 Mean ± SEM Test (df) Result Sig. 

All cells CTL 

(n = 222) 

MIA 

(n = 327) 

   

Correlation -.10 ± .02 -.10 ± .02 t test (547) t = .36 p = .717 

p-value .22 ± .02 .24 ± .02 Mann Whitney U = 34438 p = .308 

Slope -219.30 ± 15.24 222.62 ± 14.35 Welch’s t test 

(513.1) 

t =.16 p = .876 

Cells (sig.)  

for p-value < 

0.05 

CTL 

(n = 112) 

MIA 

(n = 145) 

   

Correlation (s) -.15 ± 0.03 -.18 ± 0.02 Mann Whitney U = 7992 p = .829 

p-value (s) .01 ± .00 .007 ± .00 Mann Whitney U = 7671 p = .447 

Slope (s) -267.44 ± 20.65 -307.687 ± 

19.61 

t-test (255) t = 1.41 p = .161 
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Figure 3.7  Example plots of phase precession. (a) Correlations of firing phase and position 

across the track. Only the 3 non-reward arms are shown, and blue lines denote corner 

positions. Phase precession is shown across 2 phase cycles on the y axis. (b) As for a, but 

firing phase is shown relative to normalized position within a single place field. Red line 

denotes the regression slope of the circular linear correlation. 

 

3.3.4 Starting phase of precession is more variable in the MIA group 

While individual cells display unimpaired phase precession in the MIA 

group, a clear between-group difference was observed for the intercept of the 

regression line for the circular-linear correlation, a measure that quantifies the starting 

phase of precession as the animal enters the place field (Figure 3.8). While the mean 

intercepts were similar between groups (CLT = 56.54⁰, MIA = 60.58⁰, where 0⁰ 

denotes the trough of the theta oscillation at the cell layer, Watson Williams F (1, 

547) = .15, p = .694), the variance in starting phase angle was considerably lower for 

CTL cells, as evidenced by a longer mean vector length (CTL = .30, MIA = .13) and 

higher concentration (CTL = .62, MIA = .26; Figure 3.8a). This difference between 

groups was confirmed in three separate analyses: first, a nonparametric test for 

circular data that considers differences in either the mean or variance, known as the 

Mardia-Watson Wheeler test, was performed. This test returned a significant result 

(W = 7.27, p = .026). As further verification that this difference emerges specifically 

from the variance, a variance ratio F-test was then performed, which also returned a 

significant result (F = .66, p <.001). Finally, the difference from the group mean angle 
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for each individual cell was computed, and then compared between groups. Again, the 

result was significant (Mann Whitney U = 31516, p = .009), indicating that MIA cells 

have a higher variance in starting phase as they begin to precess through a place field 

(Figure 3.8b). Although the variance was significantly greater in the MIA group 

however, both groups had a non-uniform distribution that was significantly different 

from 0, indicating that the MIA group still demonstrated a preferred starting phase 

(CTL Rayleigh Z = 19.44 p < .001; MIA Z = 5.59, p = .004).  

As before, these differences were re-examined using the subset of cells with 

significant phase-location correlations (p-value < .05). Again, MIA cells had a smaller 

mean vector length (CTL = .42, MIA = .24) and a lower concentration (CTL = .92, 

MIA = .49; Figure 3.8c), although again, the intercept distribution was significantly 

different from 0 in both groups, (CTL Rayleigh Z = 19.44, p , .001; MIA Z = 8.11, p , 

.001). The Mardia Watson Wheeler test remained significant (W =7.09, p = .029), as 

did the variance ratio F-test (F = .58, p = .003) and the group difference from mean 

angle (U = 6785, p = .024; Figure 3.8d), confirming that circular variance remained 

higher in the MIA group. 

 

 

Figure 3.8  Circular variance of starting phase. (a) Circular histograms of intercept values for 

both groups, where all cells with a place field are included in the analysis. Red bars denote 
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the mean angle with 95% confidence intervals. Between group differences are based on the 

variance ratio F test. (b) Violin plots showing the distance from the mean angle for each 

individual cell. (c and d) As for (a and b respectively), except only cells with a circular linear 

correlation with a p value less than .05 are included. 

 

To ensure that these results were not driven by aberrant recordings from a 

small proportion of the MIA animals, the mean vector length (MVL) of intercept 

values was also computed for each individual animal. The MVL is a measure of 

circular concentration between 0 and 1, with lower values indicative of greater 

circular variability. Group differences were then computed on an animal by animal 

basis according to mean MVL (Figure 3.9a). The mean MVL for CTL animals was 

.57 ± .08, around twice the length of the MVL for than that for MIA animals, which 

was .29 ± .04. This difference was significant between groups (t (15) = 3.43, p = 

.004). Again, these results were upheld following the removal of cells with weak 

(p>0.05) phase precession (MVL CTL = .63 ± .08; MIA = .37 ± .04, t (15) = 3.01, p = 

.009; Figure 3.9b). Similarly, when calculated on a litter by litter basis, the MVL of 

starting phase in MIA litters (.28 ± .04, n = 8) was significantly shorter than that of 

control litters (.59 ± .07, n = 5, t (11) = 4.13, p = .002; Figure 3.9c).  

The finding that cells from MIA animals show greater variability in phase 

precession starting phase, while other measures of the phenomenon, particularly the 

regression fit, remain intact, indicates that the variability does not occur on a moment-

to-moment basis. One possibility is that individual MIA cells have particular 

preferred starting phases, which are stable over time for that cell and can co-occur 

simultaneously alongside other cells with widely different starting phases. An 

alternative possibility is that the population of MIA cells could all have a similar 

starting phase at a particular time period, but this starting phase could shift coherently 

for the population between one recording session and the next, which should not 

disrupt theta sequences. To examine this, the MVL for each individual recording with 

a minimum of 3 cells was determined. Again, the MVL for CTL cells within a single 

recording (.65 ± .03) was longer than the MVL for MIA cells (.53 ± .03), indicating 

that starting phase was significantly more variable across MIA cells simultaneously 

recorded during a single session (t (82) =2.41, p =.018). This demonstrates the effect 

could be detected within the network at any particular time point (Figure 3.9d). These 

results furthermore were not dependent on either the increased firing rates observed in 
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MIA cells, as correlations between the intercept difference from mean intercept angle 

and either infield firing rate or mean firing rate were non-significant for both groups 

(infield firing rates x intercept difference: CTL r = .00, p = .950; MIA r = .03, p = 

.591; mean firing rates x intercept difference: CTL r = -.01, p = .892; MIA r = .06, p = 

.280). 

 

 

Figure 3.9  Mean vector length of mean intercept values on an animal by animal, litter by 

litter, and recording by recording basis. (a) MVL on an animal by animal basis. (b) As for A, 

but only including cells that have a circular linear correlation with a p value < .05. (c) MVL 

on a litter by litter basis. (d) MVL of cells recorded simultaneously in a single recording 

(minimum 3 cells). Error bars denote mean and SEM. 

 

3.3.5 Theta sequences are significantly disrupted in the MIA group 

One outcome of coordinated phase precession at the cell assembly level is 

the emergence of theta sequences, the phenomenon by which the sequential firing of 

several overlapping place cells is compressed within a single theta cycle, thereby 

preserving the sequence order of their relative locations (Foster & Wilson, 2007; 

Skaggs et al., 1996). A possible effect of the increased variance of starting phase in 

MIA cells is a disturbance of the ordered temporal/spatial structure of theta sequences 
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(Feng et al., 2015; Schmidt et al., 2009). To test for this, the correlations between the 

spike time difference of simultaneously recorded cell pairs and the distance between 

their respective place fields were examined. If theta sequences are intact, this 

correlation should be positive, indicating that the difference in firing time between 

individual place cells tends to be greater within the theta cycle when the individual 

cell’s place fields are further apart.  Because theta sequences are a circular 

phenomenon and because the running track was topologically circular it becomes 

difficult to determine lead/lag relationships at greater times and distances. For these 

reasons, the analysis was limited to spike pairs from different cells that occurred 

within 40 ms of each other. This time period reflects the upper limits at which STDP 

occurs (Dan & Poo, 2004), a plasticity phenomenon that has been linked theoretically 

to theta sequences. It is also within the temporal window of sharp-wave ripple 

replay/preplay events and so spikes that occurred during ripples in the LFP were 

discarded to exclude this phenomenon. As predicted by the greater intercept 

variability among MIA cells, a significant positive correlation between time between 

spikes and place field distance was only observed in the CTL group (r = .11, p <.001), 

whereas there was no correlation for MIA cells (r=.01, p = .447; Figure 3.10). The 

difference between these two correlation coefficients was also significant when tested 

using Fisher’s r to z transformation (z = 5.94, p < .001), confirming that theta 

sequences are disrupted in the MIA group. These results cannot be explained by 

group differences in place field distance, as the mean distance of CTL fields (86 ± 

5.6⁰) was not statistically different to the MIA mean distance (82.7 ± 4.4, t (208) = 

.59, p = .553). With these parameters furthermore, the slope of the time/distance 

relationship in CTL cells was 44⁰ across 40 ms, which corresponds to around 130⁰ in 

a 120ms theta cycle. This is lower than might be expected as precession occurred, on 

average, over 220 degrees in our data.  However, the slope appeared to be dependent 

on the duration of the time window, as for example, when this is reduced to 30 ms the 

CTL slope is 56⁰ (corresponding to 224⁰ across a 120 ms theta cycle).  In contrast the 

slope of the fit to MIA data was virtually flat, at -3.8 degrees/40ms and -1.3 

degrees/30ms (-11 degrees/cycle and -5 degrees/cycle respectively).   
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Figure 3.10  Correlations of the distance between place fields and the time between spikes for 

both groups. Distance between place field centers in a clockwise direction (cw) is shown on 

the y axis. Time between spike pairs is shown on the x axis, which is protracted to 120 ms (~ 

1 theta cycle) to demonstrate how slope of the regression line (in red) corresponds to phase 

range across a full cycle. Dashed blue lines are included to aid visualization of phase range. 

Top row depicts the circular-linear correlation for all spike pairs that occurred within 40 ms 

of each other, middle row depicts the same data but for spikes that occurred within 30 ms of 

each other, and bottom row when only spike pairs occurring within 20 ms were included. All 

three correlations are shown to demonstrate the systematic slope change of the regression line 

for the CTL group.  
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3.4 Discussion 

In summary, these results indicate that exposure to MIA in utero, a known 

risk factor for schizophrenia, produces greater variability in the starting phase of 

precession across a population of hippocampal CA1 neurons cells without affecting 

other phase precession properties. This occurred at the level of the pooled data set, 

after filtering for a subset of cells that showed the strongest phase precession, on an 

animal by animal basis, and within a single recording. A critical emergent 

consequence of increased variability in starting phase is that theta sequences, the 

phenomenon whereby individual cells activate sequentially during each theta cycle, 

are likely to be disrupted. These data confirm that a disruption in theta sequences does 

occur in MIA animals, such that the likelihood that the order of cell firing during a 

theta cycle reflects the order of experience of two spatial locations is reduced. These 

effects were independent of any group differences in place field size, information 

content, or mean speed through the non-reward arms, and they were unrelated to 

differences in firing rate. There were also no differences in the basic theta wave 

shape, although a significant increase in firing rates among MIA cells was observed, 

as well as a small difference in theta frequency.  

Although significant differences in theta amplitude and frequency between 

groups were observed, the differences were very small, and they are unlikely to be the 

source of the increased intercept variance in the MIA group given that other 

properties of phase precession, such as the circular linear correlation and the slope 

should also be affected if this were the case. Instead, these data indicate that these 

other properties were preserved in the MIA group. Furthermore, a recent study has 

demonstrated that the relationship between distance and phase is preserved following 

perturbations of theta frequency, indicating that the very small difference observed 

here is unlikely to affect theta sequences (Petersen & Buzsáki, 2020).  

Another possible explanation for the increased variance in starting phase is 

that electrode depth was more variable in the MIA group, as previous reports have 

demonstrated that electrode depth and placement have profound effects on theta 

properties (Brankačk, Stewart, & Fox, 1993; Buzsáki, Rappelsberger, & Kellényi, 

1985; Lubenov & Siapas, 2009). However, this explanation is unlikely given that no 

systematic differences in electrode placement were observed after histology. 
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Importantly, these data also confirm that starting phase was significantly more 

variable between cells recorded in a single recording from the same tetrode bundle, 

which further rules out electrode depth as a confounding factor.  

Recent reports have suggested that theta sequences may in fact precede the 

development of robust phase precession (Venditto et al., 2019; Wang et al., 2015). 

These data do not support this hypothesis, as phase precession was preserved in the 

MIA group despite disrupted theta sequences. However, they do provide additional 

support for a dissociation of phase precession and theta sequences, suggesting instead 

that theta sequences require additional network coherence above and beyond the 

precession of individual cells, including a consistent starting phase as pyramidal cells 

enter a new place field (Feng et al., 2015). Previous reports have suggested that 

starting phase is relatively consistent across cells within an assembly after the first 

lap, indicating that a rapid synchronization occurs following experience (Dragoi & 

Buzsáki, 2006; Feng et al., 2015; Huxter et al., 2008; Skaggs et al., 1996). The CTL 

data presented here are consistent with these earlier reports showing that as an animal 

enters a CA1 place field, the cell’s firing will initially occur just after the trough of the 

local theta cycle as it is recorded at the CA1 cell layer, typically around 90⁰. In 

contrast, although MIA cells had a similar mean intercept, the MIA intervention 

appears to partially disrupt this rapid synchronization process, such that the starting 

phase of individual cells remains more variable throughout the entire recording. 

Importantly, the distribution of MIA starting phase was significantly different to the 

uniform distribution however, indicating that MIA cells do partially synchronize, 

although the extent of this synchronization appear to be significantly weaker than that 

observed in CTL cells.  

Place field expansion following experience is thought to rely on theta 

sequences due the temporal dynamics of STDP (Bi & Poo, 1998; Dan & Poo, 2004; 

Mehta et al., 1997), suggesting that the disrupted theta sequences observed in the 

MIA group might prevent the expansion of MIA fields relative to CTL fields.  The 

finding that there were no significant differences in place length between groups, and 

even a trend towards larger place fields in the MIA group is therefore surprising, 

particularly given that two previous studies have found evidence of smaller place 

fields in either an MIA model or in an alternative genetic model of schizophrenia risk 

(Kaefer et al., 2019; Wolff & Bilkey, 2015). It is important to note however that both 

of these earlier studies involved exploration of an open field, whereas in the present 
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study rats were trained to run around a rectangular maze for a consistent food reward 

that was always delivered to the same location, suggesting that place field length may 

be differentially affected depending on task requirements.  

One possible explanation for this discrepancy is that place fields in these 

earlier reports were examined during early learning experiences with the experimental 

arena, whereas in this study, learning occurred weeks before experimental testing. It is 

therefore possible that homeostatic processes during this extended time frame may 

account for the lack of difference in place field length observed here. A third 

possibility for the non-significant difference in place field length is that MIA cells are 

generally noisier than CTL cells, and are therefore less spatially selective, although 

the finding that information content was also not significantly different between 

groups suggests that this explanation is unlikely. Another possibility is that theta 

sequences recorded from the CA1 region in particular may not influence the 

expansion of place fields due to STDP, especially given that pyramidal cells in this 

region are not reciprocally connected to each other (Amaral & Lavenex, 2007). Thus, 

although disrupted sequences might exert profound effects on downstream plasticity 

mechanisms, they might have little to no effect on the expansion of place fields within 

CA1.  

In addition to disordered sequences, an additional consequence of increased 

variability in the starting phase is that sequential spiking should not be clustered as 

tightly within each individual theta cycle, especially if individual cells precess less 

than 360° (Schmidt et al., 2009). Thus, the clustering of spikes within a single theta 

cycle is likely to be more dispersed following an MIA intervention (Figure 3.11), 

potentially contributing to the erroneous processing of spikes across successive theta 

cycles, whereby spikes which represent the end of an earlier sequence are 

misattributed as early spikes on the next cycle. This may also have important 

consequences in terms of how the environment is segmented into “chunks,” (Gupta et 

al., 2012), and MIA animals may therefore have more difficulty processing discrete 

units of information that are updated continuously across successive theta cycles. One 

analogy that has been proposed for this phenomenon is a series of sentences without 

punctuation marks, and it has been theorized that this lack of “punctuation” may 

contribute to the confused order of thoughts that occurs in schizophrenia (Lisman & 

Buzsáki, 2008).  
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Figure 3.11  Schematic demonstrating the effects of the MIA manipulation on starting phase 

and theta sequences.  Top cartoon shows phase coding across a single cell. A cartoon based 

on CTL data is displayed below on the left, where coherent starting phase across overlapping 

cells A-E allows these cells to fire in an ordered sequence within a single theta cycle, thereby 

preserving the spatial order of their respective place field centers. A cartoon based on the 

MIA data is presented on the right. In this instance, the increased variance in starting phase 

disrupts the compressed sequential order of spiking within a single theta cycle. In both 

cartoons, the range of phase precession is coherent, consistent with the finding that phase 

precession slopes were similar in both groups. Note that as a consequence of the incoherent 

starting phase in the MIA cartoon, spiking across the theta cycle is also more dispersed when 

compared to the CTL cartoon. This results in phase coding that lacks “punctuation” across 

successive theta cycles (bottom), thereby making it difficult to determine where one theta 

sequence ends and the next begins. 

 



98 

 

Although the hippocampal rate code is known to increase relative to running 

speed (Huxter et al., 2003; McNaughton, Barnes, & O'Keefe, 1983), the lack of 

significant differences in running speed between groups suggests that the elevated 

firings rates observed in the MIA group may reflect disturbed inhibitory regulation. 

This is in line with previous studies documenting a range of GABAergic alterations 

following an MIA intervention (Canetta et al., 2016; Corradini et al., 2018; Dickerson 

et al., 2014; Ducharme, Lowe, Goutagny, & Williams, 2012; Fernandez et al., 2018). 

Although the precise mechanisms that regulate starting phase remain to be elucidated, 

previous studies suggest that inhibitory interneurons may play an important role in 

this process (Chadwick, van Rossum, & Nolan, 2016; Drieu & Zugaro, 2019; 

Kamondi et al., 1998; Losonczy, Zemelman, Vaziri, & Magee, 2010; Magee, 2001; 

Royer et al., 2012). For example, one study has demonstrated that a single interneuron 

can synchronize the activity of large pyramidal cell assemblies within the theta range 

(Cobb et al., 1995), suggesting that even subtle alterations to GABAergic expression 

and signaling are likely to have profound effects on coordinated phase precession, and 

the consequent emergence of theta sequences.   

Inhibitory suppression of phasic noise has also been associated with the 

expansion of phase precession range (Grienberger et al., 2017), suggesting that 

GABAergic disturbances following an MIA intervention might result in a more 

restricted slope. However, these data indicate that the range of precession in the MIA 

group is similar to controls, suggesting that putative GABAergic disturbances among 

MIA animals are likely to be specific to the inhibitory mechanisms that regulate 

starting phase. This is in contrast to previous findings in a model of temporal lobe 

epilepsy, where the range of precession was significantly reduced (Lenck-Santini & 

Holmes, 2008). One potential candidate for such specific disturbances are PV+ 

interneurons targeting perisomatic regions of pyramidal place cells, as perturbations 

of these cells have been shown to not only shift CA1 pyramidal cell spiking towards 

the theta trough, but also to increase the firing rates of place cells within their place 

fields (Royer et al., 2012). 

Finally, although theta phase coding has not previously been investigated in 

any models of schizophrenia risk, a recent study that used a genetic (DISC1) model of  

schizophrenia reported that the preferred firing phase of CA1 pyramidal neurons was 

significantly more variable across the theta cycle in a (Kaefer et al., 2019). Thus, 

although phase precession itself was not examined in that study, the outcome 
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described would be the logical consequence of a more variable starting phase. This 

raises the interesting possibility that similar effects might be observed across two 

independent models of schizophrenia risk, and suggests that disorganized phase 

coding could have important preclinical implications for schizophrenia. 
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Chapter 4 The effects of the MIA manipulation on place field 

asymmetry, locomotor speed, and theta/gamma cross frequency 

coupling 

 

4.1 Introduction 

Theta sequences have attracted considerable interest as a putative mechanism 

of memory encoding and storage, largely due to the temporal coordination of network 

spiking within a timeframe that is suitable for synaptic plasticity. For example, theta 

sequences could have profound effects on STDP, as spike order within ~50 ms 

determines whether synapses will be either potentiated or depressed (Bi & Poo, 1998; 

Dan & Poo, 2004). One consequence of disorganized theta sequences, as observed in 

the MIA group, is therefore that place cell assemblies encoding components of 

learned navigational routes may not be linked synaptically to the same extent as in 

controls.  

Although this study did not explicitly examine synaptic plasticity, indirect 

evidence of potentiated cells can be inferred by particular place field properties, such 

as size and skew. For example, previous studies have demonstrated that place cells 

not only begin to fire earlier following experience, thereby expanding their size, but 

the shape of the firing field also develops negative skew (Figure 4.1), such that the 

firing rate is low as the animal enters the field and progressively ramps up towards the 

exit (Mehta et al., 1997; Mehta et al., 2000). However, results from the previous 

chapter indicated that place fields were not significantly smaller in the MIA group 

despite disorganized theta sequences, which suggests that this disruption did not have 

any long-term effects on place field length as animals navigate a familiar track. One 

possible explanation for this finding is that the size of place fields in the CTL group 

may be normalized over time, thereby preserving the spatial selectivity of the cell. In 

this scenario however, CTL cells might still demonstrate greater negative skew 

relative to MIA cells, because cells should become progressively depolarized due to 

the asymmetric potentiation of synapses, resulting in increased spiking toward later 

portions of the firing field.  
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Although the development of negatively skewed place fields has been 

associated with theta sequences in some studies (Mehta et al., 2002; Mehta et al., 

1997; Mehta et al., 2000), several other studies have failed to replicate this finding 

(Feng et al., 2015; Huxter et al., 2003; Lee et al., 2004; Schmidt et al., 2009). For 

example, at least 2 studies have reported that CA1 place field skew is a highly 

dynamic variable that systematically changes according to reward proximity, with 

place fields that skewed in a predominantly positive direction as an animal 

approaches goal locations, and negative as they depart (Lee et al., 2006; Wirtshafter 

& Wilson, 2020; Figure 4.1b). This suggests that infield firing rates must also contain 

information about reward proximity, and are not simply a function of asymmetric 

plasticity processes that occur after learning. 

 

 

Figure 4.1  Examples of place field skew. (a) An example histogram of place field firing rates 

as a function of track position. This example demonstrates clear negative skew, with firing 

rates that are substantially higher in the second half of the field. Previous studies have shown 

that place fields tend to be symmetrical prior to experience, but then develops negative skew 

as an animal becomes more familiar with a learned navigational route. Image a is from Mehta 

et al. (2000). (b) Schematic of hippocampal place field skew relative to the direction of travel 

to or from the reward location. Top example shows a typical positive skewed distribution as 

animals approach the reward location. Bottom shows a negative skewed distribution as 

animals depart the reward location. Image b is from Wirtshafter and Wilson (2020). 

 

One potential problem with the negative skew theory is that, unlike the auto-

associative network in CA3, CA1 principal cells do not typically share reciprocal 

connections, so cell A in a sequence does not directly communicate with cell B 

(Amaral & Lavenex, 2007). Thus, although it is possible CA1 place fields could still 

inherit negative skew from potentiated assemblies in CA3, it remains unclear how 
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additional cellular communication, both within the CA1 network and from other 

regions, may attenuate such inherited place field skew if it occurs.  

One possibility is that organized theta sequences in CA1 are transmitted 

downstream towards regions that encode for reward valence and motivation, which 

then communicate information about the reliability and salience of actual rewards 

back to CA1 (Gasbarri et al., 1994). This could potentially result in the attenuated 

skew patterns observed in the study by Wirtshafter and Wilson (2020). In line with 

this theory, theta sequences have also been shown to be sensitive to salient reward 

information (Bieri et al., 2014; Gupta et al., 2012; Johnson & Redish, 2007), and the 

“look ahead” component of theta sequences has been shown to be proportional to the 

animal’s distance from goal locations (Wikenheiser & Redish, 2015). Place fields are 

also known to preferentially accumulate in reward regions (Dupret et al., 2010; Hok et 

al., 2007; Hollup et al., 2001), again suggesting the CA1 spatial code is preferentially 

organized relative to salient goal information.  

Furthermore, theta coherence between CA1 and striatal regions has been 

shown to increase according to reward expectancy (Lansink et al., 2016), and 

anticipatory ramping activity of phase precessing cells located in the ventral striatum 

has also been observed as animals approach goal locations (van der Meer & Redish, 

2011). Taken together, these findings suggest that theta phase coding may have an 

important functional role in linking spatial information with dopamine-modulated 

reward prediction. Disorganized sequences in CA1 could potentially interfere with 

these processes, resulting in a greater accumulation of goal-related-prediction errors 

(Schultz, 2016). Given that the infield firing rates of CA1 place cells have been 

shown to contain salient reward information (Wirtshafter & Wilson, 2020), such 

interference could be reflected in the strength and direction of place field skew 

relative to the goal location, as well as a decrease in the proportion of place fields 

located in the reward arm (Martig & Mizumori, 2011). 

Similarly, if disorganized theta sequences in CA1 do interfere with the 

integration of spatial and reward information, another potential consequence at the 

behavioral level is that MIA animals might demonstrate a different pattern of 

locomotor speed as they approach the goal location. For example, although median 

speed was not significantly different between groups (as shown in chapter 3), CTL 

animals might demonstrate a more targeted increase in running speeds as they 

approach the goal location. In contrast, MIA animals may not be able to predict their 
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relative distance from the reward location with the same degree of precision, resulting 

in speed fluctuations that are more random relative to track position. This would be 

consistent with recent findings suggesting that intact theta sequences are required for 

optimal performance on a spatial alternation task (Wang et al., 2015), as well as 

numerous MIA studies documenting spatial memory deficits in affected animals 

(Bitanihirwe et al., 2010; Ito et al., 2010; Meyer et al., 2005; Meyer et al., 2008; 

Savanthrapadian et al., 2013).   

 Another possibility is that the relationship between theta frequency and 

locomotor speed could be disturbed in the MIA group. Previous studies using naïve 

animals have demonstrated robust positive correlations between theta frequency and 

speed (Fuhrmann et al., 2015; McFarland, Teitelbaum, & Hedges, 1975; Young, 

Ruan, & McNaughton, 2021), and experimental evidence suggests that this 

relationship accounts for the invariance of phase precession range in response to 

fluctuations in speed (Geisler et al., 2007). Given that the range of phase precession 

(as measured by the slope of the phase/position correlation) was similar between 

groups, it is unlikely that this particular relationship should be disturbed in the MIA 

group, but this has not yet been verified. 

Finally, theta sequences have been associated with the integrity of 

hippocampal gamma oscillations, suggesting that such oscillatory activity could also 

be disturbed in the MIA group. For example, the physical distance represented by 

distinct theta sequences has been linked to the number of gamma cycles nested within 

that theta cycle (Gupta et al., 2012; Zheng et al., 2016), suggesting that gamma 

oscillations may provide the biophysical infrastructure to encode each individual 

component within the sequence. This is consistent with theoretical models suggesting 

that disrupted theta/gamma cross coupling may be an important biophysical 

component of schizophrenia pathology, with profound implications for the sequential 

processing and segmentation of information (Lisman & Buzsáki, 2008). Experimental 

support for this hypothesis has been provided by studies of sequence learning in 

humans, where the peak gamma power for individual items within the sequence was 

organized sequentially according to distinct theta phases (Heusser et al., 2016). 

Furthermore, this ordered relationship was only apparent when participants 

successfully remembered the sequence order, indicating that precise theta/gamma 

coupling is required for sequential memory performance. 
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Evidence that theta/gamma cross coupling in the mPFC is diminished 

following an MIA intervention has also been reported (Dickerson et al., 2010), 

although it remains unclear whether similar disruptions occur specifically within 

hippocampal regions. However, disrupted cross-coupling frequency within 

hippocampal regions has been demonstrated in a ketamine model of the disorder, in 

which theta/gamma cross-coupling was increased at the lowest dose of the drug, but 

disrupted at higher doses (Caixeta et al., 2013). Discoordinated coupling of slow 

gamma and theta has also been observed following administration of PCP (Kao et al., 

2017). Taken together with the large body of evidence demonstrating abnormal 

gamma activity in schizophrenia patients (Cho, Konecky, & Carter, 2006; Flynn et al., 

2008; Light et al., 2006; Moran & Hong, 2011; Sun et al., 2011; Uhlhaas & Singer, 

2010), these findings suggest that the disrupted theta sequences observed in the MIA 

group could be related to disturbed LFP activity within the gamma range, including a 

specific decrease in the quality of theta/gamma cross-coupling. 

In summary, the incoherent starting phase and disorganized theta sequences 

observed in the MIA group could potentially coincide with altered patterns of place 

field skew, a decrease in the distribution of place fields around the reward location, 

subtle differences in running behavior, and disrupted theta/gamma cross-frequency 

coupling. Evidence of such coincidental differences may provide important clues 

about the mechanistic properties of coordinated phase precession and theta sequences, 

as well as their functional significance. The aim of this chapter is to investigate each 

of these possibilities. First, it is hypothesized that place fields in the CTL group will 

either have stronger negative skew relative to MIA fields, or alternatively, that MIA 

cells will demonstrate different patterns of place field skew relative to the goal 

location, as well as a reduced proportion of place fields in the reward arm. It is also 

predicted that MIA animals will demonstrate an aberrant pattern of locomotor speed 

relative to the goal location. The final hypothesis is that gamma oscillations will be 

disrupted in either the low or high gamma frequency bands, and that the strength of 

theta/gamma cross frequency coupling will be reduced in the MIA group. 
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4.2 Methods 

The same dataset analyzed in chapter 3 was used for these analyses, and a 

detailed description of the majority of the methodological details has thus been 

provided in previous chapters.  

 

4.2.1 Analysis of place field skew 

Place field skew was calculated according the skew function in Matlab. 

The firing rate asymmetry index (FRAI) was calculated by first dividing 

spikes within a single place field into two equal halves, where F1 denotes the mean of 

first 50% of spikes, and F2 mean of the second 50% (Mehta et al., 2000). The 

following equation was then computed: 

𝐹𝑅𝐴𝐼 =
𝐹1 − 𝐹2

𝐹1 + 𝐹2
 

For the analysis of skew values in relation to the reward location, the track 

was divided into 5 sections. Each non-reward arm was counted as a single section 

(Arms 1, 2, and 3) and the reward was split into 2 sections to capture portions of the 

track where the animal was either running towards or away from the reward (Figure 

4.2). Skew position was thus based on the position of the place field center in relation 

to the reward. 

 

Figure 4.2  Diagram demonstrating dwell and track arms. Heat map shows an example of 

animal dwell, indicative of the reward location in the center of arm 4. White lines show how 

the track was sectioned into 5 parts. 
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4.2.2 Behavioral analysis 

Behavioral analysis is limited to speed data, which has been described 

previously in Chapter 3. In addition to the mean speed throughout all 3 non-reward 

arms, the mean speed was calculated independently for each arm, and these values 

were then compared using a 2 x 2 ANOVA. 

 

4.2.3 Analysis of gamma and cross frequency coupling 

As before, LFP activity was sampled at 4800Hz. Low gamma was defined as 

oscillatory activity that occurred in the 30-60 Hz range, and high gamma was between 

60-90 Hz. Evidence of theta/gamma cross coupling was calculated via the modulation 

index (MI) according to methods detailed by Tort, Komorowski, Eichenbaum, and 

Kopell (2010). First, the raw EEG signal was filtered at the phase and amplitude 

frequency ranges for theta (6-10 Hz) and either low or high gamma. The phase and 

amplitude time series were then calculated from these filtered signals using the 

Hilbert transform. A composite phase/amplitude time series was then constructed, and 

from this, the mean amplitude distribution over phase bins was obtained. From this 

distribution, the Kullback-Leibler (KL) distance was computed (Kullback & Leibler, 

1951), which measure of how much the distribution of EEG amplitude across phase 

bins deviates from a normal distribution. The modulation index (MI) can be 

calculated from the following equation: 

𝑀𝐼 =  
𝐷𝐾𝐿 (𝑃, 𝑈)

log(𝑁)
  

where 𝐷𝐾𝐿 = the KL distance, P is the observed amplitude distribution, U is the 

uniform distribution, and N is the number of phase bins. Higher MI values indicate 

more robust cross-coupling.  

 

4.3 Results 

4.3.1 MIA cells demonstrate greater negative skew when compared to CTL 

cells 

On average, MIA cells had a significantly higher degree of negative skew 

than CTL cells (CTL M = 0.02  ±  0.05, MIA M = -0.20  ±  0.04, Mann Whitney U = 

27981, p <.001; Figure 4.3a). A similar result was also obtained on an animal by 

animal basis after the removal of an extreme outlier in the MIA group (CTL M = -
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0.02 ± 0.06, MIA M = -0.25 ± 0.05, t(14) = 3.07, p = .008; Figure 4.3b). Because skew 

is known to be sensitive to changes in running speed, an alternative measure that is 

less sensitive to such changes, known as the firing rate asymmetry index (FRAI; 

Mehta et al. 2000) was also computed. When skew values were plotted against FRAI 

values for each group, significant positive correlations emerged for each group (CTL r 

= .15, p = .025; MIA r = .25, p < .001), and there was no significant difference 

between their respective correlation coefficients using the Fisher r-to-z transformation 

(z = -1.13, p = .259; Figure 4.3b), suggesting that the observed difference in skew is 

unlikely to be the result of speed differences. 

 

 

Figure 4.3  Place field skew across both groups. (A) Skew values. (B) Skew values on an 

animal by animal basis. (C) Correlations of skew and FRAI for each group.  

 

4.3.2 MIA cells are underrepresented in reward regions compared to CTL 

cells 

One recent study has indicated that hippocampal place field skew is not 

always negative, but rather that it is dynamically responsive to location, tending to be 

positive as an animal approaches a reward area, and negative as it moves away 

(Wirtshafter & Wilson, 2020). Therefore, it is possible that the negative skew in MIA 

cells could be a result of an underrepresentation of MIA cells firing in the reward 
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approach region. Inspection of place field distributions for both groups individually 

revealed that CTL cells were evenly distributed across the 4 track arms (χ2 = 4.55, p + 

.208), whereas the distribution of MIA fields was significantly different from 

expected values (χ2 = 14.24, p = .003) Close inspection of place field distributions 

between groups revealed that MIA fields were significantly underrepresented in 

reward areas when compared to CTL fields (CTL = 27% of all cells, MIA = 16%, χ2 

(3) = 13.11, p = .004; Figure 4.4). Because rats were rewarded in the center of the 

reward arm, this region was therefore split in two to better define the approach and 

depart regions (see Figure 4.2 above). While MIA place field centers were evenly 

distributed across the two halves of the reward arm, CTL cells were more likely to 

have place field centers within the second half of the reward arm, a region where the 

animal typically finishes consumption of the reward and begins a new lap (χ2 (1) 

+4.05, p = .044; 4, Figure 4.4). 

 

 

Figure 4.4  MIA cells are underrepresented in goal regions compared to CTL cells . The goal 

arms are highlighted by the black outer circle. 

 

4.3.3 Skew is a highly dynamic variable that systematically changes in 

relation to the animal’s current proximity to reward 

Close inspection of skew values also revealed systematic shifts as the animal 

ran around the track (Figure 4.5a). Skew was predominantly positive in the second 

half of the reward region, indicating that place fields remain positively skewed in 

regions immediately adjacent to the reward even as the animal first begins to move 

away, but then they rapidly become symmetrical and then negatively skewed in arm 

2, which is the most distant region from the reward. However, although this general 

pattern was observed in both groups, the shift from negative to positive skew as the 
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animal approaches the reward region was more gradual among CTL cells, whereas 

MIA cells had a more abrupt change that only occurred upon arrival in the reward 

area. This pattern was significantly different between groups, as shown by the results 

from a two way ANOVA (group x track arm). These results are presented in Table 2. 

Post hoc tests revealed that the main difference between groups was restricted to arm 

3, representing the region where animals have travelled the greatest distance away 

from the previous reward before the upcoming reward is again visible (Bonferroni 

corrected, p = .031).  

 

 

Figure 4.5  Skew and main phase precession values according to the position of place field 

centers around the track. (a) Skew values when analyzed according to track arm. Values are 

plotted twice. Error bars denote standard error of the mean. Significance symbols refer to the 

results of the 2 way ANOVA (group x arm), where G = main effect of group, A = main effect 

of arm, and I = interaction. (b) As for a, but showing the r values of the circular linear 

correlation for phase and position. (c) As for b, but showing slope values. (d) As for b, but 

showing the difference from the mean intercept value of each cell. This figure shows the raw 

difference from the mean intercept (as calculated in chapter 3), but these values were log-

transformed for the 2-way ANOVA. 
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Table 2. Results from the two-way ANOVA (group x track arm) for skew, phase 

precession r-values, slope values, and intercept variation. Results for intercept 

variation are presented in italics as these values did not meet normality assumptions. 

    

  F p 

Skew Group (1,539) =10.03 p = .002 

 Arm (4, 539) = 14.63 p < .001 

 Interaction (4, 539) = 2.60 p = .035 

R values (circular-linear correlation of 

phase/position) 

 

Group 

 

(1,535) = 1.31 

 

p = .254 

 Arm (4, 535) = 5.38 p <.001 

 Interaction (4,535) = .58 p = .677 

Slope (circular-linear correlation of 

phase/position) 

 

Group 

 

(1, 535) = 0.15 

 

p = .696 

 Arm (4, 535) = 5.80 p < .001 

 Interaction (4, 535) = 1.89 p = .112 

Intercept variation (difference from 

mean intercept, log-transformed) 

 

Group 

 

(1, 539) = 2.86 

 

p = .091 

 Arm (4, 539) = 0.91 p = .459 

 Interaction (4, 539) = 0.65 p = .628 

 

To determine whether there were similar systematic shifts for the main phase 

precession properties described in chapter 3, the r-values of the circular-linear 

correlation of phase/position, the slope of those correlations, and the variation of 

starting phase were also sectioned into 5 groups according to the location of each 

cell’s place field center around the track. Both the r values and slope values showed 

systematic shifts that differed significantly across track arms (Table 2), but there were 

no significant differences for either the main group effect nor the interaction, 

indicating the both groups followed the same general pattern (Figure 4.5b and c). A 

plot of the variation from mean starting phase (intercept variation) according to place 

field location suggested that MIA cells were somewhat more likely to have greater 

intercept variation in regions most distal to the reward, but this effect failed to reach 

significance (Table 2, Figure 4.5d). It should however be noted that the distribution of 

intercept variation was positively skewed, and therefore did not meet the appropriate 

assumptions for normality following either a square root or log transform. However, 
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because there is no non-parametric equivalent for a two-way ANOVA, the results of 

the standard ANOVA are presented with a caveat. 

 

4.3.4 The MIA manipulation results in a different pattern of speed as the 

animal approaches reward locations  

When compared to CTL rats, MIA rats ran at a higher speed in arm 1 and 

then maintained a steadier speed as they approached the goal location, whereas CTL 

rats started each lap slower, but then showed a cumulative increase in speed 

throughout the second and third arms (main effect of arm, F (2,830) = 50.89, p < .001; 

interaction F (2, 830) = 8.73, p < .001; Figure 4.6). There was no significant main 

effect for group (F(1,830) = 1.96. p = .161). When speed differences were examined 

for each arm individually, the difference between groups was only significant in arm 

1 (t(830) = 4.19, p <.001, Bonferroni corrected). In contrast, there were no differences 

between groups in either arm 2 (t(830) = 0.16, p = .999), or arm 3 (t(830) = 1.68, p = 

.281, Bonferroni corrected). 

 

 

Figure 4.6  Mean speed according to track arm, demonstrating the more targeted increase in 

speed for the CTL group as animals approach the goal location. Mean speed was calculated 

for each of the track arms (excluding the reward arm) individually. Error bars denote SEM. A 

= main effect of arm. I = interaction. 
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4.3.5 Theta frequency is positively correlated with mean speed for CTL, but 

not MIA animals 

To determine whether theta frequency was positively correlated with speed, a 

Pearson correlation of mean theta frequency and mean speed for each recording was 

computed (Figure 4.7a). For this analysis, mean speed was calculated across the entire 

track. For CTL recordings, a significant positive correlation of theta frequency and 

mean speed was observed (r = .41, p < .001, n = 86). In contrast, these variables were 

not significantly correlated for MIA recordings (r = -.01, p = .872, n = 144). 

Because the above analysis does not consider momentary fluctuations 

between theta frequency and speed, individual correlation plots were also generated 

for each animal, in which speed is sampled every second. Example plots from this 

analysis are provided in Figure 4.7b. When the r-values generated by these plots were 

compared across groups, only CTL recordings demonstrated evidence of theta 

frequency fluctuations that were significantly correlated with speed (Mann Whitney U 

= 2669, p <.001; Figure 4.7c). 
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Figure 4.7  Correlation plots of theta frequency and mean speed. (a) Correlation plots 

calculated on the basis of mean speed and mean theta frequency for each recording. Each 

animal is plotted in a different color, with individual regression lines to aid visualization. The 

thicker black line is the regression slope for the entire dataset combined. Significance 

symbols refer to the p-value of Pearson correlation. (b) Example plots of correlation plots 

generated for each individual recording, with speed sampled every second. The CTL example 

demonstrates the typical positive correlation observed across the CTL group. In contrast, MIA 

correlation plots varied to a greater extent from recording to recording, and included a 

substantial number of negative correlations, as exemplified in this example. (c) Median r 

value of the linear correlation of theta frequency and speed for each recording. 

 

4.3.6 Gamma amplitude is significantly lower among MIA cells  

Gamma frequency oscillations were examined separately for low (30-60 Hz) 

and high (60-90 Hz) bands respectively. Example plots for each group are provided in 

Figure 4.8.  
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Figure 4.8  Example plots of high and low gamma oscillations for CTL and MIA recordings. 

In each graph the lower trace shows the unfiltered LFPs. 

 

The amplitude of low gamma oscillations was significantly smaller for the 

MIA group (2.89; log-transformed) when compared to controls (3.07); Welch’s t 

(213.9) = 5.32, p <.001). A similar result was obtained for high gamma amplitude, 

where the mean amplitude for MIA recordings (2.64, n = 144) was significantly lower 

than the mean amplitude of CTL recordings (2.80, n = 86; t (227) = 3.57, p <.001; 

Figure 4.9). 

 

 

Figure 4.9  Gamma amplitude. MIA gamma oscillations have a lower amplitude than CTL 

gamma oscillations in both the low and high bands. 
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4.3.7 Cross frequency coupling between theta and gamma is significantly 

reduced for MIA cells  

In addition to significantly lower gamma amplitudes, MIA recordings 

showed significantly less evidence of cross frequency coupling between the theta and 

gamma bands (both low and high) than CTL recordings. Thus, in the low gamma 

band, MIA recordings had a significantly lower mean modulation index (.18) when 

compared to CTL recordings (.33; t (228) = 4.45, p < .001). Again, this result was 

similar in the high gamma band, where the mean MI for MIA recordings (.14) was 

significantly lower than the mean MI for CTL recordings, (.39; t (228) = 4.84, p 

<.001; Figure 4.10). 

 

 

Figure 4.10  Theta/gamma cross frequency coupling. The strength of cross frequency 

coupling was measured by calculating the modulation index (MI) of theta and gamma in both 

the low and high ranges respectively for each recording, and then comparing the mean MI 

values for each group. 

 

4.4 Discussion 

In summary, there were significant differences between the MIA and CTL 

groups in the distribution and skew of place fields relative to goal locations. These 

differences did not appear to be directly related to any of the main phase precession 

properties outlined in chapter 3, such as the r-value of the circular-linear correlation 

of phase and position, the slope of that correlation, or the variance in starting phase. 

Subtle but significant differences in running speed relative to the animal’s current 

distance from the reward location were also observed, and the relationship between 

theta frequency and speed appeared to be disrupted in the MIA group. The MIA group 
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also displayed reductions in gamma frequency amplitude in both the low and high 

bands, as well as reductions in cross-frequency coupling with the theta rhythm. 

Previous reports have posited a role for theta sequences in the development 

of asymmetric place fields following experience (Mehta et al., 2002; Mehta, 2015; 

Mehta et al., 1997; Roth, Yu, Rao, & Knierim, 2012). However, several studies have 

failed to replicate such asymmetry (Feng et al., 2015; Huxter et al., 2003; Lee et al., 

2004; Schmidt et al., 2009). These findings provide further support for a dissociation 

between intact theta sequences and negative place field asymmetry in CA1, as 

disrupted theta sequences in the MIA group did not coincide with a decrease in 

negative skew relative to CTL animals. In fact, the opposite pattern emerged, with 

MIA place fields showing greater negative skew across the pooled dataset.  

Instead, these data are largely consistent with recent reports suggesting that 

place field skew is a highly dynamic variable that systematically changes according to 

reward proximity (Lee et al., 2006; Wirtshafter & Wilson, 2020). For example, in 

Wirtshafter and Wilson’s (2020) study, hippocampal place fields tended to be 

positively skewed on approach to reward, and negatively skewed as the animal was 

moving away from reward, although the difference was not significant when analysis 

was limited to cells within immediate proximity to the reward location. A similar 

pattern was observed in this study, except that the distinction between moving away 

and moving towards the reward location was slightly more ambiguous in this study 

due to the task procedure, in which animals were not required to turn around and run 

in the opposite direction following consumption of the reward. Instead, negative skew 

was more predominant in regions most distal to the reward location (arm 2), whereas 

positive skew was predominant in regions proximal to reward (arm 4).  

Interestingly, although this general pattern was observed in both groups, subtle 

group differences emerged in relation to the precise timing of shifts from negative to 

positive skew. There was however no evidence of increased negative skew in the CTL 

group relative to the MIA group at any location on the track. When taken together 

with the non-significant findings for place field size, this suggests that greater 

asymmetrical expansion of place fields did not occur in the CTL group as a 

consequence of more reliable theta sequences.  

In the previous chapter it was argued that disrupted theta sequences may be a 

result of GABA dysregulation, as hypothesized by the independent coding hypothesis 

proposed by Chadwick, van Rossum, and Nolan (2015). This hypothesis is in 
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opposition to models that require direct coordination between individual neurons 

within a cellular assembly, whereby activity in one cell cues sequential activity in 

peer cells due to synaptic plasticity after learning (Harris, 2005; Mehta et al., 2002). 

These data do not provide any evidence that disrupted theta sequences in the CA1 

region lead to impaired plasticity of CA1 place fields, as evidenced by smaller fields 

or diminished negative skew. This suggests that theta sequences in CA1 may not 

depend on direct communication between principal cells, in line with the independent 

coding hypothesis.  

Instead, disrupted theta sequences in CA1 may affect how spatial 

information is relayed to downstream regions that process reward information.  One 

possibility is that disturbed theta sequences in the MIA group may interfere with the 

integration of spatial and reward-related information in downstream regions of the 

brain such as the LS (Tingley & Buzsáki, 2018), the VTA (Jiang et al., 2018; Luo et 

al., 2011), and the ventral striatum (Groenewegen, Vermeulen-Van der Zee, Te 

Kortschot, & Witter, 1987), which then communicate information about the reliability 

of such reward back to CA1 (Martig & Mizumori, 2011), potentially resulting in 

altered place field skew relative to rewards. This would be consistent with findings 

from previous studies suggesting that theta sequences are sensitive to reward 

information (Bieri et al., 2014; Gupta et al., 2012; Johnson & Redish, 2007; 

Wikenheiser & Redish, 2015). Furthermore, given that the divergent skew patterns 

relative to reward locations did not appear to be reflected in any of the main phase 

precession properties, it seems unlikely that the difference in place field skew is a 

direct consequence of disturbed theta sequences. This suggests that theta sequences 

may influence place field skew in a more indirect manner, potentially via downstream 

plasticity mechanisms in regions. However, although these data are consistent with 

this hypothesis, further studies are required to verify this experimentally.  

Previous studies have provided evidence that place fields tend to accumulate 

around salient goal locations (Dupret et al., 2010; Hok et al., 2007; Hollup et al., 

2001), although other studies suggest that elevated spiking around goal locations is 

only associated with the initial learning period (Fyhn et al., 2002). In this study CTL 

place fields were evenly distributed, although MIA place fields were specifically 

underrepresented in the reward arm, providing further evidence that disrupted theta 

sequences may interfere with the integration of spatial and goal related information. 

Interestingly, a recent study has provided evidence that dopamine signaling in the 
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CA1 region is essential for the flexible stabilization of spatial maps (Retailleau & 

Morris, 2018). The authors hypothesized that the source of CA1 dopamine may be the 

VTA, and that targeted dopamine release during spatial learning may reflect reward 

statistics. In support of this hypothesis, functional connectivity between the VTA and 

the hippocampus is coordinated at theta frequencies (Fujisawa & Buzsáki, 2011). 

Phase coding relative to the hippocampal theta has also been demonstrated in the 

ventral striatum, suggesting that this may be another potential source of dopamine-

modulated communication to CA1 (van der Meer & Redish, 2011). In particular, 

reward expectancy has been shown to strengthen theta band coupling between CA1 

and the ventral striatum (Lansink et al., 2016), and this pathway has also been 

associated with SPW-R replay (Lansink et al., 2009). Taken together with the data 

presented here, this suggests that sequential processing disturbances in the CA1 

region could potentially contribute to excessive error prediction and aberrant 

dopamine signaling, in line with schizophrenia pathophysiology more generally. 

Furthermore, a less reliable spatial representation may affect the shift from 

predominantly negative skew in arm 2 to positive skew in arm 4. Thus, while CTL 

fields display a linear shift towards positive skew as the animal approaches the reward 

arm, this shift occurs more abruptly in MIA fields, resulting in a skew distribution 

that is more binary. The significant post hoc findings for skew values in arm 3 

specifically support this interpretation, suggesting that CTL cells can already 

anticipate upcoming reward before they turn the final corner, whereas MIA cells may 

rely more on environmental cues to signal reward proximity. In support of this 

hypothesis, several studies have provided evidence that schizophrenia patients 

prioritize objects over contextual information (Brébion et al., 2004; Rizzo, Danion, 

Van Der Linden, Grangé, et al., 1996; Waters et al., 2004). Accordingly, a 

computational model of hippocampal processing in schizophrenia has suggested that 

object information arriving from the EC is overrepresented, resulting in fragmented 

episodic memory traces (Talamini & Meeter, 2009). 

Place field skew is also known to be sensitive to the animal’s speed as it 

passes through the place field (Mehta et al., 2000). However, the non-significant 

findings for median speed presented in the previous chapter suggest that this is 

unlikely to account for the observed difference in skew, as do the significant positive 

correlations between skew and FRAI for both groups (Wirtshafter & Wilson, 2020). 

Furthermore, when speed differences were examined for each arm individually, the 
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only significant difference was observed in arm 1, where skew values were almost 

identical between groups. In contrast, speed was not significantly different in arm 3, 

but this was the only arm where skew values were significantly different, indicating 

that differences in speed could not account for the different pattern of skew between 

groups. 

Instead, the different pattern of speed observed in the MIA group relative to 

the goal location could be interpreted as additional evidence that MIA animals are 

unable to predict their relative distance from the goal location with the same degree of 

precision as CTL animals. This would be consistent with several MIA studies that 

have reported spatial memory deficits (Bitanihirwe et al., 2010; Ito et al., 2010; Meyer 

et al., 2005; Meyer et al., 2008; Savanthrapadian et al., 2013), and suggests that even 

on simpler tasks where more devastating memory deficits may not be apparent, more 

subtle differences could still be possible.  

Positive correlations of theta frequency and speed have been observed 

previously (Geisler et al., 2007), and the strength of such correlations has also been 

associated with successful memory performance in rats (Young et al., 2021). The 

CTL data presented here are consistent with these findings. It is however unlikely that 

the significant group difference observed for the correlation of theta frequency and 

speed could account for the increased variability in starting phase reported in chapter 

3, as the lack of positive correlations in the MIA group should also affect both the 

correlation and the slope of the circular-linear of phase and distance if this were the 

case. Instead, given that theta frequency has been shown to predict speed via a 

hippocampal- LS pathway (Bender et al., 2015), disruptions to this relationship in the 

MIA group might reflect the disturbed transmission of theta sequences to such 

downstream structures (Tingley & Buzsáki, 2018).  

Finally, these results are also consistent with theoretical models suggesting 

that theta sequences may depend on the integrity of theta/gamma coupling in the 

hippocampus (Lisman & Buzsáki, 2008; Lisman & Jensen, 2013). Gamma amplitude 

was significantly lower for the MIA group in both the low and high bands, and 

theta/gamma cross coupling, as measured by the modulation index, was also 

significantly disturbed. However, it remains unknown how gamma disturbances 

specifically contribute to disorganized theta sequences, or whether disturbed theta 

sequences may even contribute to a disorganization of theta/gamma cross coupling. 

Additional studies will be required to address these questions, but nevertheless, these 
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data contribute to a growing body of evidence indicating that the theta/gamma neural 

code may be critical for encoding sequential information. 

In particular, robust phase precession has been shown to occur preferentially 

during periods of high gamma and retrospective coding, whereas upcoming locations 

were more likely to co-occur with low gamma during early phases of the theta cycle 

when phase precession was weaker (Bieri et al., 2014). Similarly, low gamma has 

been associated with theta sequences that contain information about relatively large 

paths extending ahead of the animal’s current position, while fast gamma appears to 

preferentially encode the animal’s current position in real time (Zheng et al., 2016).  

This is consistent with both theoretical models and experimental evidence suggesting 

that theta/gamma cross coupling has a dual function, with memory encoding 

preferentially occurring around the peak of the theta oscillation, while memory 

retrieval is more likely to occur around the trough (Dragoi & Buzsáki, 2006; 

Hasselmo, Bodelón, & Wyble, 2002). One possibility therefore is that these processes 

could be disturbed in schizophrenia, resulting in a diminished ability to distinguish 

current sensory information arriving from the entorhinal cortex with previously 

experienced information generated primarily by the CA3 auto-associative network.  

In line with this proposal, a recent study has demonstrated that gamma-

mediated inputs from the entorhinal cortex and CA3 respectively converge on CA1 

pyramidal cells at distinct phases of the theta cycle, and it has been proposed that this 

dual input model can explain several phase precession properties (Fernández-Ruiz et 

al., 2017). In particular, this dual input model has been identified as having important 

computational relevance for the transformation of hippocampal phase precession to 

the LS (Tingley & Buzsáki, 2018). This suggests that the disturbed theta/gamma cross 

coupling observed in the MIA group, in conjunction with disorganized theta 

sequences, could result in profound phase-coding disturbances downstream. The final 

chapters of this thesis will investigate this possibility. 
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Chapter 5 Spatial coding in the lateral septum 

5.1 Introduction 

Several studies have previously found evidence of rate-modulated place 

fields in the LS, although the general consensus is that the spatial information content 

of LS place cells is reduced when compared to hippocampal place fields (Knierim, 

2006; Leutgeb & Mizumori, 2002; Takamura et al., 2006; Tingley & Buzsáki, 2018; 

Zhou et al., 1999). Most studies estimate that approximately one third of LS neurons 

display place fields (Takamura et al., 2006; Wirtshafter & Wilson, 2020; Zhou et al., 

1999), although in at least one study, only 5% of LS cells showed clear evidence of 

rate-modulated activity in response to spatial location (Tingley & Buzsáki, 2018). 

This discrepancy could potentially be explained by different recording sites, as place 

cells appear to be more abundant in the dorsal LS (Takamura et al., 2006; Wirtshafter 

& Wilson, 2020), whereas electrodes were targeted towards more rostral regions of 

the LS in the Tingley and Buzsáki study (2018).  

The average size of LS place fields has also varied between studies, 

suggesting that LS place fields are less uniform than hippocampal place fields, and 

may be more sensitive to either specific experimental procedures, or electrode 

location. For example, some studies have suggested that LS place fields are 

significantly smaller than hippocampal place fields when rats foraged around an open 

field (Takamura et al., 2006), whereas others have found no difference when rats ran 

across a track (Wirtshafter & Wilson, 2020). In both studies however, the number of 

subfields were similar between LS and hippocampal cells, but the spatial information 

content (measured in bits per spike) was significantly reduced for LS place cells when 

compared to hippocampal cells (Takamura et al., 2006; Wirtshafter & Wilson, 2020). 

Lower information values were also evident in the Tingley and Buzsáki (2018) study, 

and the few cells recorded in the LS that did show evidence of a place field were 

significantly less stable across trials than cells recorded from either CA1 or CA3. 

Taken together, these studies suggest that the rate-modulated coding of spatial 

information in the LS is both less robust and more variable than spatial rate coding in 

the hippocampus. 

However, despite the growing consensus that the spatial rate code of LS cells 

is reduced relative to hippocampal place cells, Tingley and Buzsáki (2018) have 

demonstrated that the LS may encode spatial information predominantly via firing 
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phase rather than rate (Figure 5.1a). Thus, although they found that the majority of LS 

cells fired indiscriminately across large regions of the running track, 89% of these 

cells nevertheless displayed a robust form of position encoding relative to the CA1 

theta oscillation. This phase code was sufficient to predict the animal’s position along 

the track, and in fact, it was a more reliable predictor of the animal’s location at high 

spatial resolutions than either the rate or phase codes utilized by hippocampal neurons 

(Figure 5.1b), suggesting that the LS may play a more prominent role in spatial 

cognition than previously suspected. 

Another interesting property of LS phase precession demonstrated by the 

Tingley and Buzsáki (2018) study was that, although the majority of LS cells fired 

across the entire track, the range of precession was still restricted within 360⁰, 

consistent with previous reports that hippocampal phase precession generally does not 

exceed a full theta cycle (O'Keefe & Recce, 1993; Schmidt et al., 2009; Skaggs et al., 

1996). This results in relatively shallow precession slopes that typically span the 

entire running track (Figure 5.1c), and suggests that LS phase coding is not simply 

inherited from hippocampal cells upstream, but instead provides a distinct 

computational function. One possible role of phase coding in the LS could be the 

collation of more discrete spatial components inherited from hippocampal inputs, 

thereby providing integrated information about entire trajectories. Such information is 

useful, as it provides a coding mechanism for animals to estimate their relative 

distance from a goal location at any point along a familiar route. Unlike phase coding 

in the ventral striatum however (van der Meer & Redish, 2011), the LS phase code 

does not appear to be anchored primarily to goal locations, as the majority of LS cells 

retained the same spike/phase relationship with distal room cues rather than the goal 

location following rotation of the track (Tingley & Buzsáki, 2018). This suggests that 

the phase code of cells located in the rostral LS is primarily spatial rather than goal 

orientated. In contrast, the more canonical rate-modulated “place cells” observed in 

caudo-dorsal regions may be more sensitive to the presence of rewards, as the 

distribution of place field centers is more biased toward reward locations, and their 

firing maps have been shown to skew towards reward locations regardless of the 

animal’s direction of travel (Wirtshafter & Wilson, 2020). 
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Figure 5.1 Example plots of typical phase precession observed in cells located in the rostral 

LS, as demonstrated by Tingley and Buzsáki (2018). (a) Example plot of phase precession 

around an entire trajectory, in which each colored dot represents spike phase relative to LFP 

theta oscillation recorded from CA1. Circular track length is approximately 3.2 meters. (b) 

Predictive reconstruction of the animal’s position based on either shuffled, rate, or phase data. 

MSE stands for mean squared error. (c) Example plots of phase precession across 5 example 

cells from both the hippocampus (top) and LS (bottom) respectively. Note that LS cells 

typically precess across the majority of the track, and therefore display shallower precession 

slopes when compared to hippocampal phase precession. All figures are based on data from 

Tingley and Buzsáki (2018), although figures a and b are taken from Buzsáki and Tingley 

(2018). 

 

However, the Tingley and Buzsáki (2018) study is currently the only study 

that has examined phase precession in the LS, and replication of these data is 

therefore vital for a more thorough understanding of how LS neurons utilize a phase 
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code to represent trajectory information. Of particular interest, the majority of data in 

the Tingley and Buzsáki (2018) study was recorded from animals as they ran around a 

circular track for a food reward (see Figure 5.1a above). This circular track provides a 

relatively uniform running track with minimal boundary features, such as corners. The 

absence of corners also allows animals to run at a steady pace as they navigate the 

track, and rapid, bidirectional speed modifications are only required upon arrival and 

departure from the reward location during each trial. Given that the LS has been 

associated with the bidirectional modulation of speed (Bender et al., 2015; Wirtshafter 

& Wilson, 2019), it therefore remains unclear whether the shallow precession slopes 

observed in the Tingley and Buzsáki (2018) study are more a function of the circular 

running apparatus, or whether they truly represent the integration of spatial 

information across an entire trajectory. 

The biophysical mechanisms by which the hippocampal phase code is 

transformed and “read out” by LS neurons also remains an open question, although 

Tingley and Buzsáki (2018) have proposed a computational model of LS phase 

precession that has been shown to simulate the shallow precession slopes observed in 

their experimental data. This model is based on several experimental observations. 

First, both dorsal and ventral regions of CA1 and CA3 are known to send dense 

projections to the rostral LS (Risold & Swanson, 1997b), and although it is possible 

that the absence of rate maps demonstrated in their study could be a reflection of 

larger place fields inherited from the ventral hippocampus (Kjelstrup et al., 2008; 

Royer, Sirota, Patel, & Buzsáki, 2010), this cannot explain why smaller fields, 

presumably inherited from dorsal CA1, were not also observed. Second, the relative 

strength of inputs arriving from either CA1 or CA3 respectively were shown to follow 

a differential pattern relative to track position, with CA1-LS functional connectivity 

maintaining a relatively stable connection strength across the track, whereas CA3 

functional connectivity was comparatively weaker at the start of the track and 

stronger at the end (Tingley & Buzsáki, 2018). Third, the preferred firing phase of 

CA1 place cells has previously been shown to be offset approximately 180⁰ relative to 

CA3 place cells (Dragoi & Buzsáki, 2006). Finally, phase precession of individual 

CA1 and CA3 place cells has been shown to produce theta sequences at the network 

level during single trials (Dragoi & Buzsáki, 2006; Foster & Wilson, 2007; Gupta et 

al., 2012). Based on this evidence, Tingley and Buzsáki (2018) thus hypothesized that 

the dynamic shift in the ratio of CA1 and CA3 input strengths, together with both the 
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180⁰ phase offset of CA1 and CA3 preferred firing phases, and the presence of 

hippocampal theta sequences, might account for the rate-independent, track-wide 

phase precession observed in LS neurons. Computer simulations of their dynamic 

weighting model supported this hypothesis, but importantly, phase precession in the 

simulated LS neuron was profoundly disturbed when uncoordinated theta rhythms 

were injected into the model (Figure 5.2). This suggests that disrupted theta 

sequences, as observed previously in the MIA group during experiment 1 of the 

current study, may prevent the emergence of a robust phase code in LS neurons. 

 

 

Figure 5.2  Simulations from the dynamic weighting model proposed by Tingley and Buzsáki 

(2018). Figures in the top row (G) show robust phase precession in the simulated LS neuron 

when coherent theta sequences from hippocampal inputs are injected into the model. In 

contrast, when theta sequences are incoherent, phase precession is profoundly disturbed in the 

simulated LS neuron, and the phase code is no more informative than either the rate code or 

random shuffled data (image on far right. MSE refers to mean standard error). Image is taken 

from Tingley and Buzsáki (2018). 

 

The first aim of the following experiments is to replicate the findings of 

Tingley and Buzsáki (2018) in CTL animals as they run around a rectangular track. 

Replication of relatively shallow precession slopes that span the majority of the 

rectangular track in CTL animals would provide support to the hypothesis that LS 

phase coding may be functionally important for the integration of discrete spatial 

information across an entire navigational trajectory. In contrast, evidence of more 
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spatially selective activity in CTL cells, or phase precession that is limited by the 

presence of corners, would suggest that the shallow precession slopes observed 

previously by Tingley and Buzsáki (2018) may be a function of the circular track used 

in their experiments. The second aim is to investigate whether LS phase precession is 

disturbed following an MIA intervention, in accordance with the disrupted theta 

sequences observed for the MIA group in experiment 1. It is hypothesized that LS 

phase coding will be disrupted in the MIA group. More specifically, if the 

computational model proposed by Tingley and Buzsáki (2018) is correct, and 

assuming that hippocampal phase coding is similarly disturbed in this second cohort 

of MIA animals, then disrupted theta sequences in the MIA group should result in a 

profound disturbance of LS phase precession, such that the proportion of LS cells 

demonstrating significant phase precession will be lower in the MIA group when 

compared to the CTL group, and the correlation of the circular linear correlation of 

phase and position should be significantly weakened.  

 

5.2 Methods 

A detailed overview of subjects, pre-operative training, microdrive 

construction, surgical procedures and experimental protocol is provided in the general 

methods section. 

  

5.2.1 Surgical implantation of tetrodes 

Tetrode bundles were implanted in the left hemisphere above the 

dorsal/rostral LS. Stereotaxic coordinates were based on surgical protocols used by 

Tingley and Buzsáki (2018), and 3 pilot surgeries were performed to ensure correct 

tetrode placement in the LS, ranging from a depth of 3.9 – to 4.7mm from dura. Final 

stereotaxic coordinates for all experimental surgeries were +.5mm AP from bregma 

and -1.5mm ML from the midline at an angle of ~7-8 degrees tilted towards the 

midline, and lowered to ~ 4mm from dura. These coordinates normally result in 

electrode placement in the dorsal LS, with electrodes moving through the rostral LS 

as tetrodes are lowered during the experimental procedure (Figure 5.3). An angled 

protocol was chosen to avoid excessive bleeding that can occur when electrodes 

disrupt the superior sagittal sinus along the midline, which can not only lead to 

surgical complications, but may also result in deterioration of electrode integrity 
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(Tsanov, 2018). However, this procedure also reduces the stereotaxic precision of 

implantation, which is further compromised by the depth of the LS, as well as its 

location adjacent to the lateral ventricles. As a result, several tetrodes may have been 

misplaced in the lateral ventricles or adjacent to the target area. Only animals in 

which tetrode placement was verified in the rostral LS were included in the final 

results. 

 

Figure 5.3  Tetrode placement in the dorsal/rostral LS. Stereotaxic coordinates for surgical 

implantation (purple) in the dorsal region of the LS, and final target areas after post-surgery 

adjustment (red lines) through the rostral LS (highlighted in yellow). The tetrodes bundles are 

depicted by the thick black line. Modified stereotaxic image taken from Paxinos and Watson 

(2006).  

 

A non-movable LFP electrode was separately implanted in the dorsal CA1 

region of the hippocampus, -3.8mm AP from bregma, -2.5mm ML from the midline, 

and lowered to 2mm from dura which approximates the CA1 cell layer. These are the 

same coordinates used for the hippocampal experiments presented earlier, except that 

electrode depth at implantation was lower due to the electrodes being non-movable 

post-surgery. 
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5.2.2 Experimental procedure 

After a 10 day recovery period, post-operative training and test trials were 

carried out in the recording room. Test trials consisted of a 5-10 minute recording 

session, in which single unit data was closely monitored as the rat ran laps for the 

food reward. During the test period, tetrodes were slowly lowered (~40µm per day) 

until well-isolated single units were identified. Once single unit activity was 

confirmed, tetrodes were lowered an additional ~40µm after every second recording 

for the remainder of the experimental procedure. Experimental recordings were 20 

minutes long, and testing continued for ~3-10 weeks, until there was no further 

evidence of single unit activity, manual adjustment had reached its limit, or the rat 

experienced other difficulties that terminated the experiment.  

 

5.2.3 Data acquisition 

All data acquisition procedures are provided in the general methods section. 

In addition to the hippocampal LFP recordings obtained from the separately 

implanted LFP electrode, secondary LFP recordings were also taken from both 

tetrodes in the LS. 

 

5.2.4 Isolation of single units 

Given that LS cells are predominantly GABAergic (Risold & Swanson, 

1997a), and because the spiking characteristics of various neuron subtypes are not as 

clearly defined for LS neurons as putative place cells in the hippocampus, all stable 

waveforms with clearly observed spike clustering were included in the initial analysis, 

regardless of spike-width or firing rate. Example waveforms and cluster cutting from 

both CTL and MIA recordings are presented in Figure 5.4.   
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Figure 5.4  Cluster cutting examples for cells located in the rostral LS. CTL cells are shown 

in blue, MIA cells in yellow. These examples show some of the different spike widths and 

inter-spike interval histogram profiles observed in the LS. The top example is similar to a 

canonical place field, while the second cell has a similar waveform, but the histogram profile 

shows a more continuous spiking pattern across time. The third example shows a cell with a 

narrower waveform and a delayed spiking profile, whereas the final example shows a broader 
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waveform, similar to a hippocampal place cell, but the spiking profile is more reminiscent of 

an interneuron. 

 

5.2.5 Selection of firing onset location and phase precession analysis 

Initial inspection of firing properties around the track indicated that, although 

some cells only fired in a portion of the track, the majority of cells fired 

indiscriminately across the entire track. The onset location of firing also appeared to 

vary from cell to cell, and could occur at any point along the track. Due to this 

variability, automating the firing onset location was difficult during analysis, and 

often resulted in phase precession cycles that were split into two with incorrect slopes, 

or slopes that were overly affected by noise, particularly around the feeding location. 

Manual selection of starting location thus provided more accurate phase precession 

analysis for the majority of cells, and the following method was used to select the 

portion of track to be analyzed. First, all cells were split into groups of ~20 cells and 

assigned a blinded identifier to ensure experimenter bias was minimized during the 

manual selection process. These blind groups were then analyzed in Matlab, using a 

custom script that allowed the experimenter to select the start and end locations across 

2 cycles of the track. For cells that only fired across a portion of the track, firing onset 

and offset locations were always selected as the locations where robust firing began 

and ended in a clockwise direction respectively. For cells that fired indiscriminately 

across the entire track, the start location was selected on the basis of the following 

criteria, in order:  1) a small pause in the firing, 2) the location where clear phase 

precession could be observed to begin relative to random noise, and 3) if no clear 

firing pauses or phase precession relative to noise were observed, then start location 

was always selected just before corner 0, and just after corner 3, thereby omitting the 

reward area (Figure 5.5).  
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Figure 5.5  Example of the manual selection process in Matlab. Example of a cell that fired 

indiscriminately across the track. Corner positions are shown at the bottom of the figure (C0-

C3, across two cycles around the track). In this example, clear phase precession can be 

observed starting just before corner 0, and the selected starting position is indicated by the 

thin vertical black line. The end position is shown with the thin vertical red line, just after C3. 

The selected segment therefore omits the reward area, as inclusion of this area results in 

misleading phase precession slopes due to excessive noise. If no clear starting position could 

be observed, the same start and end points demonstrated in this example were used to 

maintain consistency. The experimenter was blind to the cell group during the manual 

selection process. 

 

Linearization of the track and phase precession analyses were identical to the 

process previously described in chapter 3. The number of phase cycles per track was 

calculated as the absolute value of the slope (in degrees per cm) multiplied by the 

length of the full track, and then divided by 360. LS phase precession as described by 

Tingley and Buzsáki (2018) would generally produce a value of around 1. 

 

5.3 Results 

5.3.1 Tetrode verification in the rostral LS 

A schema of final tetrode placement at the termination of experiments, along 

with some example images, are presented in Figures 5.6 (CTL) and 5.7 (MIA). Given 

that tetrodes were manually lowered in increments of ~40 µm throughout the 

experimental procedure, data were most likely obtained from a region of the LS 
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immediately dorsal to the final location. After close inspection of final tetrode 

placement across all animals included in the initial analysis, one CTL animal was 

excluded due to a high probability of tetrode misplacement in the MS. The final 

tetrode location for this animal is marked with a crossed square in Figure 5.6a, and an 

image of tetrode placement is provided in Figure 5.6c. This decision was made not 

only based on tetrode placement close to the MS, but also following inspection of 

other firing properties suggesting that cells recorded from this animal were atypical. 

For example, cells recorded from this animal had a significantly higher firing rate 

when compared to the average firing rate of all other cells (Figure 5.6d), and 

inspection of phase precession plots showed that these cells were tightly coupled to 

specific phases of the LFP theta rhythm, consistent with the firing properties of 

GABAergic medial septal neurons (Borhegyi et al., 2004). All subsequent analyses 

therefore exclude all data from this animal, resulting in a total of 144 CTL cells from 

7 animals (6 litters), and 362 MIA cells from 8 animals (7 litters). 
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Figure 5.6  Final tetrode location in the LS for CTL animals. (a) A schematic of approximate 

tetrode placement at the termination of the experiment. (b) An example image of tetrode 

placement in the rostral LS. (c) Tetrode placement in one animal demonstrating probable 

misplacement in the MS. (d) Graph of the mean firing rate for the same animal shown in c (in 

purple), relative to all other animals included in the final analysis, irrespective of group. Error 

bars denote SEM. 
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Figure 5.7  Final tetrode location in the LS for MIA animals. (a) A schematic of approximate 

tetrode placement at the termination of the experiment. (b) Two color-coded histology images 

from MIA animals. 

 

5.3.2 Hippocampal LFP verification 

LFP electrode placement was verified to have occurred in the CA1 region of 

the hippocampus from histology. Two example images of hippocampal electrode 

placement are presented in Figure 5.8. 
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Figure 5.8  Examples of LFP electrode placement in the CA1 region of the hippocampus. 

The example on the left is from a CTL animal, and the example on the right is from an MIA 

animal. 

 

5.3.3 Basic LFP properties 

Basic LFP properties were also examined to ensure that they were consistent 

with previous findings. The theta frequency of CTL LFP recordings was significantly 

higher than MIA recordings (t(286) = 7.0, p< .001; Figure 5.9b), and plots of the 

average theta waveform suggested that CTL LFP recordings had a higher amplitude 

than MIA LFP recordings (Figure 5.9c). This was confirmed when EEG amplitude 

was compared between groups, with CTL LFP recordings demonstrating a 

significantly higher mean amplitude when compared to MIA recordings (t(286) = 

2.66, p = .008; Figure 5.9d). The phase profile however was virtually identical for 

both groups, with only a small group difference observable on descending phases 

(Figure 5.9e). 

 



136 

 

 

Figure 5.9  Basic properties of LFP theta oscillations from the CA1 region. (a) Examples of 

filtered and raw EEG recordings for both groups. (b) Violin plot of theta frequency in Hz. (c) 

Average wave form shape in the theta band. Lighter color denotes standard error. (d) EEG 

amplitude. Error bars denote mean and SEM. (e) Average phase profile of the theta 

waveform. 

 

5.3.4 Basic firing properties of LS cells 

The average firing rate across the track was significantly higher for MIA 

cells than CTL cells (Mann Whitney U =16638, p <.001; Figure 5.10a). The 

information content of MIA cells, measured in bits per spike, was also significantly 

lower for MIA cells when compared to CTL cells (Mann Whitney U = 22555, p = 

.007; Figure 5.10b). Visual inspection of firing rates around the track suggested that 

spatially selective firing was rare for both groups. This was quantified by identifying 

the subset of cells in which the segment length (as selected by the firing onset and 

offset locations) was less than half the track length (<150cm), and which had an 

information content higher than .8 bits/spike (Wirtshafter & Wilson, 2019). Only 4.7 

and 5.8% of CTL and MIA cells respectively met these criteria, confirming that 

spatially selective activity reminiscent of place fields was rare for both groups. There 

was no significant difference in these proportions between groups (χ2(1) = .54, p = 

.46). 
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Figure 5.10  Basic firing properties of LS cells. (a) Mean firing rate across the entire track. 

(b) Information content, measured in bits/spike. Bar denote median values. 

 

5.3.1 MIA cells in the LS continue to demonstrate robust phase precession, but 

are more likely to precess through multiple theta cycles across the 

running track 

There was a significant difference between groups for the circular-linear 

correlation of phase and position (Mann-Whitney U = 21292, p = .001), although the 

p-value of that correlation was not different between groups (Mann Whitney U = 

25017, p = 0.481). In total 34.03% of all CTL cells and 30.12 % of all MIA cells 

showed evidence of significant phase precession (Figure 5.11a). This difference was 

not statistically significant (χ2 (1) = .74. p = .391). The same analyses were then 

performed on the subset of cells showing significant phase precession. The circulation 

linear-correlation remained non-significant although the result was marginal (t (156) 

= 1.94, p = .054; Figure 5.11b). A similar result was obtained when for the p-value of 

the circular-linear correlation (Mann Whitney U = 2155, p = .052; Figure 5.11c).  
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Figure 5.11  Proportions of CTL and MIA cells demonstrating significant phase precession. 

(a) Frequency charts demonstrate the percentage of cells which display statistically significant 

phase precession for each group. (b) r values of the circular correlation of phase and position 

for both groups. Error bars denote Mean and SEM. (c) p values of the circular linear 

correlation shown in b. 

 

Example phase precession plots for both groups are provided in Figures 5.12 

(CTL) and 5.13 (MIA).  
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Figure 5.12  Example plots of phase precession in CTL cells. These examples were chosen to 

demonstrate a range of phase precession (PP) variability, and each example cell is taken from 

a different animal. Figures on the left display PP as a function of color around the track. 

Figures on the right are the corresponding PP plots after linearization of the track for selected 

segments. Red lines denote the regression slope. In all plots, phase is repeated across 2 cycles 

for clarity. (a) Cell demonstrating both spatially selective firing around half of the track in 

addition to robust PP. (b) Cell demonstrating robust phase precession across the majority of 

the track. PP is around 1 full cycle. (c) Cell demonstrating robust PP through the reward area. 

(d) Cell demonstrating a shallow PP slope and sparse firing outside the reward area. 
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Figure 5.13  Example plots of phase precession in MIA cells. As before, these examples were 

chosen to demonstrate a range of PP variability, and each example cell is taken from a 

different animal. Left and right columns as for Figure 5.12. (a) Cell demonstrating robust PP 

that approaches a full cycle. (b) Cell demonstrating robust phase precession across the entire 

track, in which PP appears to reset at the top left-hand corner. (c) Cell demonstrating robust 

PP through multiple cycles across the track. (d) Cell demonstrating robust PP that precesses 

through 2 distinct cycles. 
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Analysis of slope values revealed that MIA cells had a significantly steeper 

slope when compared to CTL cells (Mann Whitney U = 20158, p <.001; Figure 5.14a, 

left side). A similar result was obtained for the subset of cells demonstrating 

significant phase precession (Mann Whitney U = 1536, p <.001; Figure 5.14a, right 

side). Based on these slope values, the number of phase precession cycles that occur 

across the entire track length was also computed for each cell that demonstrated 

significant phase precession. The median phase precession cycles for CTL cells was 

0.79, which was significantly lower than the median cycles for MIA cells (1.89 

cycles, Mann Whitney U = 1562, p <.001; Figure 5.14b).  

 

 

Figure 5.14  Comparison of precession slope values and phase cycles between CTL and MIA 

cells. (a) Slope values for all cells (on left), and for a subset of cells demonstrating significant 

phase precession (on right). Black lines denote median values. (b) Phase cycles across the full 

track. Error bars denote median with 95% confidence intervals. 

 

To confirm that this difference was not a result of aberrant recordings from a 

small proportion of MIA animals, mean slope values were also computed for each 

individual animal and then compared across groups. For this analysis, only cells that 

demonstrated significant phase precession were analyzed. Furthermore, although the 

combined dataset did not meet normality assumptions, when split into individual 

animals, the majority of the data did meet these assumptions, and the mean was 

therefore deemed suitable for this analysis. Comparison of slope values on an animal 

by animal showed that MIA slope values were significantly steeper than CTL slope 



142 

 

values (t(13) = 2.36, p = .035; Figure 5.15a). Similar results were obtained for phase 

cycles across the entire track, with MIA animals showing a significantly greater 

number of cycles than CTL animals (t(13) = 2.42, p = .031; Figure 5.15b). 

 

 

Figure 5.15  Phase precession slope values and phase cycles on an animal by animal basis. 

(a) Mean slope values of the circular-linear correlation for each individual animal. (b) Mean 

phase precession cycles across the full track for each individual animal. Error bars denote 

mean and SEM in both figures. 

 

5.3.2 Phase precession in excess of a single cycle cannot be explained by 

elevated firing rates in the MIA group 

 

According to several dual oscillator models of phase precession, the intrinsic 

oscillation frequency of single cells is slightly faster than the background LFP 

oscillation due to ramping depolarization, thereby causing the cell to spike 

progressively earlier in relation to theta rhythm as an animal moves forward in time 

(Kamondi et al., 1998; Magee, 2001; Mehta et al., 2002; O'Keefe & Recce, 1993). It 

has been hypothesized that this intrinsic oscillation frequency is scaled relative to 

theta, so that the total phase range does not exceed 360⁰ (Maurer et al., 2006a; Maurer 

et al., 2005). Given that MIA cells have a mean firing rate that is substantially higher 

than controls, one possibility therefore is the intrinsic oscillation frequency of single 

cells is not scaled appropriately, resulting in intrinsic oscillation frequencies that are 

fast relative to the hippocampal theta rhythm. To test this hypothesis, firing rate was 

first compared between groups for the subset of cells demonstrating significant phase 

precession to verify that these particular cells had higher firing rates relative to CTL 
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cells. Results showed that phase-precessing cells in the MIA group had significant 

higher mean firing rates than CTL cells (t(156) = 3.24, p = .001; Figure 5.16a). When 

the log-transformed firing rates of these cells was compared to the slope values, a 

weak but significant positive correlation emerged for MIA cells (r = .22, p = .02; 

Figure 5.16b), indicating that as firing rates increased, the slope of phase precession 

tended to decrease. This is opposite to the predicted outcome. There was no 

significant correlation of firing rate and slope for the subset of phase-precessing CTL 

cells (r = .13, p = .388).  

 

 

Figure 5.16  Increased firing rates are not associated with steeper phase precession slopes. (a) 

Log transformed firing rates of cells demonstrating significant phase precession. Error bars 

denote mean and SEM. (b) Pearson correlation of firing rates and slope for both groups. Lines 

of best fit are included for visualization purposes. Significance symbols refer to the p-value of 

the Pearson correlation (calculated separately for both groups). 

 

5.3.3 Starting phase is more variable for MIA cells when compared to CTL 

cells 

As before, the intercept of the regression line for the circular linear-

correlation was examined to determine whether there was any group difference in the 

starting phase of precession. Only cells that demonstrated significant phase precession 

were included in this analysis. Both CTL and MIA cells demonstrated significant 

clustering (CTL Raleigh Z = 15.78, p < .001, MIA Raleigh Z = 12.36, p < .001), 

although the intercept for MIA cells had significantly higher circular variance than 

CTL cells (CTL = .43, MIA = .66, F = .43, p = .001; Figure 5.17). The Mardia-

Watson Wheeler test, which considers group differences in both the mean and 
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variance for circular data, also returned a significant result (W = 8.99, p = .011). 

Finally, the circular distance from the mean angle was computed for each cell and 

then compared across groups. Again, MIA cells had a significantly higher median 

distance from the mean angle when compared to CTL cells (Mann Whitney U = 1996, 

p = .011), indicating that starting phase was more variable in the MIA group. 

 

 

Figure 5.17   Circular histograms of intercept values for both groups, demonstrating greater 

variability of phase precession starting phase in the MIA group. Between group differences 

are based on the variance ratio F test. Red bars denote the mean angle with 95% confidence 

intervals. 

 

5.3.4 Proportion of phase precessing cells according to electrode placement in 

the rostral LS 

 

Previous studies have provided evidence that phase coding cells have a 

topographical microstructure throughout the rostral LS, with robust phase coding 

most prominent in medial and ventral regions (Tingley & Buzsáki, 2018). Schematic 

plots demonstrating the proportion of phase precessing cells according to electrode 

placement were therefore compiled to investigate whether there were any systematic 

differences in phase coding properties across either the medial-lateral or dorsal-

ventral axes. These plots are presented in Figure 5.18. Other than one apparent outlier 

for the CTL group (in green), phase coding cells were generally less common in more 

lateral regions of the LS. Differences across the dorsal/ventral axes were more 
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difficult to quantify due to experimental procedures, although robust phase precession 

was observed in at least 2 animals for which experimental recordings were terminated 

while tetrodes were still in more dorsal regions of the LS (yellow CTL and light blue 

MIA), demonstrating that robust phase coding does occur in these regions. A more 

systematic study of LS phase precession in relation to electrode location however will 

be required to verify these observations. 

 



146 

 

 

Figure 5.18  Schematic plots demonstrating the proportion of phase coding cells relative to 

electrode placement. Proportions were calculated on an animal by animal basis, with phase 

coding cells defined as cells with a significant (<.05) circular-linear correlation of phase and 

position, and each colored dot represents the final tetrode placement for that animal in the 

rostral LS. Faded red areas delineate regions where less than 20% of all recorded cells 

demonstrated evidence of significant phase precession, and faded yellow delineates regions 

where proportions fell between 21 and 40%.  
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5.4 Discussion 

In summary, these results suggest that the MIA manipulation does not 

compromise the ability of LS cells to precess, but several important properties of 

phase precession, such as the slope and starting phase, are altered. Specifically, MIA 

cells in the LS demonstrate a significantly steeper precession slope, resulting in 

multiple cycles of phase precession as animals run around a rectangular track. This 

finding was also reproduced on an animal by animal basis. In contrast, CTL cells in 

the rostral LS demonstrate a shallower slope, such that the median precession cycles 

around the entire track does not exceed a full phase cycle. This is consistent with 

previous findings for cells located in the rostral LS (Tingley & Buzsáki, 2018). 

Furthermore, in a finding that is consistent with that of Tingley and Buzsáki 

(2018), only a fraction of cells located in the rostral LS showed evidence of spatially 

selective firing reminiscent of place cells (~5%). Instead, most cells fired 

indiscriminately across the majority of the track. This is in contrast to several prior 

studies, where LS “place fields” were either of a similar size to hippocampal place 

fields (Wirtshafter & Wilson, 2020), or significantly smaller (Takamura et al., 2006). 

However, both of these studies targeted electrodes towards the dorsal portion of the 

LS, whereas this study replicated the target coordinates specified by Tingley and 

Buzsáki (2018), in which electrode placement was targeted towards the rostral (or 

intermediate) regions of the LS. This suggests that the spatial coding properties of LS 

neurons are regionally specific, and that the rostral LS in particular may be 

functionally important for integrating more discrete elements of spatial information. 

In this way, the phase code of an individual cell in the rostral LS can provide spatial 

information about an entire navigational route, including the animal’s relative 

distance from a final goal location. 

In this study, approximately a third of all LS cells displayed evidence of 

significant phase precession across both groups. This is far less than the 89% of cells 

reported to display phase coding in  Tingley and Buzsáki (2018), although it should 

be noted that they used different criteria to determine whether cells showed evidence 

of phase coding. In their study, they used a predictive modelling approach, in which 

the animal’s spatial position was predicted from spiking phase relative to CA1 theta, 

and then compared to shuffled data. In this study, evidence of significant phase 

precession was based on the p-value of the circular-linear correlation of phase and 

position, with .05 set as the criterion level. This method is likely to exclude some cells 



148 

 

that do display weaker phase coding, although raising the significance level to .1 is 

likely to include a number of false positives. As such, the finding that approximately 

one third of cells display significant phase precession should be interpreted as the 

proportion of cells demonstrating the most robust phase precession, rather than the 

absolute number of LS cells that utilize a phase code, which is likely to be somewhat 

higher. Despite this caveat however, the proportion of LS cells that show evidence of 

phase coding in this study is substantially lower that the proportion identified by 

Tingley and Buzsáki (2018). 

The proportion of cells showing evidence of significant phase precession was 

not statistically different between groups, suggesting that disrupted theta sequences in 

the hippocampus may not affect the ability of LS cells to precess following an MIA 

intervention. Similarly, when only the subset of cells demonstrating the most robust 

phase precession was analyzed, neither the mean r value of the circular-linear 

correlation of phase and position, nor the mean p-value of that correlation, were 

statistically different between groups, although the result was marginal. However, this 

marginal result is likely due to the difference in firing rates between groups, as the 

significantly higher firing rate of MIA cells should contribute to both lower r values 

and higher p values for the circular-linear correlation, consistent with the observed 

results for these values. Taken together, these data suggest that the MIA manipulation 

did not compromise the ability of LS to precess relative to the CA1 theta oscillation. 

This is in contrast to hypothesized results based on computer simulations of the 

dynamic weighting model proposed by Tingley and Buzsáki (2018). However, 

additional studies will be required to confirm that the disrupted theta sequences 

observed in MIA animals during the first set of experiments are directly related to the 

findings presented in this chapter. This would involve the implantation of tetrodes 

simultaneously in both CA1 and the LS to ensure that disrupted theta sequences are 

correlated with altered LS activity in the MIA group relative to CTL animals, as well 

as more direct and transient manipulations of CA1 theta sequences to establish a 

causal relationship. 

Assuming that CA1 theta sequences were also disturbed in the MIA group 

during this experiment, these data suggest that such disruptions could potentially 

result in phase precession that exceeds a full cycle as animals navigate a rectangular 

track. This result was surprising, as phase precession in excess of a single theta cycle 

has not generally been observed in previous studies (Dragoi & Buzsáki, 2006; 
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Ekstrom, Meltzer, McNaughton, & Barnes, 2001; Geisler et al., 2007; Huxter et al., 

2003; Kamondi et al., 1998; Kjelstrup et al., 2008; Maurer et al., 2006a; O'Keefe & 

Recce, 1993; Royer et al., 2010; Schmidt et al., 2009; Skaggs et al., 1996; Terrazas et 

al., 2005; Tingley & Buzsáki, 2018). In fact, phase range has been shown to 

dynamically shift according to place field size across a range of experimental 

paradigms. For example, relatively shallow precession slopes have been observed not 

only for the larger place field typically observed in ventral hippocampus (Kjelstrup et 

al., 2008; Royer et al., 2010), but also for cells recorded in more dorsal regions as 

animals passively moved along a track in a car (Terrazas et al., 2005). This latter 

manipulation resulted in an expansion of place field size when compared to cells 

recorded as animals actively ran across the same track, and the slope of precession 

was shown to scale accordingly, demonstrating that phase range is not simply a 

function of regional differences or cell type. The scaling of phase range has also been 

observed following the expansion of place fields as rats became familiar with a 

running track over time (Ekstrom et al., 2001), suggesting that the restriction of phase 

range within 360 has important computational value. 

Several mechanistic models of phase precession suggest that the restriction 

of phase range within a single theta cycle could be achieved by modifying the 

intrinsic oscillation frequency of single cells relative to the background LFP 

oscillation (Kamondi et al., 1998; Magee, 2001; Mehta et al., 2002; O'Keefe & Recce, 

1993). Shallow phase precession slopes would therefore require a more gradual phase 

shift between these dual oscillation frequencies, whereas steeper slopes suggest that 

single cells should oscillate at a comparatively faster frequency. However, despite the 

elevated firing rates demonstrated in the MIA group, there was no evidence that 

higher firing rates were associated with steeper precession slopes. This is consistent 

with previous studies indicating that the range of phase precession is independent 

from firing rates (Huxter et al., 2003). 

The apparent scaling of phase range according to place field size has led to 

the hypothesis that the rate of phase precession may in fact determine place field size 

(Maurer et al., 2006a). These results are not consistent with this hypothesis, as cells 

demonstrating spatially selective firing were no more common in the MIA group than 

in the CTL group despite the significant difference in slope, indicating that rate-

modulated place fields are unlikely to emerge in the rostral LS as a function of phase 
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range. However, although place field boundaries have typically been defined by 

changes in firing rates (O'keefe & Nadel, 1978), Maurer et al. (2006a) also provided 

evidence of hippocampal cells that have multiple, overlapping place fields, which 

could be parsed only on the basis of phase precession properties. In these cases, cells 

appeared to precess through multiple phase ranges simultaneously, with distinct place 

field centers that were clustered around specific locations on the track. Furthermore, 

when place fields were defined primarily by phase range rather than firing rate, the 

variability of place field size was considerably reduced, suggesting that the phase 

range definition may provide a more precise method of delineating distinct place field 

boundaries (Maurer et al., 2006a). It is therefore possible that the multiple phase 

precession cycles observed in the MIA group represent more discrete “place fields” 

that are entirely decoupled from firing rate, with discrete “fields” anchored to salient 

features of the animal’s current environment or specific task demands (Gupta et al., 

2012). In contrast, CTL animals are more likely to collate these discrete 

environmental “chunks” into a coherent whole as the animal becomes more familiar 

with a learned navigational route. An analogy for this scenario would be the sensation 

of being on autopilot as one returns home from work each day, in which the specific 

landmarks that may have originally aided navigation during route-learning are no 

longer consciously attended to.  

One of the most salient landmarks available to animals in this study was the 

presence of corners. Such corners not only provide sensory information, but they 

require bidirectional modifications of locomotor activity to navigate around them. 

This is in contrast to the circular track used in the Tingley and Buzsáki (2018) study, 

where idiothetic cues were likely to be more constant. Given that the range of phase 

precession has previously been associated with locomotor activity (Geisler et al., 

2007; Huxter et al., 2003; Terrazas et al., 2005), one possibility was that the more 

variable locomotor speeds required to navigate corners in this experiment may result 

in increased “chunking” of spatial information. However, results demonstrated that 

precession slopes in CTL group were consistent with phase ranges restricted to 360, 

suggesting that the presence of corners does not inherently affect the integration of 

spatial information across an entire trajectory. In contrast, MIA cells appear to be 

more sensitive to the presence of corners around the track. In support of this 

hypothesis, when intercept values were projected back to the previous corner, a 
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significant difference between the actual and projected intercept values only emerged 

in the CTL group, suggesting that the initiation of phase precession may be anchored 

to corners for the MIA group, but not the CTL group.  

It also remains unclear whether the excessive phase ranges observed in the 

MIA group represent an inherent disruption of spatial coding mechanisms in the LS, 

or whether they might also be observed in CTL animals during different stages of the 

learning process, or for tasks that include a more prominent working memory or 

executive component. For example, in both the Tingley and Buzsáki (2018) study and 

the experiment presented here, animals were well trained prior to surgical 

implantation of tetrodes, and the task procedure was very simple. Furthermore, 

rewards were always presented at the same location, and were never withheld. As 

such, these tasks provided animals with a familiar, steady and predictable 

environment that required minimal working memory or executive processes to 

successfully navigate. This environment likely presents the optimal conditions for 

navigational strategies that allow animals to operate on automatic mode, thereby 

reserving cognitive resources for more difficult or unpredictable epochs as they arise. 

Interestingly, most of the studies that have demonstrated the existence of LS place 

fields have recorded cellular activity as animals either explored an open field 

(Takamura et al., 2006; Zhou et al., 1999) or made navigational choices along 

alternating track sections (Leutgeb & Mizumori, 2002; Wirtshafter & Wilson, 2020). 

In tasks such as these, the segmentation of spatial information into smaller “chunks” 

is likely to provide a more advantageous coding strategy. One intriguing possibility 

therefore is that cells in the rostral LS may also discretize spatial information in more 

unfamiliar, unpredictable or complex environments, and that such discretization 

occurs predominantly via phase range rather than firing rate. This could also explain 

why spatial memory deficits are generally not more devastating in MIA animals 

during simple tasks (Ito et al., 2010; Piontkewitz, Assaf, & Weiner, 2009; 

Savanthrapadian et al., 2013; Zhang & van Praag, 2015; Zuckerman & Weiner, 2005) 

despite the pronounced difference in LS phase coding observed in this study. Instead, 

the increased discretization of space observed in the MIA group may reflect a chronic 

state of heightened awareness which, for CTL animals, would only emerge during 

navigation of more unpredictable environments. Additional studies however will be 

required to address this possibility. 
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Another possibility that would suggest a more profound phase coding 

disruption in the MIA group is that the frequently observed relationship between theta 

frequency and locomotor speed is compromised (Geisler et al., 2007). Several studies 

have provided evidence that the positive correlation of these variables can account for 

the invariance of the phase/position relationship despite fluctuations in speed 

(Fuhrmann et al., 2015; Geisler et al., 2007; McFarland et al., 1975; Young et al., 

2021), suggesting that this relationship plays a mechanistic role in the scaling of 

phase range. Given that this relationship was disturbed in MIA animals in experiment 

1, this could account for the inability of MIA cells to scale phase range accordingly, 

resulting in phase precession that exceeds a full cycle. This possibility will be 

explored in greater detail in the next chapter.  

Finally, there was also evidence of increased starting phase variability in the 

MIA group when compared to the CTL group, similar to the findings presented in the 

previous chapters for hippocampal cells. However, this finding is more likely to be 

influenced by increased variance in electrode placement for this latter set of 

experiments. This is likely due to four main factors. First, the experimental procedure, 

in which tetrodes targeted towards the LS were implanted at a 7-8⁰ angle, decreases 

the precision of implantation in target area. This was confirmed following histology, 

for although all cells included in the final data set were recorded from the rostral LS, 

this region is relatively large, and there was clear variance in tetrode placement along 

the medial-lateral axis. Second, unlike hippocampal recordings in which tetrodes were 

not lowered any further once they hit the pyramidal cell layer, tetrodes for LS 

recordings were systematically lowered after every second recording, resulting in a 

range of recording sides across the dorsal-ventral axis. Previous studies of phase 

precession in the LS have suggested that the starting phase of LS cells varies across 

both the medial-lateral and dorsal-ventral axes (Tingley & Buzsáki, 2018), and that 

starting phase may therefore function as a travelling wave, similar to theta activity in 

the hippocampus (Lubenov & Siapas, 2009). Consistent with this finding, inspection 

of recoding locations post-histology suggested that phase coding cells were somewhat 

less likely to occur in more lateral regions of the LS, although a more systematic 

investigation of electrode placement was beyond the scope of this study. Third, MIA 

cells appeared to be less inhibited relative to CTL cells, as evidenced by the elevated 

firing rates in the group, as well as the higher probability of finding MIA cells as 

tetrodes were systematically lowered during the experimental procedure. It is 
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therefore likely that MIA cells were sampled across a greater range of recording 

depths, which could account for the increase in starting phase variability. Finally, 

although the placement of LFP wires in the CA1 region was confirmed with 

histology, the precision of electrode placement in the cell layer is likely to somewhat 

more variable as single unit activity was not available as a guide. Additional studies 

are therefore required to determine whether starting phase is inherently more variable 

in LS cells following an MIA intervention, or whether this phenomenon is a by-

product of experimental procedures combined with attenuated inhibition. 
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Chapter 6 Speed-modulated rate coding in the lateral septum 

Although the functional significance of spatial coding in the LS remains 

unclear, one emerging theory is that the LS provides an interface between spatial and 

contextual information arriving from the hippocampus, and goal-directed behavioral 

responses (Wirtshafter & Wilson, 2019). In support of this hypothesis, several studies 

have provided evidence that the hippocampus – LS – VTA pathway is crucial for the 

development of conditioned place preferences associated with rewards (Jiang et al., 

2018; Luo et al., 2011; McGlinchey & Aston-Jones, 2018; Sweeney & Yang, 2015).  

Recent work however has demonstrated that the LS does not simply function 

as a relay center for spatial information, but that it may play a more direct 

computational role in goal-directed behavioral responses, including the regulation of 

locomotor activity (Bender et al., 2015; Wirtshafter & Wilson, 2019). For example, 

the LS has been shown to contain a population of cells for which firing rate has a 

strong linear relationship with either speed or acceleration (Howe & Blair, 2020; 

Wirtshafter & Wilson, 2019).  In the Wirtshafter and Wilson (2019) study, 59% of 

cells recorded in the caudodorsal LS had firing rates that was significantly correlated 

with speed. From this subset, approximately two thirds had a positive correlation, and 

the remaining third had a negative correlation, indicating that LS rate code may be 

important for bidirectional modifications of locomotor speed. A partially overlapping 

subset of LS cells (~45%) also showed firing that was significantly correlated with 

acceleration. Such correlations were also apparent during a non-rewarded task, and 

although there was substantial overlap between speed and reward-modulated activity 

for a large proportion of recorded cells, speed-related firing properties did not appear 

to influence the reward-modulated firing properties, suggesting that LS cells appear to 

encode speed and reward information independently.  

Furthermore, the Wirtshafter and Wilson (2019) study also demonstrated 

that, although a subset of LS cells displayed evidence of spiking activity associated 

with hippocampal firing properties, including increased firing during SWRs, phase 

locking to hippocampal theta oscillations, and spatially selective firing, speed 

modulated cells were less likely to overlap with this subset than other LS cells. This 

suggests that, while spatial information is primarily received from hippocampal 

efferents, speed-related information likely requires input from regions outside the 
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hippocampus, and that these converging inputs may compete for the same neural 

architecture within the LS (Wirtshafter & Wilson, 2019).  

Given that place cells located in the dorsal portion of the LS have primarily 

been defined by their firing rates, it is possible that rate-modulated locomotor 

information may predominantly map onto a separate subset of cells in this region to 

minimize interference. For example, rate coding ambiguities are likely to be more 

critical in the LS than the hippocampus, not only because LS spatial rate maps are 

degraded compared to hippocampal fields (Takamura et al., 2006; Wirtshafter & 

Wilson, 2020; Zhou et al., 1999), but also because speed modulated firing in the LS is 

bidirectional (Wirtshafter & Wilson, 2019).  

One advantage of encoding spatial information predominantly via phase is 

that the rate code is available to encode other information, thereby providing a 

mechanism for the integration of distinct information streams (Huxter et al., 2003). 

Nevertheless, despite this apparent advantage, the only study that explicitly examined 

rate independent-phase coding of spatial information in the rostral LS has suggested 

that only a small proportion (~10%) of cells display evidence of speed-modulated 

firing (Tingley & Buzsáki, 2018). This suggests that cells located in the rostral LS are 

either not tuned to locomotor information to the same extent as cells located in the 

caudo-dorsal LS, or alternatively, that some other aspect of task procedure, such as 

the circular running track, results in an underrepresentation of speed-modulated cell 

firing. For example, the apparatus used by Wirtshafter and Wilson (2019) was a H-

shaped running track, which requires constant and pronounced speed modifications as 

animals navigate corners and dead ends, in contrast to the relatively smooth running 

pace required to navigate a circular track. One intriguing possibility therefore is that a 

greater proportion of cells located in the rostral LS might show evidence speed-

correlated firing rates in the current experiment, as ongoing, bidirectional speed 

modifications are required to navigate the rectangular track. Furthermore, these cells 

might overlap with cells that predominantly utilize a spatial phase code to a greater 

extent than has been found previously, thereby providing evidence of integrated but 

non-competitive information streams that converge upon a single LS cell. 

Another intruiguing possibility is that speed-modulating cells in the LS could 

be disturbed in the MIA group relative to controls. Numerous streams of evidence 

provide indirect support for this idea. For example, although no MIA studies have 

previously examined cellular activity in the LS, several studies have reported 
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locomotor abnormalities, including both hypo- and hyper-locomotion. Such 

disturbances have been observed in both LPS (Harvey & Boksa, 2014; Wischhof, 

Irrsack, Dietz, & Koch, 2015; Wischhof, Irrsack, Osorio, & Koch, 2015) and polyI:C 

models (Bitanihirwe et al., 2010; Smith et al., 2007), although abnormal locomotor 

activity following an MIA intervention appears to be sensitive to both sex and age of 

the offspring during testing (Batinić et al., 2016).  

In addition to these studies, results outlined in previous chapters of this thesis 

suggest that speed modulation in the MIA group may be disturbed relative to controls. 

For example, although the median speed was not significantly different between 

groups in the first experiment, MIA animals demonstrated a different pattern of speed 

as they approached goal locations (chapter 4). More intriguingly, the typical positive 

correlation between theta frequency and speed that has been documented in numerous 

studies (Fuhrmann et al., 2015; Geisler et al., 2007; McFarland et al., 1975; Young et 

al., 2021) was only observed for the CTL group in experiement 1. In contrast, this 

relationship appeared to be disturbed in MIA animals. It has previously been 

hypothesized that the positive correlation of theta frequency and speed accounts for 

the invariance of the phase/position relationship in response to ongoing fluctuations in 

speed, thereby ensuring that phase range of precession does not exceed a single theta 

cycle (Geisler et al., 2007). In contrast to the large body of work demonstrating that 

phase precession is generally restricted to a maximum of 360⁰ (Dragoi & Buzsáki, 

2006; Ekstrom et al., 2001; Geisler et al., 2007; Huxter et al., 2003; Kamondi et al., 

1998; Kjelstrup et al., 2008; Maurer et al., 2006a; O'Keefe & Recce, 1993; Royer et 

al., 2010; Schmidt et al., 2009; Skaggs et al., 1996; Terrazas et al., 2005; Tingley & 

Buzsáki, 2018), results outlined in the previous chapter demonstrated the novel and 

unexpected finding that phase precession in excess of a single cycle occurred 

frequently in the MIA group. Given that theta frequency has been shown to regulate 

speed via the LS (Bender et al., 2015), it is therefore possible that speed-modulated 

cells in the LS might be disturbed in the MIA group, and that such disturbances may 

be related to phase precession that exceeds a single theta cycle. Such evidence would 

also strengthen the argument that the ongoing speed modifications required to 

navigate corners could account for the atypical phase precession ranges observed in 

the MIA group. 

An alternative possibility is that speed-modulated rate coding is independent 

from phase coding properties for both groups. This would be consistent with the 
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findings presented in the Tingley and Buzsáki (2018) study, whereby only a very 

small fraction of LS trials provided evidence of speed that was significantly correlated 

to the range of phase precession.  

Phase precession slopes in excess of a single theta cycle could also reflect 

MIA animals’ imprecise understanding of their current location relative to the food 

reward, as discussed in chapter 4. Although the phase coding properties of LS cells do 

not appear to anchored to reward locations (Tingley & Buzsáki, 2018), it is possible 

that reward related information is encoded independantly via the rate code. For 

example, LS cells located in the caudo-dorsal LS have been shown to have firing rate 

maps that are skewed towards the reward location irrespective of travel direction 

(Wirtshafter & Wilson, 2020). Similar ramping activity of phase coding cells relative 

to goal locations has been observed previously in the ventral striatum (van der Meer 

& Redish, 2011), and ramping in response to specific task requirements has also been 

observed in the basal forebrain (Tingley et al., 2014). One possibility therefore is that 

firing rates could be elevated around the goal location, with relatively depressed firing 

along sections of the maze that are most distant to the reward (for example, across 

arm 2). If MIA animals have a more impreicise estimation of their current position in 

relation to the reward however, this pattern of ramping activity would likely be 

disturbed.  

The first aim of this chapter is to first investigate whether cells located in the 

rostral LS demonstrate firing rates that are correlated with speed as animals navigate a 

rectangular track, and whether the proportion of cells that do demonstrate such 

correlations is consistent with previous studies (Tingley & Buzsáki, 2018; Wirtshafter 

& Wilson, 2019). The second aim is to investigate if there is any substantial overlap 

between speed-modulated cells and phase precessing cells in the rostral LS, and 

whether these proportions differ according to intervention group. Correlations of theta 

frequency and speed were also computed to verify that the same findings observed in 

experiment 1 are replicated in this cohort of animals. Simlarly, the pattern of speed as 

animals navigate the track was also examined, again to verify that similar results were 

obtained between expriments. Finally, binned firing rates around the track were 

analyzed, first to detemine whether ramping activity towards reward locations is 

observed in the CTL group, and second, to determine whether such ramping activity, 

if it occurs, is disturbed in the MIA group.  
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6.1 Methods 

Results in this chapter were obtained from the same experiment detailed in 

chapter 5. The majority of these analyses were performed in Matlab concurrently with 

the analysis outlined in chapter 5, and were therefore performed blind to the animal 

manipulation. The only exceptions to this were the analyses of the binned firing rates 

and mean speed across the entire track. For these latter analyses, manual selection of 

start and end segments was not necessary, and the entire dataset was therefore 

analyzed using a modified Matlab script that was fully automated.  

Correlations of firing rate and either speed or acceleration were based on the 

process outlined by Wirtshafter and Wilson (2019).  For this analysis, position was 

sampled every 100 ms to estimate instantaneous speed. These data were then 

smoothed across a 500 ms window.  The animals’ occupancy per speed within 2cm/s 

bins was then established and then spike count as a function of speed was determined. 

Spike count per speed was then divided by speed occupancy to result in firing rate as 

a function of speed for each cell of interest. Speeds with less than 2% of total 

occupancy were excluded from the analysis.  The correlation between speed and 

firing rate was assessed using a linear regression.  Correlations with acceleration were 

determined similarly except that a bin size of 0.5 cm/s2 was used. 

For the analysis of mean speed across each arm, speed was binned into 300 

samples, in which each bin represented one cm of the track. Mean speed across each 

arm could then be calculated according to track length (70 bins each for arms 1 and 3, 

and 80 bins for arms 2 and 4).  

 

6.2 Results 

6.2.1 Firing rates of a substantial subset of cells located in the rostral LS are 

significantly correlated with speed 

In total, just over 30% of all CTL cells had firing rates that were significantly 

correlated with speed, in contrast to almost 45% of all MIA cells. These proportions 

were significantly different (χ2(1) = 8.6, p = .003). From these significant subsets, 

45% of CTL cells and 59% of MIA cells had firing that was positively correlated with 

speed (Figure 6.1b). Again, these proportions were significantly different between 

groups (χ2(2) = 10.61, p = .005). When the absolute median r-values generated by 
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these correlations were compared across the entire dataset, they were also 

significantly higher in the MIA group (Mann Whitney U = 20426, p <.001: Figure 

6.1c, left column). The median r-values were also compared separately according to 

the direction of these correlations for those data where significant correlations 

between firing rate and speed were observed. Results from this analysis showed that 

there were no group differences for the median r-values for either positive 

correlations (Mann Whitney U = 861, p =.517) or negative correlations (Mann 

Whitney U = 674, p = .245, Figure 6.1c, right column).  

Significant correlations with acceleration were less common across both 

groups, with only 8% of CTL cells and 9% of MIA cells demonstrating firing rates 

that were significantly correlated with either acceleration or deceleration (Figure 

6.1d). These proportions were not significantly different between groups (χ2(2) = 

1.57, p = .456). The difference between the absolute r-values were also not significant 

for either acceleration (Mann Whitney U = 14400, p = .657) or deceleration (Mann 

Whitney U = 24385, p - .673; Figure 6.1e, left column), and similar results were 

obtained when only those cells with significant correlations were included in the 

analysis (for acceleration, t(18) = .30, p = .299; for deceleration, t(20) = .21, p = 

.834). Due to the small number of cells demonstrating significant correlations 

between firing rate and acceleration, no further group differences were examined 

regarding this variable. 
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Figure 6.1  Proportion of cells demonstrating significant correlations for firing rate and either 

speed or acceleration. (a) Example plots demonstrating robust correlations of firing rate and 

speed. Each row provides 2 example correlations from the same animal, with different 

animals on each row. These examples were chosen to demonstrate both positive and negative 

correlations. One example in the bottom right corner (MIA) shows a cell with an inverted U 

correlation. Two example plots on the bottom row show correlations of firing rate and 

acceleration rather than speed. (b) Proportion of cells with significant correlations of firing 

rate and speed. Significance level for the linear correlation was set at .05. Sig. + refers to 

significant positive correlations and sig. - refers to negative correlations. (c) Violin plots of 

the absolute r value of the firing rate/speed correlation for the entire dataset (left column). 

Median r values for the linear correlation of firing rate and speed when only those cells with a 
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significant firing rate/speed correlation were included are shown on the right. Error bars 

include 95% confidence intervals (d) As for (b), but for acceleration. For these data, sig. + 

refers to cells that are correlated with positive acceleration, including both positive and 

negative correlations. In contrast, sig - refers to cells with firing rates that are significantly 

correlated with deceleration. (e) As for c, but for acceleration (+) and deceleration (-). Right 

side depict the absolute mean r values for both groups. Error bars denote mean and SEM. 

 

Given that Tingley and Buzsáki (2018) observed robust phase precession in 

the rostral LS, but did not find evidence of cells with firing rates that were 

significantly correlated with speed, it is therefore possible that spatial and locomotor 

information map onto distinct cell populations. To examine this possibility, the 

proportion of cells demonstrating significant phase precession (“phase coding cells”) 

was compared with the proportion of cells that had firing rates significantly correlated 

with speed (“speed modulated cells”) to determine if there was any overlap.  Of the 

49 phase coding cells in the CTL group, 18 were also speed modulated cells, 

including 12 cells with a positive speed correlation. In total, only 24% of all CTL 

cells demonstrating either phase coding or speed modulated properties were involved 

in both these processes simultaneously. In the MIA group, 59 out of 109 phase coding 

cells were also classed as speed modulated cells, including 43 cells with positive 

speed correlations (Figure 6.2). In total, this amounted to 28% of cells with 

overlapping coding properties. These proportions were not significantly different 

between groups (χ2(1) = .41, p = .52).  
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Figure 6.2  Overlapping proportions of cells that display significant phase precession (PP) 

and/or significant firing rate/speed correlations. Solid colors denote cells in which only 

significant phase precession or significant speed correlations were observed, whereas 

patterned colors signify cells in which both phenomena were observed.  

 

To investigate whether the slope of the phase precession best fit function of 

phase-coding cells was related to the magnitude of the firing rate/speed correlation for 

that cell, Spearman correlations of mean slope and mean r-value (either + or -) of the 

linear rate/speed correlation were computed. Only cells demonstrating evidence of 

significant phase coding were included in this analysis. Results showed that this 

correlation was non-significant for the CTL group (r = .24, p = .101), but a significant 

positive correlation emerged in the MIA group (r = .23, p = .018; Figure 6.3). 

However visual inspection of the correlation plots suggested that this correlation was 

somewhat noisy, and when the correlation was recalculated with absolute r values, 

neither the CTL (r = .18, p = .21) or MIA correlations (r=.04, p = .645) were 

significant.  
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Figure 6.3  Relationship of phase precession slopes with the strength of the firing/rate speed 

correlation for each group. Only cells demonstrating significant phase coding were included 

in this analysis, and slope values (x axis) are based on the circular-linear correlation of phase 

and position. R values on the y axis refer to the correlation of firing rate and speed calculated 

individually for each cell. Regression lines (in black) are included for visualization purposes 

only. 

 

6.2.2 Correlations of mean theta frequency and mean running speed 

As in chapter 4, mean hippocampal theta frequency was plotted against mean 

running speed across all recordings. For CTL recordings, a significant negative 

correlation of theta frequency and mean speed was observed (r = -.23, p = .013, n = 

112). In contrast, a significant positive correlation was observed for MIA recordings 

(r = .56, p < .001, n = 169, Figure 6.4a). This is opposite to the pattern observed in 

experiment 1. However, when these data points were plotted on an animal by animal 

basis, the majority of the best-fit lines were positive for both groups, suggesting that 

in this dataset, there may be more variability on an animal to animal basis in the CTL 

group.  

As before, individual correlation plots were also generated for each animal, 

in which hippocampal theta frequency and speed were sampled every second. 

Example plots from each group are provided in Figure 6.4b. A comparison of the r 

values generated by these plots showed that there were no significant group 

differences (Mann Whitney U = 8482, p = .059, although the result was marginal. In 

contrast to earlier findings, the median r value of the linear correlation of theta 

frequency and speed was stronger in the MIA group, although both groups 

demonstrated robust positive correlations.   
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Figure 6.4  Correlation plots of hippocampal theta frequency and mean speed. (a) Correlation 

plots were calculated on the basis of mean speed and mean theta frequency (as measured from 

LFP wires located near the cell layer of dorsal CA1) for each recording. Each animal is 

plotted in a different color, with individual regression lines to aid visualization. The thicker 

black line is the regression slope for the entire dataset combined. Significance symbols refer 

to the p-value of Pearson correlation. (b) Example plots of correlations generated for each 

individual recording, with hippocampal theta frequency and speed sampled every second. 

Both examples demonstrate the typical positive correlations that were observed across both 

groups for this dataset. (c) Median r value of the linear correlation of theta frequency and 

speed for each recording. 

 

6.2.3 Comparison of locomotor speed across experiments 1 and 2 

To verify whether animals ran at similar speeds across both experiments, 

mean speed was calculated across the entire track and compared for both group and 

experiment. In experiment 2, CTL animals ran at a mean speed of 31.42 cm/s, which 

was significantly faster than the mean speed for MIA animals (29.61 ms/s, t(279) = 
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2.35, p = .02). However, when mean speed was compared across experiments 1 and 2, 

results showed that both CTL and MIA animals ran at significantly slower speeds in 

experiment 2 when compared to experiment 1, irrespective of group (Figure 6.5a). 

This difference was significant (one-way ANOVA, F(3, 507) = 10.77, p <.001), with 

post-hoc testing showing that the difference was between experiments rather than 

group. The difference in mean running speed between CTL and MIA animals during 

experiment 2 was no longer significant with the Bonferroni correction for multiple 

comparisons (t = 1.89, p = .353).  A two-way ANOVA of track arm x group for 

experiment 2 revealed significant effects for both arm (F(2, 837) = 314, p<.001) and 

group (F(1,837) = 17.94. p<.001), but no significant interaction (F(2, 837) = 2.57, p = 

.077; Figure 6.5b).  

 

 

Figure 6.5  Comparison of running speed across experiments 1 (HPC) and 2 (LS). (a) Violin 

plots of mean speed across the three non-reward arms. The reward arm is excluded as animals 

were often stationary in this arm as they consumed the reward. Significance bars refer to post-

hoc tests (Bonferroni). For visualization purposes, only post hoc-tests for CTL-CTL and 

MIA-MIA datasets across experiments are shown, although significant post-hoc tests were 

obtained for all pairwise comparisons that included data across both experiments. Pairwise 

post-hoc comparisons that compared CTL and MIA data from the same experiment however 

were non-significant. (b) Plot of mean running speed through each non-reward arm of the 

track. A and G refer to the significance of the main effect of arm and group respectively. Only 

data recorded from experiment 2 were included in the two-way ANOVA, although data from 

experiment 1 are plotted with dashed lines for visualization purposes. Error bars denote mean 

and SEM. 
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6.2.4 No evidence of increased firing in reward regions for either group 

It has previously been reported that “place cells” located in the caudo-dorsal 

region of the LS display ramping towards reward locations irrespective of travel 

direction (Wirtshafter & Wilson, 2020). Given that spatially selective cells were not 

typically observed in the present study, place field skew could not be computed for 

the majority of cells, as clear start and end points based on firing rate criteria alone 

were not available. Instead, firing rate was binned across the track, with each bin 

representing ~15cm of the track (20 bins in total). A bar chart of the mean firing rates 

for each bin suggested that firing rates did not systematically increase in regions 

proximal to the reward, and although firing rates were significantly higher in the MIA 

group when compared the CTL group (as reported in chapter 5), this general pattern 

of firing in relation to track position was similar for both groups (Figure 6.6a). This 

was verified by conducting a t-test of the mean firing rate across the 5 bins 

representing the most distal region to the reward (bins 6-10, or C2-C3 as shown in 

Figure 6.6a) and bins immediately adjacent to the reward (bins 16-20, or C4-C1). 

Results showed that there were no significant differences between mean firing rates in 

either distal or reward regions for either CTL cells (t(281) = .54, p = .589) or MIA 

cells (t(728) = .49, p = .625; Figure 6.6b).  

Visual inspection of the bar graph shown in Figure 6.6a suggested that, at the 

population level, firing rates may be related to speed. Correlations of mean firing rates 

and mean speed calculated across 20 bins confirmed that these two variables were 

strongly related in both groups (CTL r = .61, p = .004, MIA r = .71, p < .001; Figure 

6.6c). The difference between these 2 correlation coefficients was not significant 

when computed via the Fisher r-to-z transformation (z = -.54, p = .589). 
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Figure 6.6  Firing rates in relation to the reward location. (a) Bar chart of mean firing rate 

around the track. Firing rate was binned into 20 segments, which each bin representative of 

~15 cm of the track. C1-C4 are the approximate positions of corners, with C1 denoting the 

first corner after consummation of the reward (lower left side). For visualization purposes, the 

approximate reward region is highlighted in aqua for the CTL group, and purple for the MIA 

group. Firing rates are repeated across 2 cycles. (b) Mean firing rates in distal vs. proximal 

regions of the track relative to the reward location. (c) Correlations of mean firing rates and 

mean speed (binned according to position along the track).  

 

6.3 Discussion 

In summary, these results demonstrate that a substantial proportion of cells 

located in the rostral LS have firing rates that are significantly correlated with speed, 

including both positive and negative correlations. The MIA group however had a 

significantly higher proportion of speed-modulated cells than the CTL group, and 

significant positive correlations of firing rate and speed in particular were more 

abundant in this group. In contrast, the proportion of cells providing robust evidence 
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of firing rates that were negatively correlated with speed appeared to be similar across 

groups. Furthermore, for the subset of cells that did demonstrate robust evidence of 

speed-modulated properties, the median r-values of these correlations were not 

significantly different between groups, suggesting that the strength of this relationship 

was not altered by the MIA intervention. A much smaller subset of cells also 

demonstrated firing rates that were significantly correlated with either acceleration or 

deceleration, although neither these proportions, nor the strength of the correlations 

were statistically different between both groups. The rostral LS therefore appears to 

contain a population of cells that are modulated by speed in a bidirectional manner as 

animals navigate around a rectangular track.  

In total, approximately one third of CTL cells had significant correlations of 

firing rate and speed, which is about half the figure reported by Wirtshafter and 

Wilson (2019), but substantially more than that reported by Tingley and Buzsáki 

(2018). This suggests cells located in the rostral LS are somewhat less likely to be 

modulated by speed than cells located in more dorsal regions. The proportion of CTL 

cells with firing rates that were negatively correlated with speed was also just over 

half of all significantly correlated cells, in contrast to only around one third in the 

Wirtshafter and Wilson (2019) study. This suggests that cells located in the rostral LS 

may be particularly important for the modulation of speed during tasks that involve 

bidirectional speed fluctuations, and why such cells were not observed in the Tingley 

and Buzsáki (2018) study, in which rats were able to navigate at a more constant 

speed.  

Previous work has suggested that spatial and speed-related information are 

more likely to map onto distinct cell populations in the LS, indicating that these 

distinct information streams may be competitive (Tingley & Buzsáki, 2018; 

Wirtshafter & Wilson, 2019). These data are partially consistent with these studies, as 

the majority of cells categorized as either phase coding or speed modulated did not 

have overlapping coding properties. These proportions furthermore were not 

significantly different between groups. However, approximately one quarter of all 

such cells did show robust evidence that spatial information, (encoded primarily via 

phase) and speed-modulated information (encoded via rate) can be encoded 

simultaneously by the same cell. In particular, cells with firing rates that are positively 

correlated with speed appear more likely to simultaneously encode spatial information 

than cells with firing rates that were negatively correlated with speed. In fact, 
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approximately half of all positively correlated speed-modulated cells also showed 

robust evidence of phase precession, suggesting that these particular information 

streams can successfully map on to the same neural architecture (Huxter et al., 2003).  

Consistent with the findings presented by Tingley and Buzsáki (2018), there 

was no evidence that the extent of phase precession was influenced by the magnitude 

of the firing rate/speed correlation for CTL cells, suggesting that these distinct 

information streams remain independent. In contrast, these variables were 

significantly correlated in the MIA group, although visual inspection of the 

correlation plots suggested that this finding should be interpreted with caution. For 

example, results from the correlation suggested that, as the slope of phase precession 

gets steeper, the magnitude of the rate/speed correlation tends to weaken, but the 

majority of individual data points did not appear to fit this pattern, suggesting that the 

correlation may be spurious. Recalculation of this correlation based on absolute r-

values furthermore suggested that there was no systematic relationship between these 

variables for the MIA group. Taken together, it seems unlikely that the magnitude of 

the firing rate/speed correlation is related to the range of phase precession, and the 

excessive phase range observed in the MIA group therefore does not appear to 

proceed from group differences regarding the speed-modulated rate code.  

In the previous experiment, the relationship between hippocampal theta 

frequency and speed was disturbed in the MIA group. A similar disturbance in 

experiment 2 could potentially account for the LS phase precession in excess of a 

single cycle that was observed in the MIA group, as previous reports have 

demonstrated that the invariance of the phase/distance relationship that has typically 

been observed in studies of hippocampal phase precession depends on the 

modification of LFP oscillatory properties in response to speed (Geisler et al., 2007; 

Huxter et al., 2003). Contrary to expectations however, such disturbances were not 

observed in the MIA group during experiment 2. In fact, when mean theta frequency 

during a recording was correlated with mean speed across the same recording for the 

entire dataset, only the MIA group demonstrated a strong positive correlation, 

although close inspection of the data on an animal-by animal-basis suggested that 

most of the within-animal correlations remained positive for the CTL group as well. 

A comparison of the individual correlations generated by sampling both theta 

frequency and speed in 1000ms steps throughout each individual recording revealed 

that robust positive correlations of these variables were prevalent in both groups, and 
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the median r-values were not statistically different between groups. In summary, these 

data indicate that the disturbed relationship between theta frequency and speed 

observed in the previous experiment for the MIA group was not replicated in 

experiment 2, and therefore cannot account for the excessive phase precession slopes 

observed for LS cells in the MIA group.  

A small but significant difference in mean speed was observed between 

groups, with CTL animals running almost 2 cm/s faster than MIA animals. However, 

when running speeds were compared between experiments, differences in running 

speed were much greater between experiments than between intervention groups, and 

the small group difference observed in experiment 2 was no longer significant when 

the Bonferroni correction for multiple comparisons was applied. This result is curious 

given that the same running track was used in both experiments, and no other factors 

in the recording room were altered. In fact, the only major difference in experimental 

procedure between experiments 1 and 2 was that electrodes were also implanted into 

the LS for experiment 2. It is therefore possible that this additional manipulation may 

have had an effect on locomotor activity. Lesion studies of septal regions have 

reported both hypo- and hyperactivity in response to different experimental 

paradigms, although it  remains unclear whether septal lesions have a direct effect on 

locomotor activity, or whether locomotor disturbances are secondary to anxiolytic 

effects (Sheehan et al., 2004). Such studies furthermore have generally induced large 

lesions that may extend to the medial septum in addition to the LS, and the precise 

effects of more localized and minor disturbances in the LS remain unknown (Sheehan 

et al., 2004). Recent work using optogenetic techniques however has suggested that 

stimulation of LS cells that project to the lateral hypothalamus decreases locomotor 

speed (Bender et al., 2015), suggesting that implantation of tetrodes into the LS could 

potentially affect this pathway.  

In chapter 4, it was reported that the pattern of speed as animals approach the 

reward location was different between groups, with CTL animals demonstrating a 

more targeted increase in speed as they approached the reward area. This finding was 

not replicated in experiment 2, suggesting either that the previous finding may have 

been a false positive, or the finding presented here was a false negative. Alternatively, 

given that mean running speeds were both slower and less variable in experiment 2, it 

is possible that this finding could reflect more regular theta dynamics on a moment to 

moment basis. For example, results from the Bender et al. (2015) study indicate that 
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more regular theta oscillations in the hippocampus result in slower and more stable 

running speeds, and that such regularity is mediated via the LS to lateral 

hypothalamus pathway. Hippocampal theta frequency variance within an individual 

recording was not computed in this study, although indirect evidence that such 

variance was greater in experiment 1 can be observed in the individual correlation 

plots of theta frequency and speed that were generated for each recording, particularly 

in the MIA group (see for example Figure 4.7b on page 114). Greater variance of 

theta frequency should result in weaker correlations with speed, consistent with the 

findings presented in chapter 4 for the MIA group. The median r-values generated by 

these correlations was also lower for the CTL group in experiment 1 (.21) than either 

group in experiment 2 (.35 and .39 for the CTL and MIA groups respectively). Taken 

together, these observations are consistent with the findings outlined by Bender et al. 

(2015), and although speculative at this stage, suggests that the implantation of 

tetrodes into the septal region could potentially have an effect on these processes. 

Finally, analysis of firing rates relative to the goal location suggested that, 

although MIA cells clearly fired at much higher rates across the entire track, neither 

group appeared to increase cell firing when the animal was in the reward region. This 

suggests that the ramping activity of LS “place cells” located in more dorsal regions 

of the LS (Wirtshafter & Wilson, 2020) may not map on to cells located in the rostral 

LS, where spatially selective firing was rare. Instead, firing rates appeared to fluctuate 

in a similar fashion to speed, with a small decrease in firing rates proximal to the 

reward location, where animals generally moved at a slower speed as they consumed 

the reward. This was verified via robust correlations of binned firing rate and speed 

for both groups, demonstrating that, at the population level, LS firing rates increase 

systematically with speed. Intriguingly, although mean speed was similar between 

groups, similar correlations were observed for both groups despite a profound 

difference in firing rates. One possible explanation for this finding is that locomotor 

speed has adapted to chronically elevated firing rates in the MIA group, consistent 

with findings that inhibitory processes are disturbed in both MIA models and 

schizophrenia patients (Akbarian & Huang, 2006; Corradini et al., 2018; Dickerson et 

al., 2014; Gonzalez-Burgos et al., 2015; Steullet et al., 2017). 
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Chapter 7 General discussion 

7.1 Summary of main findings 

The primary aim of this study was to examine whether MIA induced via 

administration of PolyI:C to pregnant rats on GD 15 results in measurable 

disturbances of hippocampal phase precession and theta sequences in adult offspring. 

The results indicated that, although individual cells continued to precess normally 

following the MIA intervention, the starting phase of precession was significantly 

more variable when compared to CTL cells. This increased variability was observed 

across the pooled data, as well as on an animal-by animal basis, and could not be 

explained by group differences in place field size, spatial information content, firing 

rate, running speed or theta waveform shape. Gamma frequency oscillations however 

were abnormal when compared to the CTL group, including a reduction in 

theta/gamma cross-coupling. 

Increased variability in starting phase should theoretically lead to 

disorganized theta sequences, as demonstrated in figures 3.1 and 3.11. Consistent with 

this hypothesis, theta sequences appeared to be disrupted in the MIA group relative to 

controls. As theta sequences have been linked to plasticity between cells, properties of 

place fields that might be affected by changes in plasticity were also investigated.  

The results indicated that there were subtle differences in the distribution of place 

fields relative to reward locations, as well as altered patterns for both place field skew 

and running speeds in relation to the goal location, suggesting that disorganized theta 

sequences could potentially interfere with the integration of spatial and reward 

information in downstream regions that may be functionally important for 

motivational drive. 

The aim of experiment two was to investigate whether phase precession was 

also disturbed in the rostral LS, a major downstream output of the hippocampus,  

following the MIA intervention. Results showed that a substantial proportion of LS 

cells demonstrated robust phase precession in both the CTL and MIA groups in the 

absence of spatially selective firing rates, but the slope of the phase/position 

correlation was significantly steeper in the MIA group, resulting in phase precession 

that often exceeded a single theta cycle. In contrast, CTL cells demonstrated shallow 

precession slopes that generally spanned the majority of the running track, consistent 

with previous reports demonstrating that LS phase range is restricted to a maximum 



173 

 

of 360 (Tingley & Buzsáki, 2018). This suggested that the LS phase code may 

collate the more discrete components of spatial information inherited from 

hippocampal cells as they occur across an entire navigational route, and that this 

integration process may be disturbed in MIA animals, resulting in a more discretized 

representation of space. 

Finally, the LS has previously been associated with the modulation of 

locomotor activity (Bender et al., 2015; Howe & Blair, 2020; Wirtshafter & Wilson, 

2019). Consistent with those studies, a substantial proportion (~30-45%) of LS cells 

had firing rates that were significantly correlated with speed, including both positive 

and negative correlations. Furthermore, although robust correlations of firing rate and 

speed were observed in both groups, the proportion of speed-modulated cells was 

somewhat higher in the MIA group. Speed-modulating properties were also shown to 

overlap with phase coding  properties in a proportion cells, suggesting that distinct 

information streams can map on to the same LS cell via independent coding 

mechanisms. This could potentially provide a biophysical mechanism for the 

integration of spatial and goal-motivated locomotor activity in the LS.  

Taken together, these results suggest that the MIA intervention results in a 

fundamental disorganization of sequential coding in the hippocampus, which could 

potentially contribute to phase coding abnormalities downstream in the LS. Such 

phase coding disruptions may have important consequences for the sequential 

ordering of integrated information streams, as well as the appropriate discretization of 

information according to sensory and contextual cues that signal reward proximity. 

 

7.2 Integration of these data with previous studies of MIA animals and 

schizophrenia 

Although there is now a large body of work detailing some of basic 

structural, cellular and molecular disturbances associated with MIA and schizophrenia 

(Harrison, 2004; Heckers & Konradi, 2002; Li, Shen, Stockton, & Zhao, 2019), it has 

often been difficult to link such disturbances to behavioral outcomes. This is known 

as the problem of the “missing middle,” in which the mesoscopic network processes 

that bridge the gap between microscopic disturbances and macroscopic outcomes 

have remained relatively opaque (Kao et al., 2017; Laughlin et al., 2000). The 

evidence of disturbed phase coding following an MIA intervention presented in this 
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study may help to bridge this gap, providing a network level mechanism that could 

explain, at least to some extent, how basic level disturbances could result in 

schizophrenia symptomology. The following section will outline how disturbed phase 

coding in the MIA group could potentially correspond with some of these previous 

findings documenting either basic level disturbances or altered behavioral outcomes 

associated with MIA and schizophrenia more generally. 

 

7.2.1 Elevated firing rates in the MIA group and the glutamate hypothesis of 

schizophrenia 

At the most basic level, these data provide compelling evidence that 

inhibitory regulation is disturbed following an MIA intervention. For example, the 

firing rates of CA1 pyramidal cells were significantly higher in the MIA group 

compared to the CTL group, including both the mean firing rates across the entire 

track and the infield firing rates. Similar elevated firing rates have been observed in 

hippocampal regions following various MIA interventions, including increased 

intrinsic excitability of CA1 cells (Lowe, Luheshi, & Williams, 2008), reduced 

inhibitory activity in the CA1 region (Canetta et al., 2016; Ducharme et al., 2012), 

and increased paired-pulse facilitation and LTP persistence in the DG, 

(Savanthrapadian et al., 2013), although these results have not always been consistent. 

For instance, group differences in firing rates were not observed for CA1 place cells 

of adult rats following an MIA intervention (Wolff & Bilkey, 2015), and reduced 

excitability has also been observed in both adult hippocampal slices in vitro 

(Hellstrom, Danik, Luheshi, & Williams, 2005) and neonates in vivo (Patrich et al., 

2016), as well decreased synaptic plasticity in juveniles (Oh-Nishi et al., 2010). 

However, given that MIA has also been associated with the delayed maturation of 

GABAergic transmission from predominantly depolarizing to hyperpolarizing 

(Corradini et al., 2018; Fernandez et al., 2018), the variability of these findings may 

reflect age-dependent modifications that exert complex effects on 

excitatory/inhibitory regulation in MIA offspring. Taken together, these data 

contribute to a growing body of evidence suggesting that MIA contributes to 

imbalanced excitatory/inhibitory networks, with differential, age-dependent effects 

that are reminiscent of schizophrenia developmental trajectories. 
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Previous studies suggest that cells located in the LS are predominantly 

GABAergic (Risold & Swanson, 1997a). In addition to elevated firing rates in CA1, 

an even more striking difference was observed for putative GABAergic cells located 

in the rostral LS, with more than a two-fold increase in the firing rates of MIA cells 

when compared to CTL cells. This is consistent with previous MIA studies 

documenting elevated firing rates in regions that receive output from the 

hippocampus, such as the mPFC (Dickerson et al., 2010), as well as increased 

excitatory transmission from the mPFC to the amygdala (Li et al., 2018). Taken 

together, these findings suggest that imbalances of excitatory/inhibitory regulation in 

the hippocampus are likely to propagate forward to downstream regions.  

Furthermore, given that the firing rates of LS cells have been associated with 

the modulation of locomotor speed (Howe & Blair, 2020; Wirtshafter & Wilson, 

2019), the finding that mean speed was similar between groups, as well as the robust 

positive correlations of LS firings rates and speed across both groups when these 

variables were binned according to track position suggests that locomotor speed must 

have adjusted proportionally to the elevated firing rates in the MIA group. This 

suggests that elevated firing in the LS is likely to be a chronic condition in these 

animals, and that some degree of compensatory adjustment must occur to attenuate 

locomotor activity accordingly. 

 

7.2.2 Inhibitory regulation and mechanistic models of theta phase coding 

Although the mechanisms of phase precession and theta sequences remain an 

open question, converging evidence suggests that phase precession may require 

temporally precise shifts in the balance of excitation/inhibition at distinct dendritic 

regions (Drieu & Zugaro, 2019). For example, one prominent model of phase 

precession, the somato-dendritic interference model, posits that phase precession 

proceeds from the ramping excitation of pyramidal cells (Harris et al., 2002; Mehta et 

al., 2002).  According to this model, rhythmic inhibition around the soma generally 

prevents pyramidal cell firing, but strong depolarizing current targeting distal 

dendrites may be able to overcome such inhibition if it occurs during the portion of 

the theta cycle when network inhibition is weakest. Once the cell begins firing 

however, ramping excitation causes the cell to fire at progressively earlier phases as 

the animal traverses the place field, resulting in phase precession. Experimental 
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evidence for this model has been provided by both in vitro and in vivo studies 

demonstrating that the phasic balance of dendritic excitation relative to somatic 

inhibition can produce spike advances (Kamondi et al., 1998; Losonczy et al., 2010; 

Magee, 2001). Inhibitory interneurons are also known to precess relative to theta 

(Maurer et al., 2006b), suggesting that these cells can exert additional phasic control 

on the spike timing of principal cells.  

More specifically, several studies have provided evidence that GABAergic 

regulation, and particularly inhibition from PV+ basket cells located around the soma 

and proximal dendrites, may play a pivotal role in this process (Drieu & Zugaro, 

2019). For example, silencing PV+ interneurons in CA1 has been shown to disrupt 

the theta entrainment of pyramidal cells (Amilhon et al., 2015), as well as shifting 

their firing phase closer to the trough of the LFP theta oscillation (Royer et al., 2012). 

Recent reports have also suggested that hippocampal interneuron networks regulate 

the range of phase precession by suppressing phasic noise (Grienberger et al., 2017).  

Several subtypes of GABAergic expression are known to be disturbed in 

both schizophrenia patients and animal models (Akbarian & Huang, 2006; Gonzalez-

Burgos et al., 2015), including specific disruptions to PV expressing interneurons 

(Lodge et al., 2009; Steullet et al., 2017). Reductions in the density of PV+ 

interneurons in CA1, an altered expression of glutamic decarboxylase (GAD67) 

within such cells, and decreased synaptic transmission between PV+ interneurons and 

pyramidal cells have also been observed in MIA animals (Canetta et al., 2016; 

Dickerson et al., 2014; Ducharme et al., 2012). Changes in GABAergic signaling at 

critical developmental stages have also been documented (Corradini et al., 2018; 

Fernandez et al., 2018). Taken together, these findings clearly suggest that 

GABAergic disturbances could lead to disrupted phase coding in schizophrenia, and 

that PV+ interneurons in particular may play an important role in this process. 

In addition to precise inhibitory regulation at distinct dendritic regions, 

another version of the somato-dendritic interference model has proposed that the 

asymmetric expansion of place fields due to theta sequence-mediated plasticity could 

also account for phase precession in individual cells (Mehta et al., 2002; Mehta et al., 

1997; Mehta et al., 2000). However, this explanation seems unlikely based on the data 

presented here, as disorganized theta sequences in the MIA group did not appear to 

attenuate the expansion of place fields relative to the CTL group, and CTL cells did 

not display evidence of increased negative skew. Furthermore, the asymmetric 
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expansion model also predicts that theta sequences should precede phase precession, 

which was also inconsistent with these data (Mehta et al., 2002).  

Instead, these data suggest that the synchronization of starting phase across 

the CA1 assembly may be specifically disturbed following an MIA intervention, 

consistent with previous findings by Feng et al. (2015), in which incoherent starting 

phases at the assembly level prevented the emergence of organized theta sequences. 

Furthermore, although the precise mechanism that regulates coordinated starting 

phase at the network level remain an open question, previous studies have 

demonstrated that individual interneurons can synchronize the activity of large 

pyramidal cell networks (Cobb et al., 1995), suggesting that interneuron networks are 

likely to be critical for this process. In line with this theory, a recent computational 

model of hippocampal sequencing mechanisms has demonstrated that interneuron 

networks can generate theta sequences in principal cells during initial stages of 

memory encoding, and that the same inhibitory mechanisms can then also transform 

sequentially structured information to sharp-wave ripples in both forwards and 

reverse directions during subsequent periods of rest (Nicola & Clopath, 2019).  

One hypothesis about theta sequences that is consistent with much of the 

current experimental data, and which posits a primary role for precise inhibitory 

regulation, is the independent coding hypothesis (Chadwick et al., 2015). According 

to this hypothesis, theta-scale sequential spiking does not require direct interactions 

between individual pyramidal neurons, in line with the circuit constraints of the CA1 

region (Amaral & Lavenex, 2007). Instead theta sequences are generated de novo via 

intracellular theta dynamics. This process is thought to depend primarily on inhibitory 

suppression targeted towards specific dendritic regions of pyramidal cells at precise 

times (Chadwick et al., 2015). Computer simulations based on this hypothesis 

indicate that specific classes of local, phase-precessing interneurons gate place cell 

activity in conjunction with excitatory inputs arriving from CA3 and the entorhinal 

cortex respectively (Chadwick et al., 2016). Empirical support for this model comes 

from the finding that transient silencing of PV+ expressing interneurons shifts the 

spiking phase of pyramidal neurons closer to the theta trough (Royer et al., 2012), 

evidence of phase precession in CA1 interneurons (Maurer et al., 2006b), and reports 

of disrupted theta sequences but preserved phase precession in a preparation lacking 

synaptic transmission from CA3 to CA1 (Middleton & McHugh, 2016).  
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According to the independent coding hypothesis furthermore, ongoing global 

remapping of place fields is required to deal with elevated noise levels that arise when 

pyramidal cells with overlapping fields are regulated by the same interneuron 

(Chadwick et al., 2016). This is thought to be necessary because interneurons only 

comprise approximately 7-11% of cells in the CA1 regions (Aika, Ren, Kosaka, & 

Kosaka, 1994; Woodson, Nitecka, & Ben‐Ari, 1989), suggesting that an individual 

interneuron should be responsible for regulating several pyramidal cells. In line with 

this hypothesis, it has previously been reported that CTL place cells are more likely to 

randomly remap, whereas remapping following an MIA intervention was generally 

anchored to the rotation of either local or distal cues (Wolff & Bilkey, 2015). Thus, 

although further studies are required to empirically confirm a direct relationship 

between aberrant GABAergic regulation and the partial synchronization of starting 

phase following an MIA intervention, the elevated firing rates observed in this study 

provide an intriguing bridge between the independent coding hypothesis and well-

documented physiological disruptions in MIA animals.  

 

7.2.3 The potential link between disorganized phase coding and spatial 

memory deficits in MIA animals 

Phase precession and theta sequences have often been associated with spatial 

and episodic memory processes on a theoretical level, although because the 

underlying mechanisms of phase coding remain poorly understood, direct 

manipulations that specifically target theta sequences are lacking in the scientific 

literature (Drieu & Zugaro, 2019). Therefore, only a handful of studies have provided 

evidence that phase coding disturbances are associated with memory deficits (Lenck-

Santini & Holmes, 2008; Robbe & Buzsáki, 2009; Wang et al., 2015). In two of these 

studies however, hippocampal phase precession was also profoundly disturbed in 

addition to theta sequences (Lenck-Santini & Holmes, 2008; Robbe & Buzsáki, 

2009), in contrast to the findings in this study in which phase precession per se was 

preserved. Disturbing theta sequences via infusion of muscimol into the MS has also 

been shown to disrupt spatial memory, although again, this manipulation had wider 

effects on the integrity of hippocampal theta oscillations (Wang et al., 2015). This 

makes it difficult to interpret whether the memory deficits observed by Wang et al. 

(2015) were a specific result of disrupted theta sequences, or whether they reflect 
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disturbed theta activity more generally, especially as inactivation of the MS has been 

associated with profound memory loss in previous studies (Mizumori et al., 1990).  

In contrast to the results of these previous studies, the data presented here 

suggest that phase coding disturbances following an MIA intervention were specific 

to the coordination of starting phase across CA1 assemblies, disorganized theta 

sequences in CA1, and phase precession in excess of a single theta cycle in the LS. It 

therefore remains unclear how these more specific and subtle disruptions may affect 

memory processes in MIA animals. For example, the experimental procedure used in 

these experiments involved a very simple task, and although potential differences in 

learning rates during the training period were not systematically addressed, there were 

no obvious deficits in the ability of MIA rats to successfully learn the task when 

compared to controls. This is consistent with previous findings suggesting that 

prominent spatial memory impairments may not emerge in MIA animals during 

simple navigational tasks (Ito et al., 2010; Piontkewitz et al., 2009; Savanthrapadian 

et al., 2013; Zhang & van Praag, 2015; Zuckerman & Weiner, 2005). Mean speed was 

also similar between groups for both experiments, suggesting that both MIA and CTL 

rats understood the task in a general sense. Furthermore, although the pattern of speed 

relative to the goal location was different between MIA and CTL animals in 

experiment 1, this finding was not replicated in experiment 2, making it difficult to 

draw conclusions about how disrupted phase coding could potentially affect behavior. 

MIA-induced spatial memory deficits have however been documented in a 

number of previous studies where more complex spatial memory tasks have been 

used (Gumusoglu & Stevens, 2019). This suggests that the behavioral impact of 

disrupted theta sequences could potentially become evident as task complexity and 

attentional demands are increased. For example, several studies have reported 

memory impairments when MIA animals are tested on more complex versions of the 

Morris water maze, including versions with a working memory requirement 

(Bitanihirwe et al., 2010; Meyer et al., 2005; Meyer et al., 2008) or reversal learning 

(Ito et al., 2010; Savanthrapadian et al., 2013). Reversal learning in a T-maze 

alternation task is also affected following an MIA intervention, although differential 

effects have been demonstrated depending on whether the task involves negative or 

positive reinforcement (Kleinmans & Bilkey, 2018; Piontkewitz et al., 2010; Zhang, 

Cazakoff, Thai, & Howland, 2012; Zuckerman & Weiner, 2005). Spatial memory is 

also disturbed during tasks that required animals to select alternate arms on a Y maze 
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(Aika et al., 1994; Giovanoli et al., 2013; O’Leary et al., 2014). Novel object 

recognition is also impaired (Luchicchi et al., 2016; Ozawa et al., 2006), although 

conflicting reports have emerged for tasks that differentiate between object and 

contextual memory, with some reports suggesting that only object memory is 

impaired following an MIA intervention (Ito et al., 2010), whereas others have found 

that both object and contextual memory are disturbed (Wolff et al., 2011). To date, no 

studies have investigated whether spatial memory that includes a specific sequential 

component is disturbed following an MIA intervention.  

 

7.2.4 Spatial memory deficits in schizophrenia 

Schizophrenia has also been associated with moderate spatial memory 

impairments (Fajnerová et al., 2014; Glahn et al., 2003; Hanlon et al., 2006; Park & 

Holzman, 1992; Park, Holzman, & Goldman-Rakic, 1995; Weniger & Irle, 2008). 

Similar to the MIA findings however, spatial working memory appears to be 

disturbed to a great extent than spatial reference memory (McGurk et al., 2004), and 

spatial working memory that includes an explicit sequential component has also been 

shown to be disturbed among patients (Fajnerová et al., 2014). Interestingly, although 

administration of the antipsychotic risperidone selectively improves spatial working 

memory performance in patient groups, this improvement was attenuated when 

patients were also administered an anticholinergic drug (McGurk et al., 2004). Given 

that cholinergic regulation of the theta rhythm via the MS is critical for the integrity 

of theta phase coding (Douchamps et al., 2013; Newman et al., 2017), this suggests 

that the spatial working memory impairments observed in schizophrenia could be 

related to disturbed theta sequences. In further support for this idea, spatial working 

memory has also been correlated with disorganization symptoms in schizophrenia 

(Takahashi et al., 2005). 

Furthermore, a number of studies have provided evidence that spatial 

working memory is only partially disrupted among schizophrenia patients, as their 

ability to locate targets during spatial working memory tasks was not completely 

random, but rather reflected a lack of fine-tuned precision when compared to controls 

(Badcock, Badcock, Read, & Jablensky, 2008; Fajnerová et al., 2014; Starc et al., 

2017). In one study for example, patients’ responses became progressively more 

variable as the interval between stimulus presentation and test was lengthened, as well 
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as more susceptible to distractors (Starc et al., 2017). This result was consistent with 

predictions from a cortical disinhibition computational model which suggested that 

the accuracy of spatial working memory performance should drift over time (Murray 

et al., 2014), again suggesting that spatial working memory deficits may be linked to 

basic disturbances of inhibitory regulation.  

Taken together, the evidence documenting spatial memory deficits in both 

MIA animals and schizophrenia patients indicates that the ability to maintain and 

manipulate discrete units of spatial information in real time is most likely disturbed. 

Given that theta phase coding is also associated with predominantly active behaviors 

(Vanderwolf, 1969), this suggests that disorganized phase coding is likely to affect 

spatial memory at the encoding level as information is updated in real time. This is 

consistent with studies suggesting that memory disturbances that occur at the 

encoding stage are more specific to schizophrenia than other disorders (Egeland et al., 

2003; van Oostrom et al., 2003). Such disturbances furthermore appear to reflect a 

lack of precision when judging the relative distance between these more discrete units 

of spatial information, rather than a more fundamental impairment of spatial memory, 

in which the ability to encode these discrete units of information is compromised. 

Similar findings have also been obtained from studies that measure temporal 

processing deficits in patients with schizophrenia (Thoenes & Oberfeld, 2017), 

suggesting that patients cannot judge the temporal relations between discrete events 

with the same degree of precision as healthy control subjects. 

On a theoretical level, disorganized phase coding provides a biological 

mechanism that is consistent with these findings. For example, it has previously been 

argued that phase spiking provides a metric to measure distance between salient 

landmarks, with phase range adjusted according to the length of space that an animal 

must traverse before they arrive at the next landmark (Cei et al., 2014; Jeewajee et al., 

2014). Theta sequences also appear to represent “chunks” of the environment that are 

anchored to salient landmarks (Gupta et al., 2012), suggesting that phase coding is 

particularly important for encoding the contextual space between salient perceptual 

cues. Furthermore, current evidence indicates that theta sequences provide a 

mechanism for spatial projection ahead of the animals current location, allowing 

neural assemblies to “sweep ahead” of the animal’s current location so that behavior 

can be modified according to predicted events (Johnson & Redish, 2007; Wikenheiser 

& Redish, 2015).  
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One possible interpretation of these results is, therefore, that spatial memory 

for salient navigational cues, such as the track corners, may be relatively unimpaired 

following an MIA intervention. This is consistent with findings among schizophrenia 

patients suggesting that spatial working memory is not affected when salient external 

cues are available to guide them (Park & Holzman, 1992; Wilkins et al., 2013). 

Instead, MIA animals may have a diminished ability to sequentially order the higher-

level components of allocentric space, such that the contextual relationship between 

salient navigational cues becomes inherently fragmented and unstable. Such 

fragmented representations may be adequate to successfully navigate simple, 

stereotyped tracks, but may become increasingly troublesome within more complex 

environments, or when navigational tasks require a greater amount of flexible 

behavior or inferential processing.    

Intriguingly, a recent fMRI study has suggested that communication between 

the frontal and temporal regions is diminished in individuals with schizophrenia when 

they attempted to navigate through a virtual reality environment using a 

predominantly spatial navigation strategy based on higher order representations of 

allocentric space (Wilkins et al., 2019). Task performance was also impaired 

compared to controls when using this strategy. In contrast, a more distributed network 

of brain regions was recruited for participants in both groups when they adopted more 

response-based navigation strategies that relied predominantly on single landmarks to 

guide navigation. Interestingly, individuals with schizophrenia who adopted this 

strategy performed similarly to controls, although similar task performance required 

greater activation of this wider distributed network, suggesting that this navigation 

strategy was cognitively expensive.  

One possible interpretation of the LS results presented in this thesis is, 

therefore, that disorganized theta sequences in the hippocampus impair navigational 

strategies that depend on higher-level, ordered spatial representations. Transmission 

of these disordered sequences to the LS might then result in a more discretized phase 

code that is anchored to specific landmarks. This discretized phase code could then be 

used for response-based navigation strategies, albeit in coordination with currently 

undetermined cognitive processes throughout a complex and distributed network, 

including parietal, cerebellar, insular and occipital regions (Wilkins et al., 2019). This 

may allow animals to successfully navigate through simple environments, but at the 

expense of cognitive resources, which could result in cognitive overload during more 
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complex tasks, or when the animal is subjected to other stressors. Although this 

interpretation is highly speculative at this stage, it is consistent with much of the 

schizophrenia literature, and may be an interesting avenue for future research. 

 

7.3 Wider implications for schizophrenia 

7.3.1 Episodic memory and source monitoring 

Schizophrenia has frequently been associated with episodic memory 

impairments (Berna et al., 2016; Danion et al., 2005; Danion et al., 2007; Leavitt & 

Goldberg, 2009; Rushe et al., 1999; Toulopoulou et al., 2003), and recent studies 

suggest that future thinking is also disturbed (D'Argembeau et al., 2008). 

Theoretically, phase precession and theta sequences provide a biological mechanism 

that could support more complex forms of memory involving the ordered integration 

of sequential events within an event space. In line with this theory, numerous studies 

using animals models have suggested that phase coding may be involved in higher 

level cognitive processes, including internally generated sequences (Pastalkova et al., 

2008; Wang et al., 2015), goal planning and decision making (Gupta et al., 2012; 

Johnson & Redish, 2007; Wikenheiser & Redish, 2015), and the sequential 

integration of information across several sensory and conceptual domains (Drieu & 

Zugaro, 2019; Terada et al., 2017).  

Furthermore, although it is difficult to infer higher level cognitive processes 

from animal models, recent studies have begun to provide compelling evidence that 

theta phase coding not only mediates sequential memory performance in humans 

(Heusser et al., 2016; Kaplan et al., 2020), but is also likely to be involved in both 

goal planning (Qasim et al., 2020) and self-directed learning (Kaplan et al., 2012). 

Disorganized phase coding following an MIA intervention could potentially interfere 

with these processes, resulting in mental maps of experience that are fundamentally 

chaotic and unreliable.  

Intriguingly, it has been hypothesized that the theta phase coding provides a 

mechanism for the encoding and retrieval components of memory to be supported on 

distinct phases of the theta rhythm, thereby allowing for the flexible updating of 

information as it changes over time (Hasselmo et al., 2002; Manns et al., 2007). For 

example, the CA3 auto-associative network is thought to play an important role in 
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pattern completion processes (Guzman et al., 2016), and CA3 inputs to CA1 may 

represent stored memory traces based on prior experience. In contrast, inputs arriving 

from the EC are thought to represent incoming sensory information (Bittner et al., 

2015). In support of this proposal, theta/gamma phase coding in CA1 has been 

associated with the precise spike timing of converging inputs from CA3 and the EC 

respectively (Fernández-Ruiz et al., 2017), and a similar dynamic weighing model of 

converging CA3/CA1 inputs has been proposed to underlie phase coding in the LS 

(Tingley & Buzsáki, 2018).  

Current evidence suggests that the dynamic, gamma-mediated integration of 

these inputs by CA1 cells not only contributes to phase precession, but that it also 

biases prospective and retrospective forms of memory to distinct phases of the theta 

cycle (Bieri et al., 2014; Douchamps et al., 2013). For example, prospective coding 

has been shown to preferentially occur during epochs of slow gamma as an animal 

enters a new place field, and it is thought to reflect the retrieval of previously stored 

memory engrams, presumably from the CA3 network, that “sweep ahead” of the 

animal, thereby providing information about predicted events in the immediate future 

(Bieri et al., 2014; Douchamps et al., 2013; Gupta et al., 2012; Johnson & Redish, 

2007; Wikenheiser & Redish, 2015). In contrast, retrospective coding tend to occur as 

the animal exits the place field during periods of high gamma, and reflects the 

encoding of pertinent new information, including both contextual changes and 

prediction errors (Bieri et al., 2014; Douchamps et al., 2013). Given that the starting 

phase of precession is more variable following an MIA intervention, theta sequences 

are more disorganized, and theta/gamma cross-coupling is weakened, one possibility 

therefore is that this dynamic relationship between old and new information sources is 

profoundly disturbed, resulting in an accumulation of source monitoring errors 

(Brébion et al., 2000).  

In line with this proposal, it has also been suggested that a fundamental 

disorganization of temporal sequencing could contribute to the disintegration of both 

conscious awareness and self-concept, resulting in higher level distortions of episodic 

memory and dysfunctional source monitoring (Bose, Agarwal, Kalmady, & 

Venkatasubramanian, 2014; Martin et al., 2014; Stanghellini et al., 2016; Vogel et al., 

2019; Waters et al., 2004). This in turn could lead to erroneous connections between 

externally generated stimuli and internally generated thoughts and actions, resulting in 

misattributions of agency and control, as well as other forms of delusion and paranoia 
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(Andreasen et al., 1999; Bose et al., 2014; Thoenes & Oberfeld, 2017; Vogel et al., 

2019). Indirect support for this hypothesis has been provided by fMRI studies of 

schizophrenia patients demonstrating abnormal activity in hippocampal regions 

during epochs of episodic memory encoding and retrieval, spatial working memory, 

and auditory hallucinations (Folley et al., 2010; Heckers, 2001; Ledoux et al., 2013; 

Rasetti et al., 2014). 

Another interesting possibility is that disorganized phase coding in the 

hippocampus could bias individuals to adopt different cognitive strategies to solve 

pertinent tasks. For example, in one study that used positron emission topography 

(PET) to disambiguate the contributions of hippocampal and dorsolateral prefrontal 

cortex (DLPFC) during verbal episodic memory retrieval, schizophrenia patients 

showed reduced recruitment of hippocampal regions when they were specifically 

required to use higher-level semantic encoding strategies or during conscious 

recollection, as well as a selective memory deficit during this condition. In contrast, 

patients actually performed better than controls when shallow encoding strategies 

were used, and this superior performance was associated with robust activation of the 

DLPFC (Heckers et al., 1998). Similarly, although visuospatial memory deficits have 

frequently been observed among schizophrenia patients (Fleming et al., 1997; Göder 

et al., 2004; Wood et al., 2002), some studies have also reported enhanced 

visuospatial cognition, particularly in relation to the mental manipulation of images 

within space (Benson & Park, 2013; Matthews, Collins, Thakkar, & Park, 2014). One 

possible explanation for these findings is that schizophrenia patients focus 

predominantly on objects, and are thus insensitive to the contextual details that 

surround them (Talamini & Meeter, 2009). Assuming that disorganized phase coding 

in the hippocampus is associated with dysfunction across these higher level processes, 

this suggests that alternative cognitive strategies that are more biased towards 

superficial features may be able to compensate for disorganized sequencing 

mechanisms to some extent, although at the expense of contextual integration. This is 

potentially consistent with the LS findings presented in this chapter, in which spatial 

information across the entire circuit was discretized to a greater extent in the MIA 

group, suggesting that spatial representation may have been anchored to more 

superficial environmental cues. 

Finally, disordered theta sequences could potentially have additional effects 

on a wide range of cognitive processes that require sequential ordering, including 
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temporal perception, transitive inference, speech production, implicit procedural 

learning, goal planning, and flexible decision making processes. These cognitive 

processes are all disturbed in schizophrenia (Ciullo et al., 2018; Ciullo et al., 2016; 

Dickinson et al., 2007; Heinrichs & Zakzanis, 1998; Pedersen et al., 2008; Siegert et 

al., 2008; Stanghellini et al., 2016; Strauss, Waltz, & Gold, 2013; Titone et al., 2004), 

and several theoretical accounts of schizophrenia have suggested that sequential 

processing disturbances, in which the temporal order of events is perturbed at a 

fundamental cognitive level, could contribute to broader dysfunction (Andreasen et 

al., 1999; Martin et al., 2014). Importantly, sequential processing disturbances have 

also been observed in both first degree relatives of individuals with schizophrenia, as 

well at-risk individuals during the prodromal stage (Dickinson et al., 2007), and they 

could not be explained by other cognitive disturbances (Ciullo et al., 2016; Fusar-Poli 

et al., 2012), suggesting that sequential processing dysfunction could be a primary 

feature of the disorder. Thus, although these broader cognitive processes are likely to 

involve a much more complex interplay of coordinated network activity than 

addressed in this thesis, disturbed theta sequences could potentially contribute to 

sequential processing dysfunction more generally. 

 

7.3.2 Event boundaries and the discretization of contextual space 

On a theoretical level, increased variability of starting phase and phase 

precession ranges in excess of 360⁰ should both result in theta sequences that lack 

“punctuation” across successive theta cycles (Lisman & Buzsáki, 2008). For example, 

if sequential spiking is dispersed over the theta cycle to a greater extent, as 

demonstrated in figure 3.1, then it becomes difficult to parse the end of one sequence 

from the beginning of the next. Such blurring of phase “punctuation” may affect the 

organization of events into meaningful segments (Gupta et al., 2012), and the 

subsequent loss of event boundaries is likely to have profound implications for 

memory and learning (Richmond & Zacks, 2017; Zacks & Swallow, 2007). For 

example, the process of event segmentation is thought to depend on the appropriate 

integration of bottom-up sensory processing and top-down conceptual ideas, thereby 

allowing individuals to delineate important boundary features within complex event 

spaces (Zacks & Swallow, 2007). Recent evidence suggests that the ability to 

successfully parse events into meaningful segments predicts performance quality on 
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numerous tasks (Bailey, Kurby, Giovannetti, & Zacks, 2013; Richmond, Gold, & 

Zacks, 2017), and studies of individuals with schizophrenia suggest that event 

segmentation deficits might occur at both perceptual (Coffman, Haigh, Murphy, & 

Salisbury, 2016) and high-order levels (Zalla et al., 2004).  

Intriguingly, results presented in this thesis suggest that the MIA intervention 

was also associated with an increased discretization of event spaces in the LS. 

Although this interpretation may seem paradoxical, increased discretization of spatial 

features by LS cells could potentially be a compensatory mechanism for diminished 

event segmentation, in line with evidence suggesting that schizophrenia patients may 

adopt response based navigation strategies that are anchored to salient landmarks 

(Wilkins et al., 2013). This increased perceptual reliance on lower-level sensory cues 

may however come at a cost, as patients might have a diminished capacity to attend to 

contextual or motivational demands, and familiar event spaces may appear more 

cluttered and chaotic, similar to the perceptual overload that is more likely to be 

experienced in novel environments. In support of this proposal, MIA has a robust 

association with impaired pre-pulse inhibition, a measure of sensorimotor gating that 

depends on the ability to filter out non-relevant information (Estes & McAllister, 

2016; Wolff & Bilkey, 2010). Furthermore, inattention to contextual information is 

well documented in schizophrenia (Waters et al., 2004), and fixations on lower level 

sensory cues at the expense of their contextual integration has also been demonstrated 

(Talamini & Meeter, 2009). Similar disturbances of contextual blindness and 

diminished ability to suppress distractor have also been associated with ASD 

(Murphy, Foxe, Peters, & Molholm, 2014; Vermeulen, 2015), another disorder that 

has been associated with MIA (Knuesel et al., 2014). Again, these outcomes are likely 

to involve additional cognitive process beyond phase coding in the hippocampus and 

LS, including salience and attention networks, although disorganized phase coding 

could exert important effects on this wider network. 

 

7.3.3 Implications for dopamine signaling and motivation 

Given that the LS projects to the ventral tegmental area (Luo et al., 2011), 

and the ventral striatum (Groenewegen et al., 1987) the disruption of hippocampal 

theta sequences in MIA animals could also have profound downstream effects on 

motivation and dopamine signaling, both of which are known to be impaired in 
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schizophrenia (Davis et al., 1991; Strauss et al., 2013). The ventral striatum is of 

particular interest as this region appears to utilize phase precession relative to the 

hippocampal theta rhythm as a location coding mechanism, and this has been 

associated with a ramping of firing rates as the animal approaches reward locations 

(van der Meer & Redish, 2011). Such ramping is furthermore known to affect 

dopamine signaling (Howe et al., 2013). One possibility therefore is that disturbed 

phase coding in the hippocampus and LS could propagate forward and affect reward 

regions of the brain, potentially resulting in dopamine irregularities that interfere with 

motivation. 

In line with this proposal, although no MIA studies have investigated the 

firing properties of LS neurons to date, previous studies that have looked at brain 

circuits associated with addiction have demonstrated that elevated firing rates in the 

hippocampus can have profound effects on LS activity, with important consequences 

for cognition and behavior (Sheehan et al., 2004). For example, studies have shown 

that that re-exposure to an environment that had previously been associated with 

morphine leads to an increase of CA3 activity, which then results in increased 

excitability of LS GABAergic neurons, decreased inhibitory activity in the VTA, and 

finally, an increase in dopaminergic activity (Jiang et al., 2018; Luo et al., 2011). 

These effects were attenuated via the suppression of GABAergic activity in the LS, 

which also prevented the reinstatement of a conditioned place preference for the 

environment that had previously been associated with the drug reward, clearly 

suggesting that the LS is functionally involved in the integration of contextual and 

reward information (Jiang et al., 2018; McGlinchey & Aston-Jones, 2018). 

Administration of morphine to the VTA has also been shown to increase extracellular 

levels of dopamine in the LS (Sotomayor, Forray, & Gysling, 2005). Disinhibition of 

LS activity is therefore likely to have important consequences for subcortical 

dopamine levels, suggesting that the elevated firing rates of LS cells observed in this 

study are consistent not only with the glutamate hypothesis of schizophrenia, but 

could also exert downstream effects consistent with the dopamine hypothesis. 

 

7.4 Implications for other neurological disorders 

As mentioned in the introduction, the MIA model has frequently been used to 

investigate the pathophysiological mechanisms of both schizophrenia and ASD 
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(Haddad et al., 2020). Specific phenotypes that are more strongly associated with 

ASD, such as social withdrawal and repetitive behaviors, have typically been 

observed in offspring following early injection protocols (~GD9-12.5), although later 

injection protocols, including the GD15 protocol used in these experiments, have also 

provided evidence of both physiological and behavioral disturbances that are 

consistent with both ASD and schizophrenia (Haddad et al., 2020). Schizophrenia and 

ASD share several physiological and behavioral phenotypes, although there are also 

distinct differences, as well as a large degree of heterogeneity within the respective 

disorders themselves (Chisholm, Lin, Abu-Akel, & Wood, 2015). Recent meta-

analyses of schizophrenia and ASD comorbidity indicate that there is considerable 

overlap, suggesting that these disorders likely share at least some pathological 

mechanisms (De Crescenzo et al., 2019; Kincaid, Doris, Shannon, & Mulholland, 

2017; King & Lord, 2011). In particular, negative and disorganization symptoms have 

been shown to overlap with autistic traits in sub-clinical populations, whereas positive 

schizotypal traits were more likely to be diametrically opposed to autism traits 

(Nenadić et al., 2021). As with schizophrenia, ASD has been associated with 

excitation/inhibition imbalances (Lee, Lee, & Kim, 2017), including specific 

disruptions at the site of PV+ interneurons (Filice et al., 2020; Wöhr et al., 2015). 

Since these circuits are involved in temporal coding, it is possible that dysfunctional 

phase relationships could have a role in ASD as well as schizophrenia. 

Studies of spatial memory and sequence learning among individuals with ASD 

have yielded inconsistent results to date, with some studies showing either no 

difference (Barnes et al., 2008; Foti et al., 2015) or even enhanced spatial memory 

(Caron, Mottron, Rainville, & Chouinard, 2004), while others have provided evidence 

that these processes are impaired (Gidley Larson & Mostofsky, 2008; Wang et al., 

2017; Zhang et al., 2020). For example, one study has shown that that visuomotor 

sequence learning is disrupted in children diagnosed with ASD (Gidley Larson & 

Mostofsky, 2008), although other studies suggest that implicit sequence learning is 

spared (Foti et al., 2015), including implicit learning for spatial context and temporal 

sequences (Barnes et al., 2008). However, numerous studies indicate that spatial 

working memory may be disturbed in ASD (Lai et al., 2017; Wang et al., 2017; 

Zhang et al., 2020), consistent with findings of spatial working memory deficits in 

MIA animals (Bitanihirwe et al., 2010; Meyer et al., 2005; Meyer et al., 2008). At 

least one polyI:C mouse model however has shown evidence of enhanced spatial 
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working memory following a GD13-15 injection protocol, and several alternative 

models of autism have also provided evidence of both enhanced and diminished 

spatial working memory (Dong et al., 2016; Fan et al., 2020; Kazdoba, Leach, & 

Crawley, 2016), suggesting that spatial memory may be differentially affected in ASD 

depending on either the specific task procedure or the underlying pathophysiological 

processes involved. For example, a recent study of spatial navigation strategies in 

adults has shown that participants with ASD performed poorly on tasks that involved 

allocentric navigation strategies, whereas egocentric navigation was intact (Ring et 

al., 2018). Given that allocentric spatial processing has predominantly been associated 

with the hippocampus (O'keefe & Nadel, 1978) while egocentric spatial processing is 

more dependent on striatal regions (Potegal, 1972), this suggests that disrupted 

function in the hippocampus could potentially bias navigation towards more 

egocentric strategies as a compensatory mechanism.  

Another potential consequence of disrupted theta sequences in CA1 is that a 

change in sequence may normally signal an important change in the environment, 

prompting the animal to adapt its behavior to the new situation. However, if theta 

sequences are already disordered, this novelty detection process may be impaired. As 

a result, the animal may perseverate on learned behaviors that are no longer optimal. 

In line with this proposal, ASD has consistently been associated with repetitive 

behaviors and reduced behavioral flexibility in both humans (Lai et al., 2017; Landry 

& Al-Taie, 2016) and animal models (Ergaz, Weinstein-Fudim, & Ornoy, 2016; 

Haddad et al., 2020). Flexible behavioral responding has also been linked to 

dysfunction of striatal circuits in ASD (Fuccillo, 2016), and given that the 

hippocampus-LS pathway likely provides spatial information to striatal circuits 

(Groenewegen et al., 1987), disrupted phase coding in upstream regions could 

potentially contribute to dysfunctional signaling in the striatum, consistent with ASD 

pathophysiology.  

Intriguingly, ASD has also been associated with an impaired ability to 

integrate local details into more global percepts (Behrmann et al., 2006; Happé & 

Frith, 2006; Rinehart et al., 2000; Robertson et al., 2014). Although such integration 

likely involves a more distributed network, including both lower level sensory 

processing (Robertson et al., 2014) and higher-level executive processes (Frith, 2003), 

the LS findings presented in this thesis are consistent with there being a more 
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discretized representation of space in MIA animals, suggesting that dysfunctional 

phase coding may contribute to a preference for more local features in ASD.  

Finally, a number of studies have begun to examine the effects of MIA on a 

broader range of disorders, including major depressive disorder (MDD), anxiety, 

bipolar disorder and epilepsy, and preclinical evidence has even linked MIA with the 

precipitation of neurodegenerative disorders such as Parkinson’s and Alzheimer’s 

(Estes & McAllister, 2016; Knuesel et al., 2014). In particular, recent epidemiological 

evidence suggests that maternal infections are associated with an increased risk of 

ASD and MDD (Al-Haddad et al., 2019). Similar to ASD, depressive symptoms show 

considerable overlap with the negative and cognitive symptoms of schizophrenia, 

suggesting that common pathophysiological pathways may be involved (Ronovsky et 

al., 2016). MDD has been associated with structural and functional abnormalities in 

the hippocampus (MacQueen & Frodl, 2011), and there is a considerable body of 

evidence linking the LS to mood disorders (Sheehan et al., 2004). However, blunted 

LS activity has generally been shown to induce depression-like symptoms in animal 

models (Sheehan et al., 2004; Steciuk, Kram, Kramer, & Petty, 1999), while 

administration of anti-depressants elevates LS activity (Contreras, Marván, Alcalá-

Herrera, & Guzmán-Sáenz, 1990; Contreras, Rodríguez-Landa, Gutiérrez-García, & 

Bernal-Morales, 2001). Given that these data show elevated LS activity in 

conjunction with aberrant phase coding, it thus remains unclear how the LS 

dysfunction observed here in MIA animals may contribute to the development of 

MDD, although this is an interesting area for future research. 

 

7.5 Limitations and future directions 

One limitation of this study is that the hippocampal and LS experiments were 

carried out with two separate cohorts of animals. Thus, although the tentative link 

between disrupted theta sequences in the hippocampus and abnormal phase 

precession in excess of a single theta cycle in the LS is intriguing, this conclusion 

remains speculative at this stage. Additional studies that involve the double 

implantation of tetrode bundles into both CA1 and the LS are therefore required to 

verify that these phenomena are in fact associated. Future studies that systematically 

manipulate hippocampal phase coding in both naïve and MIA-affected animals will 
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also be required to determine how phase coding disruptions are propagated 

downstream. 

It also remains unclear how disrupted theta sequences could specifically 

result in LS phase precession that exceeds 360⁰. For example, computational models 

of LS phase coding have predicted that disturbed theta sequences in the hippocampus 

should result in a more profound disturbance of LS phase precession than observed in 

this study (Tingley & Buzsáki, 2018). One possibility is that elevated levels of phasic 

noise in the LS prevents the expansion of phase precession range, in line with 

previous findings of inhibitory regulation of CA1 cells (Grienberger et al., 2017). 

However, results presented in chapter 5 suggest that elevated firing rates were not 

associated with more negative phase precession slopes, suggesting that this 

interpretation is unlikely. Given that phase precession in excess of a single theta cycle 

has not been generally observed in previous studies, it is therefore difficult to draw 

any conclusions about possible mechanisms that could account for this finding at this 

stage. 

Another possibility is that variability on an animal-by-animal basis could 

account for some aspects of these results. For example, although it was confirmed in 

experiment one that the starting phase variance of hippocampal cells was greater 

across the MIA group on an animal-by-animal basis, it was not possible to quantify 

the disruption of theta sequences on a similar animal-by-animal basis due to data 

constraints. This analysis requires multiple place cells to be recorded within a single 

recording, and although there was a sufficient number of such recordings across the 

pooled dataset to proceed with this analysis, it was not possible to quantify the 

integrity of theta sequences within individual animals. The link between increased 

starting phase variability and disrupted theta sequences on an animal-by-animal basis 

therefore has not been experimentally confirmed at this stage. This will require the 

implantation of multiple tetrodes into the hippocampus to sample a larger quantity of 

cells at one time, which was outside the scope of these experiments. 

Similarly, although the findings presented here indicate that disorganized 

theta sequences in the hippocampus do not prevent the emergence of a robust phase 

code in the LS, contrary to the model proposed by Tingley and Buzsáki (2018), this 

possibility cannot be ruled out based on these data. For example, although the 

majority of MIA animals had a substantial proportion of phase coding cells in the LS, 

three animals had proportions under 15%. This leaves open the possibility that these 
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individual animals could also have had more disorganized phase coding in the 

hippocampus, which resulted in a profound degradation of the LS phase code. Given 

that these experiments were performed on separate cohorts of animals, it is difficult to 

draw any conclusions about this relationship at this stage. Furthermore, if 

disorganized theta sequences in the hippocampus do in fact lead to a more profound 

degradation of the LS phase code, then the phase range in excess of 360⁰ that was 

observed in MIA animals with a larger proportion of  LS phase coding cells may be a 

result of other, currently undetermined disturbances resulting from the MIA 

intervention. Additional studies that measure phase precession in the hippocampus 

and LS simultaneously will therefore be required to clarify this relationship.  

It also remains unknown whether the disturbed phase coding in excess of a 

single theta cycle results in disorganized theta sequences in the LS. To date, the only 

other study to examine phase coding in the LS only looked at phase precession in 

individual cells (Tingley & Buzsáki, 2018), and phase coding at the network level was 

beyond the scope of this study. It is therefore unknown whether LS phase ranges in 

excess of 360⁰, as observed in the MIA group, lead to a disturbance of theta sequences 

within the LS network, or how this could potentially affect plasticity mechanisms 

within this region. Further studies that sample a larger amount of LS cells within a 

single recording will therefore be required to address these issues. 

Another limitation of these experiments is that they did not contain a clear 

behavioral component or a more explicit test of spatial memory. In both experiments, 

rats ran around a rectangular track for a food reward that was always delivered in the 

middle of the fourth arm, and rats were pre-trained to perform this task to criterion 

level prior to surgery. This was a very simple task, and was chosen to minimize 

potential behavioral confounds. However, because of this limitation, it is difficult to 

draw any definitive conclusions about how disturbed phase coding in either the 

hippocampus of the LS may result in altered behaviors. A number of potential 

behavioral outcomes have been proposed in this discussion based on theoretical 

concepts and previous evidence in MIA animals, but additional studies that address 

these hypothetical possibilities will therefore be required before any conclusions can 

be drawn in this regard. In particular, future studies that include an explicit sequential 

memory component will be required to verify that disorganized sequential coding 

mechanisms correspond to impaired sequence learning at the behavioral level. 
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In experiment one, running behavior across each of the non-reward arms 

suggested that MIA animals did not increase speed in the same targeted manner as 

CTL animals as they approached the reward location, which could be interpreted as 

evidence of diminished spatial cognition. However, this conclusion is speculative, and 

given that locomotor activity is sensitive to several potentially confounding factors, 

more direct methods that explicitly address spatial memory performance are required 

before a more robust link between disrupted theta sequences and spatial cognition can 

be made. This result furthermore was not replicated in experiment two, suggesting 

that the speed results obtained in the first experiment may have been a false positive, 

or that the results in experiment two were a false negative. Intriguingly, there was a 

significant difference in locomotor speeds across experiments, which raises the 

possibility that implantation of tetrodes into the LS may have an effect on locomotor 

activity, in line with recent studies suggesting that the LS is critically involved in the 

regulation of locomotor speed (Bender et al., 2015). However additional studies will 

be required to systematically address this possibility. 

Finally, although it is difficult to infer higher level cognitive process in 

animal models, future studies that replicate these findings in other models of 

schizophrenia risk could strengthen the argument that disturbed phase coding may be 

a prominent feature of schizophrenia. These should include studies with diverse 

methodologies, including genetic models of the disorder, as well as models that 

specifically disturb the balance of excitatory/inhibitory networks, such as the 

ketamine model (Frohlich & Van Horn, 2014). Two hit models, in which initial risk 

factors such as genetic predisposition or MIA are exacerbated with additional 

stressors during key developmental stages will also help to clarify whether disturbed 

phase coding may be sensitive to other forms of cognitive load or emotional distress 

(Percelay et al., 2021). Future studies that attempt to attenuate phase coding 

disturbances in MIA animals via administration of either antipsychotics, or drugs that 

specifically target dysfunctional inhibitory networks, will also help to clarify whether 

disorganized phase coding may be a viable target for preclinical interventions, as well 

as the development of novel treatments. 
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7.6 Conclusion 

In summary, these data demonstrate that the coherent activity of individually 

precessing cells is compromised following an MIA intervention, resulting in 

disordered theta sequences. Given that theoretical proposals have linked theta 

sequences to sequential processing, this finding provides evidence of a biological-

level mechanism that may explain some aspects of disorganized temporal processing 

in schizophrenia. The disturbed phase coding observed here may have important 

effects on the organization of episodic memory, planning processes and event 

segmentation, as well as implications for downstream processing of locomotor and 

reward information via the LS. 

  



196 

 

References 

Abazyan, B., Nomura, J., Kannan, G., Ishizuka, K., Tamashiro, K. L., Nucifora, F., 

Pogorelov, V., Ladenheim, B., Yang, C., & Krasnova, I. N. (2010). Prenatal 

interaction of mutant DISC1 and immune activation produces adult 

psychopathology. Biological psychiatry, 68(12), 1172-1181.  

Abi-Dargham, A. (2004). Do we still believe in the dopamine hypothesis? New data 

bring new evidence. In: Cambridge University Press Cambridge, UK. 

Adams, R. A., Bush, D., Zheng, F., Meyer, S. S., Kaplan, R., Orfanos, S., Marques, T. 

R., Howes, O. D., & Burgess, N. (2020). Impaired theta phase coupling 

underlies frontotemporal dysconnectivity in schizophrenia. Brain, 143(4), 

1261-1277.  

Adams, W., Kendell, R., Hare, E., & Munk-Jørgensen, P. (1993). Epidemiological 

evidence that maternal influenza contributes to the aetiology of schizophrenia: 

An analysis of Scottish, English, and Danish data. The British Journal of 

Psychiatry, 163(4), 522-534.  

Aghajan, Z. M., Acharya, L., Moore, J. J., Cushman, J. D., Vuong, C., & Mehta, M. 

R. (2015). Impaired spatial selectivity and intact phase precession in two-

dimensional virtual reality. Nature neuroscience, 18(1), 121-128.  

Aika, Y., Ren, J., Kosaka, K., & Kosaka, T. (1994). Quantitative analysis of GABA-

like-immunoreactive and parvalbumin-containing neurons in the CA1 region 

of the rat hippocampus using a stereological method, the disector. 

Experimental brain research, 99(2), 267-276.  

Akbarian, S., & Huang, H.-S. (2006). Molecular and cellular mechanisms of altered 

GAD1/GAD67 expression in schizophrenia and related disorders. Brain 

Research Reviews, 52(2), 293-304.  

Al-Haddad, B. J., Jacobsson, B., Chabra, S., Modzelewska, D., Olson, E. M., Bernier, 

R., Enquobahrie, D. A., Hagberg, H., Östling, S., & Rajagopal, L. (2019). 

Long-term risk of neuropsychiatric disease after exposure to infection in utero. 

JAMA psychiatry, 76(6), 594-602.  

Albert, D., & Wong, R. (1978). Hyperreactivity, muricide, and intraspecific 

aggression in the rat produced by infusion of local anesthetic into the lateral 

septum or surroundng areas. Journal of comparative and physiological 

psychology, 92(6), 1062.  

Aleman, A., Hijman, R., De Haan, E. H., & Kahn, R. S. (1999). Memory impairment 

in schizophrenia: a meta-analysis. American Journal of Psychiatry, 156(9), 

1358-1366.  

Altimus, C., Harrold, J., Jaaro-Peled, H., Sawa, A., & Foster, D. J. (2015). Disordered 

ripples are a common feature of genetically distinct mouse models relevant to 

schizophrenia. Molecular neuropsychiatry, 1(1), 52-59.  

Amaral, D., & Lavenex, P. (2007). Hippocampal neuroanatomy.  

Ambrose, R. E., Pfeiffer, B. E., & Foster, D. J. (2016). Reverse replay of hippocampal 

place cells is uniquely modulated by changing reward. Neuron, 91(5), 1124-

1136.  

Amilhon, B., Huh, C. Y., Manseau, F., Ducharme, G., Nichol, H., Adamantidis, A., & 

Williams, S. (2015). Parvalbumin interneurons of hippocampus tune 

population activity at theta frequency. Neuron, 86(5), 1277-1289.  

Anacker, C., Cattaneo, A., Luoni, A., Musaelyan, K., Zunszain, P. A., Milanesi, E., 

Rybka, J., Berry, A., Cirulli, F., & Thuret, S. (2013). Glucocorticoid-related 



197 

 

molecular signaling pathways regulating hippocampal neurogenesis. 

Neuropsychopharmacology, 38(5), 872-883.  

Andersen, P., Morris, R., Amaral, D., Bliss, T., & O'Keefe, J. (2006). The 

hippocampus book: Oxford university press. 

Andreasen, N. C., Nopoulos, P., O’Leary, D. S., Miller, D. D., Wassink, T., & Flaum, 

M. (1999). Defining the phenotype of schizophrenia: cognitive dysmetria and 

its neural mechanisms. Biological psychiatry, 46(7), 908-920.  

Arnold, S., & Trojanowski, J. (1996). Recent advances in defining the neuropathology 

of schizophrenia. Acta neuropathologica, 92(3), 217-231.  

Arnold, S. E. (2000). Cellular and molecular neuropathology of the parahippocampal 

region in schizophrenia. Annals of the New York Academy of Sciences, 911(1), 

275-292.  

Austin, C. P., Ma, L., Ky, B., Morris, J. A., & Shughrue, P. J. (2003). DISC1 

(Disrupted in Schizophrenia-1) is expressed in limbic regions of the primate 

brain. Neuroreport, 14(7), 951-954.  

Axmacher, N., Henseler, M. M., Jensen, O., Weinreich, I., Elger, C. E., & Fell, J. 

(2010). Cross-frequency coupling supports multi-item working memory in the 

human hippocampus. Proceedings of the National Academy of Sciences, 

107(7), 3228-3233.  

Backus, A. R., Schoffelen, J.-M., Szebényi, S., Hanslmayr, S., & Doeller, C. F. 

(2016). Hippocampal-prefrontal theta oscillations support memory integration. 

Current Biology, 26(4), 450-457.  

Badcock, J. C., Badcock, D. R., Read, C., & Jablensky, A. (2008). Examining 

encoding imprecision in spatial working memory in schizophrenia. 

Schizophrenia research, 100(1-3), 144-152.  

Bailey, C. H., Bartsch, D., & Kandel, E. R. (1996). Toward a molecular definition of 

long-term memory storage. Proceedings of the National Academy of Sciences, 

93(24), 13445-13452.  

Bailey, H. R., Kurby, C. A., Giovannetti, T., & Zacks, J. M. (2013). Action perception 

predicts action performance. Neuropsychologia, 51(11), 2294-2304.  

Ballendine, S. A., Greba, Q., Dawicki, W., Zhang, X., Gordon, J. R., & Howland, J. 

G. (2015). Behavioral alterations in rat offspring following maternal immune 

activation and ELR-CXC chemokine receptor antagonism during pregnancy: 

implications for neurodevelopmental psychiatric disorders. Progress in Neuro-

Psychopharmacology and Biological Psychiatry, 57, 155-165.  

Barch, D. M., & Ceaser, A. (2012). Cognition in schizophrenia: core psychological 

and neural mechanisms. Trends in cognitive sciences, 16(1), 27-34.  

Barlati, S., Deste, G., Ariu, C., & Vita, A. (2016). Autism spectrum disorder and 

schizophrenia: do they overlap. Int J Emerg Ment Health Hum Resil, 18, 760-

763.  

Barnes, C. A., McNaughton, B. L., Mizumori, S. J., Leonard, B. W., & Lin, L.-H. 

(1990). Chapter Comparison of spatial and temporal characteristics of 

neuronal activity in sequential stages of hippocampal processing. In Progress 

in brain research (Vol. 83, pp. 287-300): Elsevier. 

Barnes, K. A., Howard Jr, J. H., Howard, D. V., Gilotty, L., Kenworthy, L., Gaillard, 

W. D., & Vaidya, C. J. (2008). Intact implicit learning of spatial context and 

temporal sequences in childhood autism spectrum disorder. Neuropsychology, 

22(5), 563.  



198 

 

Barr, C. E., Mednick, S. A., & Munk-Jorgensen, P. (1990). Exposure to influenza 

epidemics during gestation and adult schizophrenia: A 40-year study. Archives 

of general psychiatry, 47(9), 869-874.  

Barros, C. S., Calabrese, B., Chamero, P., Roberts, A. J., Korzus, E., Lloyd, K., 

Stowers, L., Mayford, M., Halpain, S., & Müller, U. (2009). Impaired 

maturation of dendritic spines without disorganization of cortical cell layers in 

mice lacking NRG1/ErbB signaling in the central nervous system. 

Proceedings of the National Academy of Sciences, 106(11), 4507-4512.  

Bartsch, T., Döhring, J., Rohr, A., Jansen, O., & Deuschl, G. (2011). CA1 neurons in 

the human hippocampus are critical for autobiographical memory, mental time 

travel, and autonoetic consciousness. Proceedings of the National Academy of 

Sciences, 108(42), 17562-17567.  

Başar, E., Başar-Eroglu, C., Karakaş, S., & Schürmann, M. (2001). Gamma, alpha, 

delta, and theta oscillations govern cognitive processes. International journal 

of psychophysiology, 39(2-3), 241-248.  

Batinić, B., Santrač, A., Divović, B., Timić, T., Stanković, T., Obradović, A. L., 

Joksimović, S., & Savić, M. M. (2016). Lipopolysaccharide exposure during 

late embryogenesis results in diminished locomotor activity and amphetamine 

response in females and spatial cognition impairment in males in adult, but not 

adolescent rat offspring. Behavioural brain research, 299, 72-80.  

Bauman, M. D., Iosif, A.-M., Smith, S. E., Bregere, C., Amaral, D. G., & Patterson, 

P. H. (2014). Activation of the maternal immune system during pregnancy 

alters behavioral development of rhesus monkey offspring. Biological 

psychiatry, 75(4), 332-341.  

Behrmann, M., Avidan, G., Leonard, G. L., Kimchi, R., Luna, B., Humphreys, K., & 

Minshew, N. (2006). Configural processing in autism and its relationship to 

face processing. Neuropsychologia, 44(1), 110-129.  

Belchior, H., Lopes‐dos‐Santos, V., Tort, A. B., & Ribeiro, S. (2014). Increase in 

hippocampal theta oscillations during spatial decision making. Hippocampus, 

24(6), 693-702.  

Belforte, J. E., Zsiros, V., Sklar, E. R., Jiang, Z., Yu, G., Li, Y., Quinlan, E. M., & 

Nakazawa, K. (2010). Postnatal NMDA receptor ablation in corticolimbic 

interneurons confers schizophrenia-like phenotypes. Nature neuroscience, 

13(1), 76.  

Belluscio, M. A., Mizuseki, K., Schmidt, R., Kempter, R., & Buzsáki, G. (2012). 

Cross-frequency phase–phase coupling between theta and gamma oscillations 

in the hippocampus. Journal of Neuroscience, 32(2), 423-435.  

Bender, F., Gorbati, M., Cadavieco, M. C., Denisova, N., Gao, X., Holman, C., 

Korotkova, T., & Ponomarenko, A. (2015). Theta oscillations regulate the 

speed of locomotion via a hippocampus to lateral septum pathway. Nature 

communications, 6(1), 1-11.  

Benes, F. M. (1989). Myelination of cortical-hippocampal relays during late 

adolescence. Schizophrenia bulletin, 15(4), 585-593.  

Benson, T., & Park, S. (2013). Exceptional visuospatial imagery in schizophrenia; 

implications for madness and creativity. Frontiers in human neuroscience, 7, 

756.  

Berna, F., Potheegadoo, J., Aouadi, I., Ricarte, J. J., Alle, M. C., Coutelle, R., Boyer, 

L., Cuervo-Lombard, C. V., & Danion, J.-M. (2016). A meta-analysis of 

autobiographical memory studies in schizophrenia spectrum disorder. 

Schizophrenia bulletin, 42(1), 56-66.  



199 

 

Bernstein, H.-G., Steiner, J., & Bogerts, B. (2009). Glial cells in schizophrenia: 

pathophysiological significance and possible consequences for therapy. Expert 

review of neurotherapeutics, 9(7), 1059-1071.  

Berridge, K. C., & Robinson, T. E. (1998). What is the role of dopamine in reward: 

hedonic impact, reward learning, or incentive salience? Brain Research 

Reviews, 28(3), 309-369.  

Berridge, M. J. (2014). Calcium signalling and psychiatric disease: bipolar disorder 

and schizophrenia. Cell and tissue research, 357(2), 477-492.  

Berry, S. D., & Thompson, R. F. (1978). Prediction of learning rate from the 

hippocampal electroencephalogram. science, 200(4347), 1298-1300.  

Bi, G.-q., & Poo, M.-m. (1998). Synaptic modifications in cultured hippocampal 

neurons: dependence on spike timing, synaptic strength, and postsynaptic cell 

type. Journal of Neuroscience, 18(24), 10464-10472.  

Bieri, K. W., Bobbitt, K. N., & Colgin, L. L. (2014). Slow and fast gamma rhythms 

coordinate different spatial coding modes in hippocampal place cells. Neuron, 

82(3), 670-681.  

Bitanihirwe, B. K., Peleg-Raibstein, D., Mouttet, F., Feldon, J., & Meyer, U. (2010). 

Late prenatal immune activation in mice leads to behavioral and 

neurochemical abnormalities relevant to the negative symptoms of 

schizophrenia. Neuropsychopharmacology, 35(12), 2462.  

Bittner, K. C., Grienberger, C., Vaidya, S. P., Milstein, A. D., Macklin, J. J., Suh, J., 

Tonegawa, S., & Magee, J. C. (2015). Conjunctive input processing drives 

feature selectivity in hippocampal CA1 neurons. Nature neuroscience, 18(8), 

1133-1142.  

Bland, S. K., & Bland, B. H. (1986). Medial septal modulation of hippocampal theta 

cell discharges. Brain research, 375(1), 102-116.  

Bliss, T. V., & Collingridge, G. L. (1993). A synaptic model of memory: long-term 

potentiation in the hippocampus. Nature, 361(6407), 31-39.  

Bliss, T. V., & Lømo, T. (1973). Long‐lasting potentiation of synaptic transmission in 

the dentate area of the anaesthetized rabbit following stimulation of the 

perforant path. The Journal of physiology, 232(2), 331-356.  

Bohbot, V. D., Kalina, M., Stepankova, K., Spackova, N., Petrides, M., & Nadel, L. 

(1998). Spatial memory deficits in patients with lesions to the right 

hippocampus and to the right parahippocampal cortex. Neuropsychologia, 

36(11), 1217-1238.  

Boksa, P. (2010). Effects of prenatal infection on brain development and behavior: a 

review of findings from animal models. Brain, behavior, and immunity, 24(6), 

881-897.  

Boksa, P., & El-Khodor, B. (2003). Birth insult interacts with stress at adulthood to 

alter dopaminergic function in animal models: possible implications for 

schizophrenia and other disorders. Neuroscience & Biobehavioral Reviews, 

27(1-2), 91-101.  

Boos, H. B., Aleman, A., Cahn, W., Pol, H. H., & Kahn, R. S. (2007). Brain volumes 

in relatives of patients with schizophrenia: a meta-analysis. Archives of 

general psychiatry, 64(3), 297-304.  

Borhegyi, Z., Varga, V., Szilágyi, N., Fabo, D., & Freund, T. F. (2004). Phase 

segregation of medial septal GABAergic neurons during hippocampal theta 

activity. Journal of Neuroscience, 24(39), 8470-8479.  



200 

 

Bose, A., Agarwal, S. M., Kalmady, S. V., & Venkatasubramanian, G. (2014). 

Cognitive mapping deficits in schizophrenia: a critical overview. Indian 

journal of psychological medicine, 36(1), 9.  

Bostock, E., Muller, R. U., & Kubie, J. L. (1991). Experience‐dependent 

modifications of hippocampal place cell firing. Hippocampus, 1(2), 193-205.  

Boyer, P., Phillips, J. L., Rousseau, F. L., & Ilivitsky, S. (2007). Hippocampal 

abnormalities and memory deficits: new evidence of a strong 

pathophysiological link in schizophrenia. Brain Research Reviews, 54(1), 92-

112.  

Braff, D. L., Geyer, M. A., & Swerdlow, N. R. (2001). Human studies of prepulse 

inhibition of startle: normal subjects, patient groups, and pharmacological 

studies. Psychopharmacology, 156(2), 234-258.  

Brandon, N. J., Millar, J. K., Korth, C., Sive, H., Singh, K. K., & Sawa, A. (2009). 

Understanding the role of DISC1 in psychiatric disease and during normal 

development. Journal of Neuroscience, 29(41), 12768-12775.  

Brankačk, J., Stewart, M., & Fox, S. E. (1993). Current source density analysis of the 

hippocampal theta rhythm: associated sustained potentials and candidate 

synaptic generators. Brain research, 615(2), 310-327.  

Brébion, G., Amador, X., David, A., Malaspina, D., Sharif, Z., & Gorman, J. M. 

(2000). Positive symptomatology and source-monitoring failure in 

schizophrenia—an analysis of symptom-specific effects. Psychiatry research, 

95(2), 119-131.  

Brébion, G., David, A. S., Pilowsky, L. S., & Jones, H. (2004). Recognition of visual 

stimuli and memory for spatial context in schizophrenic patients and healthy 

volunteers. Journal of Clinical and Experimental Neuropsychology, 26(8), 

1093-1102.  

Breier, A., Malhotra, A. K., Pinals, D. A., Weisenfeld, N. I., & Pickar, D. (1997). 

Association of ketamine-induced psychosis with focal activation of the 

prefrontal cortex in healthy volunteers. The American journal of psychiatry.  

Brinkmann, B. G., Agarwal, A., Sereda, M. W., Garratt, A. N., Müller, T., Wende, H., 

Stassart, R. M., Nawaz, S., Humml, C., & Velanac, V. (2008). Neuregulin-

1/ErbB signaling serves distinct functions in myelination of the peripheral and 

central nervous system. Neuron, 59(4), 581-595.  

Brisch, R., Saniotis, A., Wolf, R., Bielau, H., Bernstein, H.-G., Steiner, J., Bogerts, 

B., Braun, K., Jankowski, Z., & Kumaratilake, J. (2014). The role of dopamine 

in schizophrenia from a neurobiological and evolutionary perspective: old 

fashioned, but still in vogue. Frontiers in psychiatry, 5, 47.  

Brown, A. S., Begg, M. D., Gravenstein, S., Schaefer, C. A., Wyatt, R. J., Bresnahan, 

M., Babulas, V. P., & Susser, E. S. (2004). Serologic evidence of prenatal 

influenza in the etiology of schizophrenia. Archives of general psychiatry, 

61(8), 774-780.  

Brown, A. S., & Derkits, E. J. (2010). Prenatal infection and schizophrenia: a review 

of epidemiologic and translational studies. American Journal of Psychiatry, 

167(3), 261-280.  

Brown, A. S., & Meyer, U. (2018). Maternal immune activation and neuropsychiatric 

illness: a translational research perspective. American Journal of Psychiatry, 

175(11), 1073-1083.  

Brown, A. S., Schaefer, C. A., Quesenberry Jr, C. P., Liu, L., Babulas, V. P., & 

Susser, E. S. (2005). Maternal exposure to toxoplasmosis and risk of 



201 

 

schizophrenia in adult offspring. American Journal of Psychiatry, 162(4), 767-

773.  

Brunelin, J., d'Amato, T., van Os, J., Cochet, A., Suaud-Chagny, M.-F., & Saoud, M. 

(2008). Effects of acute metabolic stress on the dopaminergic and pituitary–

adrenal axis activity in patients with schizophrenia, their unaffected siblings 

and controls. Schizophrenia research, 100(1-3), 206-211.  

Buzsaki, G. (1998). Memory consolidation during sleep: a neurophysiological 

perspective. Journal of sleep research, 7(S1), 17-23.  

Buzsaki, G. (2006). Rhythms of the Brain: Oxford University Press. 

Buzsáki, G. (1986). Hippocampal sharp waves: their origin and significance. Brain 

research, 398(2), 242-252.  

Buzsáki, G. (2010). Neural syntax: cell assemblies, synapsembles, and readers. 

Neuron, 68(3), 362-385.  

Buzsáki, G. (2015). Hippocampal sharp wave‐ripple: A cognitive biomarker for 

episodic memory and planning. Hippocampus, 25(10), 1073-1188.  

Buzsáki, G., Geisler, C., Henze, D. A., & Wang, X.-J. (2004). Interneuron diversity 

series: circuit complexity and axon wiring economy of cortical interneurons. 

Trends in neurosciences, 27(4), 186-193.  

Buzsáki, G., & Moser, E. I. (2013). Memory, navigation and theta rhythm in the 

hippocampal-entorhinal system. Nature neuroscience, 16(2), 130.  

Buzsáki, G., Rappelsberger, P., & Kellényi, L. (1985). Depth profiles of hippocampal 

rhythmic slow activity (‘theta rhythm’) depend on behaviour. 

Electroencephalography and clinical neurophysiology, 61(1), 77-88.  

Buzsáki, G., & Tingley, D. (2018). Space and time: The hippocampus as a sequence 

generator. Trends in cognitive sciences, 22(10), 853-869.  

Buzsáki, G., & Vanderwolf, C. H. (1983). Cellular bases of hippocampal EEG in the 

behaving rat. Brain Research Reviews, 6(2), 139-171.  

Caballero, A., Granberg, R., & Tseng, K. Y. (2016). Mechanisms contributing to 

prefrontal cortex maturation during adolescence. Neuroscience & 

Biobehavioral Reviews, 70, 4-12.  

Caixeta, F. V., Cornélio, A. M., Scheffer-Teixeira, R., Ribeiro, S., & Tort, A. B. 

(2013). Ketamine alters oscillatory coupling in the hippocampus. Scientific 

reports, 3(1), 1-10.  

Calandreau, L., Desgranges, B., Jaffard, R., & Desmedt, A. (2010). Switching from 

contextual to tone fear conditioning and vice versa: the key role of the 

glutamatergic hippocampal-lateral septal neurotransmission. Learning & 

Memory, 17(9), 440-443.  

Canetta, S., Bolkan, S., Padilla-Coreano, N., Song, L., Sahn, R., Harrison, N., 

Gordon, J. A., Brown, A., & Kellendonk, C. (2016). Maternal immune 

activation leads to selective functional deficits in offspring parvalbumin 

interneurons. Molecular psychiatry, 21(7), 956-968.  

Cannon, T. D. (2015). How schizophrenia develops: cognitive and brain mechanisms 

underlying onset of psychosis. Trends in cognitive sciences, 19(12), 744-756.  

Cannon, T. D., Chung, Y., He, G., Sun, D., Jacobson, A., van Erp, T. G., McEwen, S., 

Addington, J., Bearden, C. E., & Cadenhead, K. (2015). Progressive reduction 

in cortical thickness as psychosis develops: a multisite longitudinal 

neuroimaging study of youth at elevated clinical risk. Biological psychiatry, 

77(2), 147-157.  

Cardno, A. G., Marshall, E. J., Coid, B., Macdonald, A. M., Ribchester, T. R., Davies, 

N. J., Venturi, P., Jones, L. A., Lewis, S. W., & Sham, P. C. (1999). 



202 

 

Heritability estimates for psychotic disorders: the Maudsley twin psychosis 

series. Archives of general psychiatry, 56(2), 162-168.  

Caron, M.-J., Mottron, L., Rainville, C., & Chouinard, S. (2004). Do high functioning 

persons with autism present superior spatial abilities? Neuropsychologia, 

42(4), 467-481.  

Carroll, L. S., & Owen, M. J. (2009). Genetic overlap between autism, schizophrenia 

and bipolar disorder. Genome medicine, 1(10), 1-7.  

Carter, C. (2009). Schizophrenia susceptibility genes directly implicated in the life 

cycles of pathogens: cytomegalovirus, influenza, herpes simplex, rubella, and 

Toxoplasma gondii. Schizophrenia bulletin, 35(6), 1163-1182.  

Carter, C., & Pycock, C. (1980). Behavioural and biochemical effects of dopamine 

and noradrenaline depletion within the medial prefrontal cortex of the rat. 

Brain research, 192(1), 163-176.  

Cassella, S. N., Hemmerle, A. M., Lundgren, K. H., Kyser, T. L., Ahlbrand, R., 

Bronson, S. L., Richtand, N. M., & Seroogy, K. B. (2016). Maternal immune 

activation alters glutamic acid decarboxylase-67 expression in the brains of 

adult rat offspring. Schizophrenia research, 171(1-3), 195-199.  

Cazala, P., Galey, D., & Durkin, T. (1988). Electrical self-stimulation in the medial 

and lateral septum as compared to the lateral hypothalamus: differential 

intervention of reward and learning processes? Physiology & behavior, 44(1), 

53-59.  

Cei, A., Girardeau, G., Drieu, C., El Kanbi, K., & Zugaro, M. (2014). Reversed theta 

sequences of hippocampal cell assemblies during backward travel. Nature 

neuroscience, 17(5), 719.  

Chadwick, A., van Rossum, M. C., & Nolan, M. F. (2015). Independent theta phase 

coding accounts for CA1 population sequences and enables flexible 

remapping. Elife, 4, e03542.  

Chadwick, A., van Rossum, M. C., & Nolan, M. F. (2016). Flexible theta sequence 

compression mediated via phase precessing interneurons. Elife, 5, e20349.  

Chen, G., King, J. A., Lu, Y., Cacucci, F., & Burgess, N. (2018). Spatial cell firing 

during virtual navigation of open arenas by head-restrained mice. Elife, 7, 

e34789.  

Chen, Y.-J. J., Johnson, M. A., Lieberman, M. D., Goodchild, R. E., Schobel, S., 

Lewandowski, N., Rosoklija, G., Liu, R.-C., Gingrich, J. A., & Small, S. 

(2008). Type III neuregulin-1 is required for normal sensorimotor gating, 

memory-related behaviors, and corticostriatal circuit components. Journal of 

Neuroscience, 28(27), 6872-6883.  

Cheng, R.-K., Ali, Y. M., & Meck, W. H. (2007). Ketamine “unlocks” the reduced 

clock-speed effects of cocaine following extended training: evidence for 

dopamine–glutamate interactions in timing and time perception. Neurobiology 

of learning and memory, 88(2), 149-159.  

Chisholm, K., Lin, A., Abu-Akel, A., & Wood, S. J. (2015). The association between 

autism and schizophrenia spectrum disorders: A review of eight alternate 

models of co-occurrence. Neuroscience & Biobehavioral Reviews, 55, 173-

183.  

Cho, R., Konecky, R., & Carter, C. S. (2006). Impairments in frontal cortical γ 

synchrony and cognitive control in schizophrenia. Proceedings of the National 

Academy of Sciences, 103(52), 19878-19883.  



203 

 

Chong, H. Y., Teoh, S. L., Wu, D. B.-C., Kotirum, S., Chiou, C.-F., & 

Chaiyakunapruk, N. (2016). Global economic burden of schizophrenia: a 

systematic review. Neuropsychiatric disease and treatment, 12, 357.  

Ciullo, V., Piras, F., Vecchio, D., Banaj, N., Coull, J. T., & Spalletta, G. (2018). 

Predictive timing disturbance is a precise marker of schizophrenia. 

Schizophrenia Research: Cognition, 12, 42-49.  

Ciullo, V., Spalletta, G., Caltagirone, C., Jorge, R. E., & Piras, F. (2016). Explicit 

time deficit in schizophrenia: systematic review and meta-analysis indicate it 

is primary and not domain specific. Schizophrenia bulletin, 42(2), 505-518.  

Clemens, A. M., Wang, H., & Brecht, M. (2020). The lateral septum mediates kinship 

behavior in the rat. Nature communications, 11(1), 1-11.  

Cobb, S., Buhl, E., Halasy, K., Paulsen, O., & Somogyi, P. (1995). Synchronization 

of neuronal activity in hippocampus by individual GABAergic interneurons. 

Nature, 378(6552), 75.  

Coffman, B. A., Haigh, S. M., Murphy, T. K., & Salisbury, D. F. (2016). Event-

related potentials demonstrate deficits in acoustic segmentation in 

schizophrenia. Schizophrenia research, 173(1-2), 109-115.  

Coiro, P., Padmashri, R., Suresh, A., Spartz, E., Pendyala, G., Chou, S., Jung, Y., 

Meays, B., Roy, S., & Gautam, N. (2015). Impaired synaptic development in a 

maternal immune activation mouse model of neurodevelopmental disorders. 

Brain, behavior, and immunity, 50, 249-258.  

Colgin, L. L. (2016). Rhythms of the hippocampal network. Nature Reviews 

Neuroscience, 17(4), 239.  

Colgin, L. L., Denninger, T., Fyhn, M., Hafting, T., Bonnevie, T., Jensen, O., Moser, 

M.-B., & Moser, E. I. (2009). Frequency of gamma oscillations routes flow of 

information in the hippocampus. Nature, 462(7271), 353-357.  

Colgin, L. L., Kubota, D., Jia, Y., Rex, C. S., & Lynch, G. (2004). Long‐term 

potentiation is impaired in rat hippocampal slices that produce spontaneous 

sharp waves. The Journal of physiology, 558(3), 953-961.  

Connor, S., Ng, V., McDonald, C., Schulze, K., Morgan, K., Dazzan, P., & Murray, 

R. M. (2004). A study of hippocampal shape anomaly in schizophrenia and in 

families multiply affected by schizophrenia or bipolar disorder. 

Neuroradiology, 46(7), 523-534.  

Connor, T. J., & Leonard, B. E. (1998). Depression, stress and immunological 

activation: the role of cytokines in depressive disorders. Life sciences, 62(7), 

583-606.  

Consortium, C.-D. G. o. t. P. G. (2013). Identification of risk loci with shared effects 

on five major psychiatric disorders: a genome-wide analysis. The lancet, 

381(9875), 1371-1379.  

Contreras, C. M., Dorantes, M. E., Mexicano, G., & Guzmán-Flores, C. (1986). 

Lateralization of spike and wave complexes produced by hallucinogenic 

compounds in the cat. Experimental neurology, 92(3), 467-478.  

Contreras, C. M., Guzman-Flores, C., Mexicano, G., Ervin, F. R., & Palmour, R. 

(1984). Spike and wave complexes produced by four hallucinogenic 

compounds in the cat. Physiology & behavior, 33(6), 981-984.  

Contreras, C. M., Marván, M. L., Alcalá-Herrera, V., & Guzmán-Sáenz, M. A. 

(1990). Chronic clomipramine increases firing rate in lateral septal nuclei of 

the rat. Physiology & behavior, 48(4), 551-554.  

Contreras, C. M., Rodríguez-Landa, J. F., Gutiérrez-García, A. G., & Bernal-Morales, 

B. (2001). The lowest effective dose of fluoxetine in the forced swim test 



204 

 

significantly affects the firing rate of lateral septal nucleus neurones in the rat. 

Journal of psychopharmacology, 15(4), 231-236.  

Corcoran, C., Malaspina, D., & Hercher, L. (2005). Prodromal interventions for 

schizophrenia vulnerability: the risks of being “at risk”. Schizophrenia 

research, 73(2-3), 173-184.  

Cornwell, B. R., Johnson, L. L., Holroyd, T., Carver, F. W., & Grillon, C. (2008). 

Human hippocampal and parahippocampal theta during goal-directed spatial 

navigation predicts performance on a virtual Morris water maze. Journal of 

Neuroscience, 28(23), 5983-5990.  

Corradini, I., Focchi, E., Rasile, M., Morini, R., Desiato, G., Tomasoni, R., Lizier, M., 

Ghirardini, E., Fesce, R., & Morone, D. (2018). Maternal immune activation 

delays excitatory-to-inhibitory gamma-aminobutyric acid switch in offspring. 

Biological psychiatry, 83(8), 680-691.  

Costa, E., Davis, J., Pesold, C., Tueting, P., & Guidotti, A. (2002). The heterozygote 

reeler mouse as a model for the development of a new generation of 

antipsychotics. Current opinion in pharmacology, 2(1), 56-62.  

Coyle, J. T. (2004). The GABA-glutamate connection in schizophrenia: which is the 

proximate cause? Biochemical pharmacology, 68(8), 1507-1514.  

Crum, W. R., Sawiak, S. J., Chege, W., Cooper, J. D., Williams, S. C. R., & Vernon, 

A. C. (2017). Evolution of structural abnormalities in the rat brain following in 

utero exposure to maternal immune activation: A longitudinal in vivo MRI 

study. Brain Behav Immun, 63, 50-59. doi:10.1016/j.bbi.2016.12.008 

Csicsvari, J., Jamieson, B., Wise, K. D., & Buzsáki, G. (2003). Mechanisms of 

gamma oscillations in the hippocampus of the behaving rat. Neuron, 37(2), 

311-322.  

Cutting, J., & Dunne, F. (1989). Subjective experience of schizophrenia. 

Schizophrenia bulletin, 15(2), 217-231.  

D'Argembeau, A., Raffard, S., & Van der Linden, M. (2008). Remembering the past 

and imagining the future in schizophrenia. Journal of abnormal psychology, 

117(1), 247.  

Dan, Y., & Poo, M.-m. (2004). Spike timing-dependent plasticity of neural circuits. 

Neuron, 44(1), 23-30.  

Danion, J.-M., Cuervo, C., Piolino, P., Huron, C., Riutort, M., Peretti, C. S., & 

Eustache, F. (2005). Conscious recollection in autobiographical memory: an 

investigation in schizophrenia. Consciousness and Cognition, 14(3), 535-547.  

Danion, J.-M., Huron, C., Vidailhet, P., & Berna, F. (2007). Functional mechanisms 

of episodic memory impairment in schizophrenia. The Canadian Journal of 

Psychiatry, 52(11), 693-701.  

Danion, J.-M., Rizzo, L., & Bruant, A. (1999). Functional mechanisms underlying 

impaired recognition memory and conscious awareness in patients with 

schizophrenia. Archives of general psychiatry, 56(7), 639-644.  

Davidson, T. J., Kloosterman, F., & Wilson, M. A. (2009). Hippocampal replay of 

extended experience. Neuron, 63(4), 497-507.  

Davis, K. L., Kahn, R. S., Ko, G., & Davidson, M. (1991). Dopamine in 

schizophrenia: a review and reconceptualization. The American journal of 

psychiatry.  

De Crescenzo, F., Postorino, V., Siracusano, M., Riccioni, A., Armando, M., 

Curatolo, P., & Mazzone, L. (2019). Autistic symptoms in schizophrenia 

spectrum disorders: a systematic review and meta-analysis. Frontiers in 

psychiatry, 10, 78.  



205 

 

De Lavilléon, G., Lacroix, M. M., Rondi-Reig, L., & Benchenane, K. (2015). Explicit 

memory creation during sleep demonstrates a causal role of place cells in 

navigation. Nature neuroscience, 18(4), 493-495.  

Deane, A. R., Millar, J., Bilkey, D. K., & Ward, R. D. (2017). Maternal immune 

activation in rats produces temporal perception impairments in adult offspring 

analogous to those observed in schizophrenia. PloS one, 12(11), e0187719.  

Deng, K., Yang, L., Xie, J., Tang, H., Wu, G.-S., & Luo, H.-R. (2019). Whole-brain 

mapping of projection from mouse lateral septal nucleus. Biology open, 8(7).  

Diba, K., & Buzsáki, G. (2007). Forward and reverse hippocampal place-cell 

sequences during ripples. Nature neuroscience, 10(10), 1241-1242.  

Dickerson, D., Overeem, K., Wolff, A., Williams, J., Abraham, W., & Bilkey, D. 

(2014). Association of aberrant neural synchrony and altered GAD67 

expression following exposure to maternal immune activation, a risk factor for 

schizophrenia. Translational psychiatry, 4(7), e418.  

Dickerson, D. D., Wolff, A. R., & Bilkey, D. K. (2010). Abnormal long-range neural 

synchrony in a maternal immune activation animal model of schizophrenia. 

Journal of Neuroscience, 30(37), 12424-12431.  

Dickinson, D., Ramsey, M. E., & Gold, J. M. (2007). Overlooking the obvious: a 

meta-analytic comparison of digit symbol coding tasks and other cognitive 

measures in schizophrenia. Archives of general psychiatry, 64(5), 532-542.  

Dimsdale-Zucker, H. R., Ritchey, M., Ekstrom, A. D., Yonelinas, A. P., & 

Ranganath, C. (2018). CA1 and CA3 differentially support spontaneous 

retrieval of episodic contexts within human hippocampal subfields. Nature 

communications, 9(1), 1-8.  

Dong, E., Grayson, D. R., Guidotti, A., Ruzicka, W., Veldic, M., & Costa, E. (2007). 

Reviewing the role of DNA (cytosine-5) methyltransferase overexpression in 

the cortical GABAergic dysfunction associated with psychosis vulnerability. 

Epigenetics, 2(1), 29-36.  

Dong, F., Jiang, J., McSweeney, C., Zou, D., Liu, L., & Mao, Y. (2016). Deletion of 

CTNNB1 in inhibitory circuitry contributes to autism-associated behavioral 

defects. Human molecular genetics, 25(13), 2738-2751.  

Douchamps, V., Jeewajee, A., Blundell, P., Burgess, N., & Lever, C. (2013). 

Evidence for encoding versus retrieval scheduling in the hippocampus by theta 

phase and acetylcholine. Journal of Neuroscience, 33(20), 8689-8704.  

Dragoi, G., & Buzsáki, G. (2006). Temporal encoding of place sequences by 

hippocampal cell assemblies. Neuron, 50(1), 145-157.  

Dragoi, G., & Tonegawa, S. (2011). Preplay of future place cell sequences by 

hippocampal cellular assemblies. Nature, 469(7330), 397-401.  

Drieu, C., Todorova, R., & Zugaro, M. (2018). Nested sequences of hippocampal 

assemblies during behavior support subsequent sleep replay. Science, 

362(6415), 675-679.  

Drieu, C., & Zugaro, M. (2019). Hippocampal Sequences During Exploration: 

Mechanisms and Functions. Frontiers in Cellular Neuroscience, 13, 232.  

Ducharme, G., Lowe, G. C., Goutagny, R., & Williams, S. (2012). Early alterations in 

hippocampal circuitry and theta rhythm generation in a mouse model of 

prenatal infection: implications for schizophrenia. PloS one, 7(1), e29754.  

Dupret, D., O'neill, J., Pleydell-Bouverie, B., & Csicsvari, J. (2010). The 

reorganization and reactivation of hippocampal maps predict spatial memory 

performance. Nature neuroscience, 13(8), 995.  



206 

 

Egeland, J., Sundet, K., Rund, B. r. R., Asbj⊘ rnsen, A., Hugdahl, K., Landr⊘, N. I., 

Lund, A., Roness, A., & Stordal, K. I. (2003). Sensitivity and specificity of 

memory dysfunction in schizophrenia: a comparison with major depression. 

Journal of Clinical and Experimental Neuropsychology, 25(1), 79-93.  

Ego‐Stengel, V., & Wilson, M. A. (2007). Spatial selectivity and theta phase 

precession in CA1 interneurons. Hippocampus, 17(2), 161-174.  

Ego‐Stengel, V., & Wilson, M. A. (2010). Disruption of ripple‐associated 

hippocampal activity during rest impairs spatial learning in the rat. 

Hippocampus, 20(1), 1-10.  

Eichenbaum, H. (2014). Time cells in the hippocampus: a new dimension for 

mapping memories. Nature Reviews Neuroscience, 15(11), 732-744.  

Eichenbaum, H. (2017a). On the integration of space, time, and memory. Neuron, 

95(5), 1007-1018.  

Eichenbaum, H. (2017b). The role of the hippocampus in navigation is memory. 

Journal of neurophysiology, 117(4), 1785-1796.  

Eichenbaum, H., Dudchenko, P., Wood, E., Shapiro, M., & Tanila, H. (1999). The 

hippocampus, memory, and place cells: is it spatial memory or a memory 

space? Neuron, 23(2), 209-226.  

Ekstrom, A., Meltzer, J., McNaughton, B., & Barnes, C. (2001). NMDA receptor 

antagonism blocks experience-dependent expansion of hippocampal “place 

fields”. Neuron, 31(4), 631-638.  

Ekstrom, A. D., Caplan, J. B., Ho, E., Shattuck, K., Fried, I., & Kahana, M. J. (2005). 

Human hippocampal theta activity during virtual navigation. Hippocampus, 

15(7), 881-889.  

Ekstrom, A. D., Kahana, M. J., Caplan, J. B., Fields, T. A., Isham, E. A., Newman, E. 

L., & Fried, I. (2003). Cellular networks underlying human spatial navigation. 

Nature, 425(6954), 184-188.  

Eliav, T., Geva-Sagiv, M., Yartsev, M. M., Finkelstein, A., Rubin, A., Las, L., & 

Ulanovsky, N. (2018). Nonoscillatory phase coding and synchronization in the 

bat hippocampal formation. Cell, 175(4), 1119-1130. e1115.  

Ellen, P., & Powell, E. W. (1962). Effects of septal lesions on behavior generated by 

positive reinforcement. Experimental neurology, 6(1), 1-11.  

Elvevag, B., & Goldberg, T. E. (2000). Cognitive impairment in schizophrenia is the 

core of the disorder. Critical Reviews™ in Neurobiology, 14(1).  

English, D. F., Peyrache, A., Stark, E., Roux, L., Vallentin, D., Long, M. A., & 

Buzsáki, G. (2014). Excitation and inhibition compete to control spiking 

during hippocampal ripples: intracellular study in behaving mice. Journal of 

Neuroscience, 34(49), 16509-16517.  

Ergaz, Z., Weinstein-Fudim, L., & Ornoy, A. (2016). Genetic and non-genetic animal 

models for autism spectrum disorders (ASD). Reproductive Toxicology, 64, 

116-140.  

Estes, M. L., & McAllister, A. K. (2016). Maternal immune activation: implications 

for neuropsychiatric disorders. Science, 353(6301), 772-777.  

Etchamendy, N., Konishi, K., Pike, G. B., Marighetto, A., & Bohbot, V. D. (2012). 

Evidence for a virtual human analog of a rodent relational memory task: a 

study of aging and fMRI in young adults. Hippocampus, 22(4), 869-880.  

Fajnerová, I., Rodriguez, M., Levčík, D., Konrádová, L., Mikoláš, P., Brom, C., 

Stuchlík, A., Vlček, K., & Horáček, J. (2014). A virtual reality task based on 

animal research–spatial learning and memory in patients after the first episode 

of schizophrenia. Frontiers in behavioral neuroscience, 8, 157.  



207 

 

Fan, C., Gao, Y., Liang, G., Huang, L., Wang, J., Yang, X., Shi, Y., Dräger, U. C., 

Zhong, M., & Gao, T.-M. (2020). Transcriptomics of Gabra4 knockout mice 

reveals common NMDAR pathways underlying autism, memory, and 

epilepsy. Molecular autism, 11(1), 1-17.  

Fatemi, S. H., & Folsom, T. D. (2009). The neurodevelopmental hypothesis of 

schizophrenia, revisited. Schizophrenia bulletin, 35(3), 528-548.  

Fatemi, S. H., Reutiman, T. J., Folsom, T. D., Huang, H., Oishi, K., Mori, S., Smee, 

D. F., Pearce, D. A., Winter, C., & Sohr, R. (2008). Maternal infection leads to 

abnormal gene regulation and brain atrophy in mouse offspring: implications 

for genesis of neurodevelopmental disorders. Schizophrenia research, 99(1-3), 

56-70.  

Feng, T., Silva, D., & Foster, D. J. (2015). Dissociation between the Experience-

Dependent Development of Hippocampal Theta Sequences and Single-Trial 

Phase Precession. Journal of Neuroscience, 35(12), 4890-4902. 

doi:10.1523/Jneurosci.2614-14.2015 

Fernández-Ruiz, A., Oliva, A., Nagy, G. A., Maurer, A. P., Berényi, A., & Buzsáki, 

G. (2017). Entorhinal-CA3 dual-input control of spike timing in the 

hippocampus by theta-gamma coupling. Neuron, 93(5), 1213-1226. e1215.  

Fernandez, A., Dumon, C., Guimond, D., Tyzio, R., Bonifazi, P., Lozovaya, N., 

Burnashev, N., Ferrari, D., & Ben-Ari, Y. (2018). The GABA developmental 

shift is abolished by maternal immune activation already at birth.  

Filice, F., Janickova, L., Henzi, T., Bilella, A., & Schwaller, B. (2020). The 

parvalbumin hypothesis of autism spectrum disorder. Frontiers in Cellular 

Neuroscience, 14.  

Fleming, K., Goldberg, T. E., Binks, S., Randolph, C., Gold, J. M., & Weinberger, D. 

R. (1997). Visuospatial working memory in patients with schizophrenia. 

Biological psychiatry, 41(1), 43-49.  

Flynn, G., Alexander, D., Harris, A., Whitford, T., Wong, W., Galletly, C., 

Silverstein, S., Gordon, E., & Williams, L. M. (2008). Increased absolute 

magnitude of gamma synchrony in first-episode psychosis. Schizophrenia 

research, 105(1-3), 262-271.  

Folley, B. S., Astur, R., Jagannathan, K., Calhoun, V. D., & Pearlson, G. D. (2010). 

Anomalous neural circuit function in schizophrenia during a virtual Morris 

water task. Neuroimage, 49(4), 3373-3384.  

Folsom, D. P., Hawthorne, W., Lindamer, L., Gilmer, T., Bailey, A., Golshan, S., 

Garcia, P., Unützer, J., Hough, R., & Jeste, D. V. (2005). Prevalence and risk 

factors for homelessness and utilization of mental health services among 

10,340 patients with serious mental illness in a large public mental health 

system. American Journal of Psychiatry, 162(2), 370-376.  

Fornito, A., & Bullmore, E. T. (2015). Reconciling abnormalities of brain network 

structure and function in schizophrenia. Current opinion in neurobiology, 30, 

44-50.  

Foster, D. J., & Wilson, M. A. (2006). Reverse replay of behavioural sequences in 

hippocampal place cells during the awake state. Nature, 440(7084), 680-683.  

Foster, D. J., & Wilson, M. A. (2007). Hippocampal theta sequences. Hippocampus, 

17(11), 1093-1099.  

Foster, T. C., Castro, C. A., & McNaughton, B. L. (1989). Spatial selectivity of rat 

hippocampal neurons: dependence on preparedness for movement. Science, 

244(4912), 1580-1582.  



208 

 

Foti, F., De Crescenzo, F., Vivanti, G., Menghini, D., & Vicari, S. (2015). Implicit 

learning in individuals with autism spectrum disorders: a meta-analysis. 

Psychological medicine, 45(5), 897-910.  

Freedman, B. J. (1974). The subjective experience of perceptual and cognitive 

disturbances in schizophrenia: A review of autobiographical accounts. 

Archives of general psychiatry, 30(3), 333-340.  

Freund, T. F., & Antal, M. (1988). GABA-containing neurons in the septum control 

inhibitory interneurons in the hippocampus. Nature, 336(6195), 170.  

Friedman, J. I., Temporini, H., & Davis, K. L. (1999). Pharmacologic strategies for 

augmenting cognitive performance in schizophrenia. Biological psychiatry, 

45(1), 1-16.  

Friston, K., Brown, H. R., Siemerkus, J., & Stephan, K. E. (2016). The dysconnection 

hypothesis (2016). Schizophrenia research, 176(2-3), 83-94.  

Friston, K. J. (1998). The disconnection hypothesis. Schizophrenia research, 30(2), 

115-125.  

Frith, U. (2003). Autism: Explaining the enigma: Blackwell Publishing. 

Frohlich, J., & Van Horn, J. D. (2014). Reviewing the ketamine model for 

schizophrenia. Journal of psychopharmacology, 28(4), 287-302.  

Fuccillo, M. V. (2016). Striatal circuits as a common node for autism 

pathophysiology. Frontiers in neuroscience, 10, 27.  

Fuhrmann, F., Justus, D., Sosulina, L., Kaneko, H., Beutel, T., Friedrichs, D., Schoch, 

S., Schwarz, M. K., Fuhrmann, M., & Remy, S. (2015). Locomotion, theta 

oscillations, and the speed-correlated firing of hippocampal neurons are 

controlled by a medial septal glutamatergic circuit. Neuron, 86(5), 1253-1264.  

Fujisawa, S., & Buzsáki, G. (2011). A 4 Hz oscillation adaptively synchronizes 

prefrontal, VTA, and hippocampal activities. Neuron, 72(1), 153-165.  

Fusar-Poli, P., Deste, G., Smieskova, R., Barlati, S., Yung, A. R., Howes, O., 

Stieglitz, R.-D., Vita, A., McGuire, P., & Borgwardt, S. (2012). Cognitive 

functioning in prodromal psychosis: a meta-analysis. Archives of general 

psychiatry, 69(6), 562-571.  

Fusar-Poli, P., Perez, J., Broome, M., Borgwardt, S., Placentino, A., Caverzasi, E., 

Cortesi, M., Veggiotti, P., Politi, P., & Barale, F. (2007). Neurofunctional 

correlates of vulnerability to psychosis: a systematic review and meta-

analysis. Neuroscience & Biobehavioral Reviews, 31(4), 465-484.  

Fyhn, M., Molden, S., Hollup, S., Moser, M.-B., & Moser, E. I. (2002). Hippocampal 

neurons responding to first-time dislocation of a target object. Neuron, 35(3), 

555-566.  

Galarza, M., Merlo, A. B., Ingratta, A., Albanese, E. F., & Albanese, A. M. (2004). 

Cavum septum pellucidum and its increased prevalence in schizophrenia: a 

neuroembryological classification. The Journal of neuropsychiatry and 

clinical neurosciences, 16(1), 41-46.  

Garay, P. A., Hsiao, E. Y., Patterson, P. H., & McAllister, A. K. (2013). Maternal 

immune activation causes age-and region-specific changes in brain cytokines 

in offspring throughout development. Brain, behavior, and immunity, 31, 54-

68.  

Garey, L., Ong, W., Patel, T., Kanani, M., Davis, A., Mortimer, A., Barnes, T., & 

Hirsch, S. (1998). Reduced dendritic spine density on cerebral cortical 

pyramidal neurons in schizophrenia. Journal of Neurology, Neurosurgery & 

Psychiatry, 65(4), 446-453.  



209 

 

Gasbarri, A., Verney, C., Innocenzi, R., Campana, E., & Pacitti, C. (1994). 

Mesolimbic dopaminergic neurons innervating the hippocampal formation in 

the rat: a combined retrograde tracing and immunohistochemical study. Brain 

research, 668(1-2), 71-79.  

Gauthier, J. L., & Tank, D. W. (2018). A dedicated population for reward coding in 

the hippocampus. Neuron, 99(1), 179-193. e177.  

Geisler, C., Robbe, D., Zugaro, M., Sirota, A., & Buzsáki, G. (2007). Hippocampal 

place cell assemblies are speed-controlled oscillators. Proceedings of the 

National Academy of Sciences, 104(19), 8149-8154.  

Gener, T., Perez‐Mendez, L., & Sanchez‐Vives, M. V. (2013). Tactile modulation of 

hippocampal place fields. Hippocampus, 23(12), 1453-1462.  

Gidley Larson, J. C., & Mostofsky, S. H. (2008). Evidence that the pattern of 

visuomotor sequence learning is altered in children with autism. Autism 

Research, 1(6), 341-353.  

Gill, P. R., Mizumori, S. J., & Smith, D. M. (2011). Hippocampal episode fields 

develop with learning. Hippocampus, 21(11), 1240-1249.  

Gilmore, J. H., & Jarskog, L. F. (1997). Exposure to infection and brain development: 

cytokines in the pathogenesis of schizophrenia.  

Giovanoli, S., Engler, H., Engler, A., Richetto, J., Voget, M., Willi, R., Winter, C., 

Riva, M. A., Mortensen, P. B., & Feldon, J. (2013). Stress in puberty unmasks 

latent neuropathological consequences of prenatal immune activation in mice. 

Science, 339(6123), 1095-1099.  

Girardeau, G., Benchenane, K., Wiener, S. I., Buzsáki, G., & Zugaro, M. B. (2009). 

Selective suppression of hippocampal ripples impairs spatial memory. Nature 

neuroscience, 12(10), 1222.  

Glahn, D. C., Therman, S., Manninen, M., Huttunen, M., Kaprio, J., Lönnqvist, J., & 

Cannon, T. D. (2003). Spatial working memory as an endophenotype for 

schizophrenia. Biological psychiatry, 53(7), 624-626.  

Glantz, L. A., & Lewis, D. A. (2000). Decreased dendritic spine density on prefrontal 

cortical pyramidal neurons in schizophrenia. Archives of general psychiatry, 

57(1), 65-73.  

Godden, D. R., & Baddeley, A. D. (1975). Context‐dependent memory in two natural 

environments: On land and underwater. British Journal of psychology, 66(3), 

325-331.  

Göder, R., Boigs, M., Braun, S., Friege, L., Fritzer, G., Aldenhoff, J. B., & Hinze-

Selch, D. (2004). Impairment of visuospatial memory is associated with 

decreased slow wave sleep in schizophrenia. Journal of psychiatric research, 

38(6), 591-599.  

Gold, J. M., Poet, M. S., Wilk, C. M., & Buchanan, R. W. (2004). The family pictures 

test as a measure of impaired feature binding in schizophrenia. Journal of 

Clinical and Experimental Neuropsychology, 26(4), 511-520.  

Gold, J. M., Randolph, C., Carpenter, C. J., Goldberg, T. E., & Weinberger, D. R. 

(1992). Forms of memory failure in schizophrenia. Journal of abnormal 

psychology, 101(3), 487.  

Goldman-Rakic, P. S., Castner, S. A., Svensson, T. H., Siever, L. J., & Williams, G. 

V. (2004). Targeting the dopamine D 1 receptor in schizophrenia: insights for 

cognitive dysfunction. Psychopharmacology, 174(1), 3-16.  

Gonzalez-Burgos, G., Cho, R. Y., & Lewis, D. A. (2015). Alterations in cortical 

network oscillations and parvalbumin neurons in schizophrenia. Biological 

psychiatry, 77(12), 1031-1040.  



210 

 

Goutagny, R., Jackson, J., & Williams, S. (2009). Self-generated theta oscillations in 

the hippocampus. Nature neuroscience, 12(12), 1491-1493.  

Grange, D., Robert, P., & Rizzo, L. (1995). Impairment of recognition memory with, 

but not without, conscious recollection in schizophrenia. American Journal of 

Psychiatry, 152, 1737-1742.  

Gray, A., Tattoli, R., Dunn, A., Hodgson, D., Michie, P., & Harms, L. (2019). 

Maternal immune activation in mid-late gestation alters amphetamine 

sensitivity and object recognition, but not other schizophrenia-related 

behaviours in adult rats. Behavioural brain research, 356, 358-364.  

Green, J. D., & Arduini, A. A. (1954). Hippocampal electrical activity in arousal. 

Journal of neurophysiology, 17(6), 533-557.  

Green, M. F. (1996). What are the functional consequences of neurocognitive deficits 

in schizophrenia? The American journal of psychiatry.  

Grienberger, C., Milstein, A. D., Bittner, K. C., Romani, S., & Magee, J. C. (2017). 

Inhibitory suppression of heterogeneously tuned excitation enhances spatial 

coding in CA1 place cells. Nature neuroscience, 20(3), 417-426.  

Groenewegen, H., Vermeulen-Van der Zee, E. t., Te Kortschot, A., & Witter, M. 

(1987). Organization of the projections from the subiculum to the ventral 

striatum in the rat. A study using anterograde transport of Phaseolus vulgaris 

leucoagglutinin. Neuroscience, 23(1), 103-120.  

Guderian, S., Schott, B. H., Richardson-Klavehn, A., & Düzel, E. (2009). Medial 

temporal theta state before an event predicts episodic encoding success in 

humans. Proceedings of the National Academy of Sciences, 106(13), 5365-

5370.  

Guitart-Masip, M., Barnes, G. R., Horner, A., Bauer, M., Dolan, R. J., & Duzel, E. 

(2013). Synchronization of medial temporal lobe and prefrontal rhythms in 

human decision making. Journal of Neuroscience, 33(2), 442-451.  

Gumusoglu, S. B., & Stevens, H. E. (2019). Maternal inflammation and 

neurodevelopmental programming: a review of preclinical outcomes and 

implications for translational psychiatry. Biological psychiatry, 85(2), 107-

121.  

Gupta, A. S., van der Meer, M. A., Touretzky, D. S., & Redish, A. D. (2010). 

Hippocampal replay is not a simple function of experience. Neuron, 65(5), 

695-705.  

Gupta, A. S., Van Der Meer, M. A., Touretzky, D. S., & Redish, A. D. (2012). 

Segmentation of spatial experience by hippocampal theta sequences. Nature 

neuroscience, 15(7), 1032.  

Gutiérrez-Maldonado, J., Caqueo-Urízar, A., & Kavanagh, D. J. (2005). Burden of 

care and general health in families of patients with schizophrenia. Social 

psychiatry and psychiatric epidemiology, 40(11), 899-904.  

Guzman, S. J., Schlögl, A., Frotscher, M., & Jonas, P. (2016). Synaptic mechanisms 

of pattern completion in the hippocampal CA3 network. Science, 353(6304), 

1117-1123.  

Haddad, F., Patel, S., & Schmid, S. (2020). Maternal immune activation by Poly I: C 

as a preclinical model for neurodevelopmental disorders: a focus on autism 

and schizophrenia. Neuroscience & Biobehavioral Reviews.  

Hafting, T., Fyhn, M., Bonnevie, T., Moser, M.-B., & Moser, E. I. (2008). 

Hippocampus-independent phase precession in entorhinal grid cells. Nature, 

453(7199), 1248-1252.  



211 

 

Hafting, T., Fyhn, M., Molden, S., Moser, M.-B., & Moser, E. I. (2005). 

Microstructure of a spatial map in the entorhinal cortex. Nature, 436(7052), 

801-806.  

Hahn, C.-G., Wang, H.-Y., Cho, D.-S., Talbot, K., Gur, R. E., Berrettini, W. H., 

Bakshi, K., Kamins, J., Borgmann-Winter, K. E., & Siegel, S. J. (2006). 

Altered neuregulin 1–erbB4 signaling contributes to NMDA> receptor 

hypofunction in schizophrenia. Nature medicine, 12(7), 824-828.  

Haijma, S. V., Van Haren, N., Cahn, W., Koolschijn, P. C. M., Hulshoff Pol, H. E., & 

Kahn, R. S. (2013). Brain volumes in schizophrenia: a meta-analysis in over 

18 000 subjects. Schizophrenia Bulletin, 39(5), 1129-1138.  

Hainmueller, T., & Bartos, M. (2018). Parallel emergence of stable and dynamic 

memory engrams in the hippocampus. Nature, 558(7709), 292-296.  

Hall, F., Wilkinson, L. S., Humby, T., Inglis, W., Kendall, D., Marsden, C., & 

Robbins, T. (1998). Isolation rearing in rats: pre-and postsynaptic changes in 

striatal dopaminergic systems. Pharmacology Biochemistry and Behavior, 

59(4), 859-872.  

Hanlon, F. M., Weisend, M. P., Hamilton, D. A., Jones, A. P., Thoma, R. J., Huang, 

M., Martin, K., Yeo, R. A., Miller, G. A., & Cañive, J. M. (2006). Impairment 

on the hippocampal-dependent virtual Morris water task in schizophrenia. 

Schizophrenia research, 87(1-3), 67-80.  

Happé, F., & Frith, U. (2006). The weak coherence account: detail-focused cognitive 

style in autism spectrum disorders. Journal of autism and developmental 

disorders, 36(1), 5-25.  

Harasta, A. E., Power, J. M., Von Jonquieres, G., Karl, T., Drucker, D. J., Housley, G. 

D., Schneider, M., & Klugmann, M. (2015). Septal glucagon-like peptide 1 

receptor expression determines suppression of cocaine-induced behavior. 

Neuropsychopharmacology, 40(8), 1969-1978.  

Harris, K. D. (2005). Neural signatures of cell assembly organization. Nature Reviews 

Neuroscience, 6(5), 399-407.  

Harris, K. D., Henze, D. A., Hirase, H., Leinekugel, X., Dragoi, G., Czurkó, A., & 

Buzsáki, G. (2002). Spike train dynamics predicts theta-related phase 

precession in hippocampal pyramidal cells. Nature, 417(6890), 738-741.  

Harrison, G., Hopper, K., Craig, T., Laska, E., Siegel, C., Wanderling, J., Dube, K., 

Ganev, K., Giel, R., & Der Heiden, W. A. (2001). Recovery from psychotic 

illness: a 15-and 25-year international follow-up study. The British Journal of 

Psychiatry, 178(6), 506-517.  

Harrison, P. J. (2004). The hippocampus in schizophrenia: a review of the 

neuropathological evidence and its pathophysiological implications. 

Psychopharmacology, 174(1), 151-162.  

Harrison, P. J. (2015). Recent genetic findings in schizophrenia and their therapeutic 

relevance. Journal of psychopharmacology, 29(2), 85-96.  

Harvey, L., & Boksa, P. (2014). Do prenatal immune activation and maternal iron 

deficiency interact to affect neurodevelopment and early behavior in rat 

offspring? Brain, behavior, and immunity, 35, 144-154.  

Harvey, P. D. (2014). Disability in schizophrenia: contributing factors and validated 

assessments. The Journal of clinical psychiatry, 75, 15-20.  

Hassabis, D., Kumaran, D., Vann, S. D., & Maguire, E. A. (2007). Patients with 

hippocampal amnesia cannot imagine new experiences. Proceedings of the 

National Academy of Sciences, 104(5), 1726-1731.  



212 

 

Hasselmo, M. E., Bodelón, C., & Wyble, B. P. (2002). A proposed function for 

hippocampal theta rhythm: separate phases of encoding and retrieval enhance 

reversal of prior learning. Neural computation, 14(4), 793-817.  

Heath, R. G., & Peacock, J. (2013). ADDENDUM E. 

ELECTROENCEPHALOGRAMS AND SUBCORTICOGRAMS 

RECORDED SINCE THE JUNE 1952 MEETINGS. In Studies in 

Schizophrenia (pp. 573-608): Harvard University Press. 

Heath, R. G., & Walker, C. F. (1985). Correlation of deep and surface 

electroencephalograms with psychosis and hallucinations in schizophrenics: a 

report of two cases. Biological psychiatry.  

Hebb, D. O. (2005). The organization of behavior: A neuropsychological theory: 

Psychology Press. 

Heckers, S. (2001). Neuroimaging studies of the hippocampus in schizophrenia. 

Hippocampus, 11(5), 520-528.  

Heckers, S., & Konradi, C. (2002). Hippocampal neurons in schizophrenia. Journal of 

neural transmission, 109(5), 891-905.  

Heckers, S., Rauch, S., Goff, D., Savage, C., Schacter, D., Fischman, A., & Alpert, N. 

(1998). Impaired recruitment of the hippocampus during conscious 

recollection in schizophrenia. Nature neuroscience, 1(4), 318-323.  

Heerey, E. A., Matveeva, T. M., & Gold, J. M. (2011). Imagining the future: degraded 

representations of future rewards and events in schizophrenia. Journal of 

abnormal psychology, 120(2), 483.  

Hegarty, J. D., Baldessarini, R. J., Tohen, M., Waternaux, C., & Oepen, G. (1994). 

One hundred years of schizophrenia: a meta-analysis of the outcome literature. 

American Journal of Psychiatry, 151(10), 1409-1416.  

Heinrichs, R. W., & Zakzanis, K. K. (1998). Neurocognitive deficit in schizophrenia: 

a quantitative review of the evidence. Neuropsychology, 12(3), 426.  

Hellstrom, I. C., Danik, M., Luheshi, G. N., & Williams, S. (2005). Chronic LPS 

exposure produces changes in intrinsic membrane properties and a sustained 

IL‐β‐dependent increase in GABAergic inhibition in hippocampal CA1 

pyramidal neurons. Hippocampus, 15(5), 656-664.  

Heusser, A. C., Poeppel, D., Ezzyat, Y., & Davachi, L. (2016). Episodic sequence 

memory is supported by a theta–gamma phase code. Nature neuroscience, 

19(10), 1374.  

Hirase, H., Czurkó, A., Mamiya, A., & Buzsáki, G. (1999). Fast network oscillations 

in the hippocampal CA1 region of the behaving rat. Journal of Neuroscience, 

19(16), RC20-RC20.  

Hok, V., Lenck-Santini, P.-P., Roux, S., Save, E., Muller, R. U., & Poucet, B. (2007). 

Goal-related activity in hippocampal place cells. Journal of Neuroscience, 

27(3), 472-482.  

Hollup, S. A., Molden, S., Donnett, J. G., Moser, M.-B., & Moser, E. I. (2001). 

Accumulation of hippocampal place fields at the goal location in an annular 

watermaze task. Journal of Neuroscience, 21(5), 1635-1644.  

Holthausen, E. A., Wiersma, D., Sitskoorn, M. M., Dingemans, P. M., Schene, A. H., 

& van den Bosch, R. J. (2003). Long-term memory deficits in schizophrenia: 

primary or secondary dysfunction? Neuropsychology, 17(4), 539.  

Homayoun, H., & Moghaddam, B. (2007). NMDA receptor hypofunction produces 

opposite effects on prefrontal cortex interneurons and pyramidal neurons. 

Journal of Neuroscience, 27(43), 11496-11500.  



213 

 

Hor, K., & Taylor, M. (2010). Suicide and schizophrenia: a systematic review of rates 

and risk factors. Journal of psychopharmacology, 24(4_suppl), 81-90.  

Howe, A. G., & Blair, H. T. (2020). Excitatory and inhibitory modulation of septal 

and striatal neurons during hippocampal sharp-wave ripple events. bioRxiv.  

Howe, M. W., Tierney, P. L., Sandberg, S. G., Phillips, P. E., & Graybiel, A. M. 

(2013). Prolonged dopamine signalling in striatum signals proximity and value 

of distant rewards. Nature, 500(7464), 575.  

Howes, O. D., & Kapur, S. (2009). The dopamine hypothesis of schizophrenia: 

version III—the final common pathway. Schizophrenia bulletin, 35(3), 549-

562.  

Howes, O. D., Montgomery, A. J., Asselin, M.-C., Murray, R. M., Grasby, P. M., & 

Mcguire, P. K. (2007). Molecular imaging studies of the striatal dopaminergic 

system in psychosis and predictions for the prodromal phase of psychosis. The 

British Journal of Psychiatry, 191(S51), s13-s18.  

Howes, O. D., Montgomery, A. J., Asselin, M.-C., Murray, R. M., Valli, I., 

Tabraham, P., Bramon-Bosch, E., Valmaggia, L., Johns, L., & Broome, M. 

(2009). Elevated striatal dopamine function linked to prodromal signs of 

schizophrenia. Archives of general psychiatry, 66(1), 13-20.  

Howland, J., Cazakoff, B., & Zhang, Y. (2012). Altered object-in-place recognition 

memory, prepulse inhibition, and locomotor activity in the offspring of rats 

exposed to a viral mimetic during pregnancy. Neuroscience, 201, 184-198.  

Hu, W., MacDonald, M. L., Elswick, D. E., & Sweet, R. A. (2015). The glutamate 

hypothesis of schizophrenia: evidence from human brain tissue studies. Annals 

of the New York Academy of Sciences, 1338(1), 38.  

Humphries, M. D., Wood, R., & Gurney, K. (2009). Dopamine-modulated dynamic 

cell assemblies generated by the GABAergic striatal microcircuit. Neural 

networks, 22(8), 1174-1188.  

Hunsaker, M. R., Lee, B., & Kesner, R. P. (2008). Evaluating the temporal context of 

episodic memory: the role of CA3 and CA1. Behavioural brain research, 

188(2), 310-315.  

Huron, C., & Danion, J.-M. (2002). Impairment of constructive memory in 

schizophrenia. International Clinical Psychopharmacology, 17(3), 127-133.  

Huxter, J., Burgess, N., & O'Keefe, J. (2003). Independent rate and temporal coding 

in hippocampal pyramidal cells. Nature, 425(6960), 828-832.  

Huxter, J. R., Senior, T. J., Allen, K., & Csicsvari, J. (2008). Theta phase–specific 

codes for two-dimensional position, trajectory and heading in the 

hippocampus. Nature neuroscience, 11(5), 587.  

Inostroza, M., & Born, J. (2013). Sleep for preserving and transforming episodic 

memory. Annual review of neuroscience, 36, 79-102.  

Insel, T. R. (2010). Rethinking schizophrenia. Nature, 468(7321), 187-193.  

Ito, H. T., Smith, S. E., Hsiao, E., & Patterson, P. H. (2010). Maternal immune 

activation alters nonspatial information processing in the hippocampus of the 

adult offspring. Brain, behavior, and immunity, 24(6), 930-941.  

Itskov, V., Pastalkova, E., Mizuseki, K., Buzsaki, G., & Harris, K. D. (2008). Theta-

mediated dynamics of spatial information in hippocampus. Journal of 

Neuroscience, 28(23), 5959-5964.  

Jablensky, A. (2000). Epidemiology of schizophrenia: the global burden of disease 

and disability. European archives of psychiatry and clinical neuroscience, 

250(6), 274-285.  



214 

 

Jackson, M. E., Homayoun, H., & Moghaddam, B. (2004). NMDA receptor 

hypofunction produces concomitant firing rate potentiation and burst activity 

reduction in the prefrontal cortex. Proceedings of the National Academy of 

Sciences, 101(22), 8467-8472.  

Jacobs, J. (2014). Hippocampal theta oscillations are slower in humans than in 

rodents: implications for models of spatial navigation and memory. Phil. 

Trans. R. Soc. B, 369(1635), 20130304.  

Jacobs, N. S., Allen, T. A., Nguyen, N., & Fortin, N. J. (2013). Critical role of the 

hippocampus in memory for elapsed time. Journal of Neuroscience, 33(34), 

13888-13893.  

Jadhav, S. P., Kemere, C., German, P. W., & Frank, L. M. (2012). Awake 

hippocampal sharp-wave ripples support spatial memory. Science, 336(6087), 

1454-1458.  

Jaramillo, J., & Kempter, R. (2017). Phase precession: a neural code underlying 

episodic memory? Current opinion in neurobiology, 43, 130-138.  

Jardri, R., & Denève, S. (2013). Circular inferences in schizophrenia. Brain, 136(11), 

3227-3241.  

Javitt, D. C. (2009). Sensory processing in schizophrenia: neither simple nor intact. 

Schizophrenia bulletin, 35(6), 1059-1064.  

Javitt, D. C., & Zukin, S. R. (1991). Recent advances in the phencyclidine model of 

schizophrenia. The American journal of psychiatry.  

Jeewajee, A., Barry, C., Douchamps, V., Manson, D., Lever, C., & Burgess, N. 

(2014). Theta phase precession of grid and place cell firing in open 

environments. Philosophical Transactions of the Royal Society B: Biological 

Sciences, 369(1635), 20120532.  

Jeffery, K. J., Gilbert, A., Burton, S., & Strudwick, A. (2003). Preserved performance 

in a hippocampal‐dependent spatial task despite complete place cell 

remapping. Hippocampus, 13(2), 175-189.  

Jensen, O., & Lisman, J. E. (1996). Hippocampal CA3 region predicts memory 

sequences: accounting for the phase precession of place cells. Learning & 

Memory, 3(2-3), 279-287.  

Jensen, O., & Lisman, J. E. (2000). Position reconstruction from an ensemble of 

hippocampal place cells: contribution of theta phase coding. Journal of 

neurophysiology, 83(5), 2602-2609.  

Jezek, K., Henriksen, E. J., Treves, A., Moser, E. I., & Moser, M.-B. (2011). Theta-

paced flickering between place-cell maps in the hippocampus. Nature, 

478(7368), 246-249.  

Jiang, J. X., Liu, H., Huang, Z. Z., Cui, Y., Zhang, X. Q., Zhang, X. L., Cui, Y., & 

Xin, W. J. (2018). The role of CA3‐LS‐VTA loop in the formation of 

conditioned place preference induced by context‐associated reward memory 

for morphine. Addiction biology, 23(1), 41-54.  

Johnson, A., & Redish, A. D. (2007). Neural ensembles in CA3 transiently encode 

paths forward of the animal at a decision point. Journal of Neuroscience, 

27(45), 12176-12189.  

Jones, C. R., & Jahanshahi, M. (2009). The substantia nigra, the basal ganglia, 

dopamine and temporal processing. In Birth, Life and Death of Dopaminergic 

Neurons in the Substantia Nigra (pp. 161-171): Springer. 

Jones, M. W., & Wilson, M. A. (2005). Phase precession of medial prefrontal cortical 

activity relative to the hippocampal theta rhythm. Hippocampus, 15(7), 867-

873.  



215 

 

Juckel, G., Schlagenhauf, F., Koslowski, M., Wüstenberg, T., Villringer, A., Knutson, 

B., Wrase, J., & Heinz, A. (2006). Dysfunction of ventral striatal reward 

prediction in schizophrenia. Neuroimage, 29(2), 409-416.  

Jutras, M. J., Fries, P., & Buffalo, E. A. (2009). Gamma-band synchronization in the 

macaque hippocampus and memory formation. Journal of Neuroscience, 

29(40), 12521-12531.  

Kaefer, K., Malagon‐Vina, H., Dickerson, D. D., O'Neill, J., Trossbach, S. V., Korth, 

C., & Csicsvari, J. (2019). Disrupted‐in‐schizophrenia 1 overexpression 

disrupts hippocampal coding and oscillatory synchronization. Hippocampus.  

Kahn, R., Sommer, I., Murray, R., Meyer-Lindenberg, A., Weinberger, D., Cannon, 

T., O’Donovan, M., Correl, C., Kane, J., & van Os, J. (2015). Schizophrenia. 

Nature Reviews Disease Primers. Nov, 12(1), 15067.  

Kahn, R. S., & Keefe, R. S. (2013). Schizophrenia is a cognitive illness: time for a 

change in focus. JAMA psychiatry, 70(10), 1107-1112.  

Kamondi, A., Acsády, L., Wang, X. J., & Buzsáki, G. (1998). Theta oscillations in 

somata and dendrites of hippocampal pyramidal cells in vivo: Activity‐

dependent phase‐precession of action potentials. Hippocampus, 8(3), 244-261.  

Kao, H.-Y., Dvořák, D., Park, E., Kenney, J., Kelemen, E., & Fenton, A. A. (2017). 

Phencyclidine discoordinates hippocampal network activity but not place 

fields. Journal of Neuroscience, 37(49), 12031-12049.  

Kaplan, R., Doeller, C. F., Barnes, G. R., Litvak, V., Düzel, E., Bandettini, P. A., & 

Burgess, N. (2012). Movement-related theta rhythm in humans: coordinating 

self-directed hippocampal learning. PLoS Biol, 10(2), e1001267.  

Kaplan, R., Tauste Campo, A., Bush, D., King, J., Principe, A., Koster, R., Ley 

Nacher, M., Rocamora, R., & Friston, K. J. (2020). Human hippocampal theta 

oscillations reflect sequential dependencies during spatial planning. Cognitive 

neuroscience, 11(3), 122-131.  

Karlsson, P., Farde, L., Halldin, C., & Sedvall, G. (2002). PET study of D1 dopamine 

receptor binding in neuroleptic-naive patients with schizophrenia. American 

Journal of Psychiatry, 159(5), 761-767.  

Kazdoba, T., Leach, P., & Crawley, J. (2016). Behavioral phenotypes of genetic 

mouse models of autism. Genes, Brain and Behavior, 15(1), 7-26.  

Kelly, D. L., McMahon, R. P., Wehring, H. J., Liu, F., Mackowick, K. M., Boggs, D. 

L., Warren, K. R., Feldman, S., Shim, J.-C., & Love, R. C. (2011). Cigarette 

smoking and mortality risk in people with schizophrenia. Schizophrenia 

bulletin, 37(4), 832-838.  

Kempter, R., Leibold, C., Buzsáki, G., Diba, K., & Schmidt, R. (2012). Quantifying 

circular–linear associations: Hippocampal phase precession. Journal of 

neuroscience methods, 207(1), 113-124.  

Kéri, S., Kelemen, O., Benedek, G., & Janka, Z. (2001). Different trait markers for 

schizophrenia and bipolar disorder: a neurocognitive approach. Psychological 

medicine, 31(5), 915-922.  

Keshavan, M. S., Anderson, S., & Pettergrew, J. W. (1994). Is schizophrenia due to 

excessive synaptic pruning in the prefrontal cortex? The Feinberg hypothesis 

revisited. Journal of psychiatric research, 28(3), 239-265.  

Kestler, L., Walker, E., & Vega, E. (2001). Dopamine receptors in the brains of 

schizophrenia patients: a meta-analysis of the findings. Behavioural 

pharmacology, 12(5), 355-371.  



216 

 

Khandaker, G. M., Barnett, J. H., White, I. R., & Jones, P. B. (2011). A quantitative 

meta-analysis of population-based studies of premorbid intelligence and 

schizophrenia. Schizophrenia research, 132(2-3), 220-227.  

Khashan, A. S., Abel, K. M., McNamee, R., Pedersen, M. G., Webb, R. T., Baker, P. 

N., Kenny, L. C., & Mortensen, P. B. (2008). Higher risk of offspring 

schizophrenia following antenatal maternal exposure to severe adverse life 

events. Archives of general psychiatry, 65(2), 146-152.  

Khemka, S., Barnes, G., Dolan, R. J., & Bach, D. R. (2017). Dissecting the function 

of hippocampal oscillations in a human anxiety model. Journal of 

Neuroscience, 37(29), 6869-6876.  

Kim, J., Kornhuber, H., Schmid-Burgk, W., & Holzmüller, B. (1980). Low 

cerebrospinal fluid glutamate in schizophrenic patients and a new hypothesis 

on schizophrenia. Neuroscience letters, 20(3), 379-382.  

Kim, T., Lee, K.-H., Oh, H., Lee, T. Y., Cho, K. I. K., Lee, J., & Kwon, J. S. (2018). 

Cerebellar structural abnormalities associated with cognitive function in 

patients with first-episode psychosis. Frontiers in psychiatry, 9, 286.  

Kincaid, D. L., Doris, M., Shannon, C., & Mulholland, C. (2017). What is the 

prevalence of autism spectrum disorder and ASD traits in psychosis? A 

systematic review. Psychiatry research, 250, 99-105.  

King, B. H., & Lord, C. (2011). Is schizophrenia on the autism spectrum? Brain 

research, 1380, 34-41.  

Kjelstrup, K. B., Solstad, T., Brun, V. H., Hafting, T., Leutgeb, S., Witter, M. P., 

Moser, E. I., & Moser, M.-B. (2008). Finite scale of spatial representation in 

the hippocampus. Science, 321(5885), 140-143.  

Kleinmans, M., & Bilkey, D. K. (2018). Reversal learning impairments in the 

maternal immune activation rat model of schizophrenia. Behavioral 

neuroscience, 132(6), 520.  

Knierim, J. J. (2002). Dynamic interactions between local surface cues, distal 

landmarks, and intrinsic circuitry in hippocampal place cells. Journal of 

Neuroscience, 22(14), 6254-6264.  

Knierim, J. J. (2006). Neural representations of location outside the hippocampus. 

Learning & Memory, 13(4), 405-415.  

Knierim, J. J., & Rao, G. (2003). Distal landmarks and hippocampal place cells: 

effects of relative translation versus rotation. Hippocampus, 13(5), 604-617.  

Knuesel, I., Chicha, L., Britschgi, M., Schobel, S. A., Bodmer, M., Hellings, J. A., 

Toovey, S., & Prinssen, E. P. (2014). Maternal immune activation and 

abnormal brain development across CNS disorders. Nature Reviews 

Neurology, 10(11), 643.  

Koenig, J. I., Kirkpatrick, B., & Lee, P. (2002). Glucocorticoid hormones and early 

brain development in schizophrenia. Neuropsychopharmacology, 27(2), 309-

318.  

Konradi, C., & Heckers, S. (2003). Molecular aspects of glutamate dysregulation: 

implications for schizophrenia and its treatment. Pharmacology & 

therapeutics, 97(2), 153-179.  

Kraus, B. J., Robinson II, R. J., White, J. A., Eichenbaum, H., & Hasselmo, M. E. 

(2013). Hippocampal “time cells”: time versus path integration. Neuron, 

78(6), 1090-1101.  

Krystal, J. H., Karper, L. P., Seibyl, J. P., Freeman, G. K., Delaney, R., Bremner, J. 

D., Heninger, G. R., Bowers, M. B., & Charney, D. S. (1994). Subanesthetic 

effects of the noncompetitive NMDA antagonist, ketamine, in humans: 



217 

 

psychotomimetic, perceptual, cognitive, and neuroendocrine responses. 

Archives of general psychiatry, 51(3), 199-214.  

Kubie, J. L., & Muller, R. U. (1991). Multiple representations in the hippocampus. 

Hippocampus, 1(3), 240-242.  

Kullback, S., & Leibler, R. A. (1951). On information and sufficiency. The annals of 

mathematical statistics, 22(1), 79-86.  

Kwon, J. S., Shenton, M. E., Hirayasu, Y., Salisbury, D. F., Fischer, I. A., Dickey, C. 

C., Yurgelun-Todd, D., Tohen, M., Kikinis, R., & Jolesz, F. A. (1998). MRI 

study of cavum septi pellucidi in schizophrenia, affective disorder, and 

schizotypal personality disorder. American Journal of Psychiatry, 155(4), 509-

515.  

Lai, C. L. E., Lau, Z., Lui, S. S., Lok, E., Tam, V., Chan, Q., Cheng, K. M., Lam, S. 

M., & Cheung, E. F. (2017). Meta‐analysis of neuropsychological measures of 

executive functioning in children and adolescents with high‐functioning 

autism spectrum disorder. Autism Research, 10(5), 911-939.  

Landfield, P. W., McGaugh, J. L., & Tusa, R. J. (1972). Theta rhythm: a temporal 

correlate of memory storage processes in the rat. Science, 175(4017), 87-89.  

Landry, O., & Al-Taie, S. (2016). A meta-analysis of the Wisconsin Card Sort Task in 

autism. Journal of autism and developmental disorders, 46(4), 1220-1235.  

Lansink, C. S., Goltstein, P. M., Lankelma, J. V., McNaughton, B. L., & Pennartz, C. 

M. (2009). Hippocampus leads ventral striatum in replay of place-reward 

information. PLoS biology, 7(8).  

Lansink, C. S., Meijer, G. T., Lankelma, J. V., Vinck, M. A., Jackson, J. C., & 

Pennartz, C. M. (2016). Reward expectancy strengthens CA1 theta and beta 

band synchronization and hippocampal-ventral striatal coupling. Journal of 

Neuroscience, 36(41), 10598-10610.  

Larson, J., & Munkácsy, E. (2015). Theta-burst LTP. Brain research, 1621, 38-50.  

Laughlin, R. B., Pines, D., Schmalian, J., Stojković, B. P., & Wolynes, P. (2000). The 

middle way. Proceedings of the National Academy of Sciences, 97(1), 32-37.  

Laursen, T. M., Nordentoft, M., & Mortensen, P. B. (2014). Excess early mortality in 

schizophrenia. Annual review of clinical psychology, 10, 425-448.  

Leavitt, V. M., & Goldberg, T. E. (2009). Episodic memory in schizophrenia. 

Neuropsychology review, 19(3), 312-323.  

Ledoux, A.-A., Phillips, J. L., Labelle, A., Smith, A., Bohbot, V. D., & Boyer, P. 

(2013). Decreased fMRI activity in the hippocampus of patients with 

schizophrenia compared to healthy control participants, tested on a wayfinding 

task in a virtual town. Psychiatry Research: Neuroimaging, 211(1), 47-56.  

Lee, A. K., & Wilson, M. A. (2002). Memory of sequential experience in the 

hippocampus during slow wave sleep. Neuron, 36(6), 1183-1194.  

Lee, E., Lee, J., & Kim, E. (2017). Excitation/inhibition imbalance in animal models 

of autism spectrum disorders. Biological psychiatry, 81(10), 838-847.  

Lee, H., Dvorak, D., Kao, H.-Y., Duffy, Á. M., Scharfman, H. E., & Fenton, A. A. 

(2012). Early cognitive experience prevents adult deficits in a 

neurodevelopmental schizophrenia model. Neuron, 75(4), 714-724.  

Lee, I., Griffin, A. L., Zilli, E. A., Eichenbaum, H., & Hasselmo, M. E. (2006). 

Gradual translocation of spatial correlates of neuronal firing in the 

hippocampus toward prospective reward locations. Neuron, 51(5), 639-650.  

Lee, I., Jerman, T. S., & Kesner, R. P. (2005). Disruption of delayed memory for a 

sequence of spatial locations following CA1-or CA3-lesions of the dorsal 

hippocampus. Neurobiology of learning and memory, 84(2), 138-147.  



218 

 

Lee, I., Rao, G., & Knierim, J. J. (2004). A double dissociation between hippocampal 

subfields: differential time course of CA3 and CA1 place cells for processing 

changed environments. Neuron, 42(5), 803-815.  

Lee, J., & Park, S. (2005). Working memory impairments in schizophrenia: a meta-

analysis. Journal of abnormal psychology, 114(4), 599.  

Lega, B. C., Jacobs, J., & Kahana, M. (2012). Human hippocampal theta oscillations 

and the formation of episodic memories. Hippocampus, 22(4), 748-761.  

Lenck-Santini, P.-P., Fenton, A. A., & Muller, R. U. (2008). Discharge properties of 

hippocampal neurons during performance of a jump avoidance task. Journal 

of Neuroscience, 28(27), 6773-6786.  

Lenck-Santini, P.-P., & Holmes, G. L. (2008). Altered phase precession and 

compression of temporal sequences by place cells in epileptic rats. Journal of 

Neuroscience, 28(19), 5053-5062.  

Leroy, F., Park, J., Asok, A., Brann, D. H., Meira, T., Boyle, L. M., Buss, E. W., 

Kandel, E. R., & Siegelbaum, S. A. (2018). A circuit from hippocampal CA2 

to lateral septum disinhibits social aggression. Nature, 564(7735), 213-218.  

Leucht, S., Cipriani, A., Spineli, L., Mavridis, D., Örey, D., Richter, F., Samara, M., 

Barbui, C., Engel, R. R., & Geddes, J. R. (2013). Comparative efficacy and 

tolerability of 15 antipsychotic drugs in schizophrenia: a multiple-treatments 

meta-analysis. The lancet, 382(9896), 951-962.  

Leutgeb, J. K., Leutgeb, S., Moser, M.-B., & Moser, E. I. (2007). Pattern separation in 

the dentate gyrus and CA3 of the hippocampus. Science, 315(5814), 961-966.  

Leutgeb, J. K., Leutgeb, S., Treves, A., Meyer, R., Barnes, C. A., McNaughton, B. L., 

Moser, M.-B., & Moser, E. I. (2005). Progressive transformation of 

hippocampal neuronal representations in “morphed” environments. Neuron, 

48(2), 345-358.  

Leutgeb, S., & Mizumori, S. (2002). Context-specific spatial representations by 

lateral septal cells. Neuroscience, 112(3), 655-663.  

Li, B., Woo, R.-S., Mei, L., & Malinow, R. (2007). The neuregulin-1 receptor erbB4 

controls glutamatergic synapse maturation and plasticity. Neuron, 54(4), 583-

597.  

Li, Q., Clark, S., Lewis, D. V., & Wilson, W. A. (2002). NMDA receptor antagonists 

disinhibit rat posterior cingulate and retrosplenial cortices: a potential 

mechanism of neurotoxicity. Journal of Neuroscience, 22(8), 3070-3080.  

Li, Y., Missig, G., Finger, B. C., Landino, S. M., Alexander, A. J., Mokler, E. L., 

Robbins, J. O., Manasian, Y., Kim, W., & Kim, K.-S. (2018). Maternal and 

early postnatal immune activation produce dissociable effects on 

neurotransmission in mPFC–amygdala circuits. Journal of Neuroscience, 

38(13), 3358-3372.  

Li, Y., Shen, M., Stockton, M. E., & Zhao, X. (2019). Hippocampal deficits in 

neurodevelopmental disorders. Neurobiology of learning and memory, 165, 

106945.  

Lichtenstein, P., Yip, B. H., Björk, C., Pawitan, Y., Cannon, T. D., Sullivan, P. F., & 

Hultman, C. M. (2009). Common genetic determinants of schizophrenia and 

bipolar disorder in Swedish families: a population-based study. The lancet, 

373(9659), 234-239.  

Light, G. A., Hsu, J. L., Hsieh, M. H., Meyer-Gomes, K., Sprock, J., Swerdlow, N. R., 

& Braff, D. L. (2006). Gamma band oscillations reveal neural network cortical 

coherence dysfunction in schizophrenia patients. Biological psychiatry, 

60(11), 1231-1240.  



219 

 

Lins, B. R., Hurtubise, J. L., Roebuck, A. J., Marks, W. N., Zabder, N. K., Scott, G. 

A., Greba, Q., Dawicki, W., Zhang, X., & Rudulier, C. D. (2018). Prospective 

analysis of the effects of maternal immune activation on rat cytokines during 

pregnancy and behavior of the male offspring relevant to schizophrenia. 

ENeuro.  

Lipska, B. K., & Weinberger, D. R. (2002). A neurodevelopmental model of 

schizophrenia: neonatal disconnection of the hippocampus. Neurotoxicity 

research, 4(5), 469-475.  

Lisman, J. (2005). The theta/gamma discrete phase code occuring during the 

hippocampal phase precession may be a more general brain coding scheme. 

Hippocampus, 15(7), 913-922.  

Lisman, J. (2012). Excitation, inhibition, local oscillations, or large-scale loops: what 

causes the symptoms of schizophrenia? Current opinion in neurobiology, 

22(3), 537-544.  

Lisman, J., & Buzsáki, G. (2008). A neural coding scheme formed by the combined 

function of gamma and theta oscillations. Schizophrenia bulletin, 34(5), 974-

980.  

Lisman, J., & Redish, A. D. (2009). Prediction, sequences and the hippocampus. 

Philosophical Transactions of the Royal Society B: Biological Sciences, 

364(1521), 1193-1201.  

Lisman, J. E., & Idiart, M. A. (1995). Storage of 7+/-2 short-term memories in 

oscillatory subcycles. Science, 267(5203), 1512-1515.  

Lisman, J. E., & Jensen, O. (2013). The theta-gamma neural code. Neuron, 77(6), 

1002-1016.  

Liu, Y., Curtis, J. T., & Wang, Z. (2001). Vasopressin in the lateral septum regulates 

pair bond formation in male prairie voles (Microtus ochrogaster). Behavioral 

neuroscience, 115(4), 910.  

Lodge, D. J., Behrens, M. M., & Grace, A. A. (2009). A loss of parvalbumin-

containing interneurons is associated with diminished oscillatory activity in an 

animal model of schizophrenia. Journal of Neuroscience, 29(8), 2344-2354.  

Lodge, D. J., & Grace, A. A. (2007). Aberrant hippocampal activity underlies the 

dopamine dysregulation in an animal model of schizophrenia. Journal of 

Neuroscience, 27(42), 11424-11430.  

Lodge, D. J., & Grace, A. A. (2008). Hippocampal dysfunction and disruption of 

dopamine system regulation in an animal model of schizophrenia. 

Neurotoxicity research, 14(2), 97-104.  

Lopez, A. D., Mathers, C. D., Ezzati, M., Jamison, D. T., & Murray, C. J. (2006). 

Global burden of disease and risk factors: The World Bank. 

Lorrain, D., Baccei, C., Bristow, L., Anderson, J., & Varney, M. (2003). Effects of 

ketamine and N-methyl-D-aspartate on glutamate and dopamine release in the 

rat prefrontal cortex: modulation by a group II selective metabotropic 

glutamate receptor agonist LY379268. Neuroscience, 117(3), 697-706.  

Losonczy, A., Zemelman, B. V., Vaziri, A., & Magee, J. C. (2010). Network 

mechanisms of theta related neuronal activity in hippocampal CA1 pyramidal 

neurons. Nature neuroscience, 13(8), 967-972.  

Lowe, G. C., Luheshi, G. N., & Williams, S. (2008). Maternal infection and fever 

during late gestation are associated with altered synaptic transmission in the 

hippocampus of juvenile offspring rats. American Journal of Physiology-

Regulatory, Integrative and Comparative Physiology, 295(5), R1563-R1571.  



220 

 

Lubenov, E. V., & Siapas, A. G. (2009). Hippocampal theta oscillations are travelling 

waves. Nature, 459(7246), 534.  

Luchicchi, A., Lecca, S., Melis, M., De Felice, M., Cadeddu, F., Frau, R., Muntoni, 

A. L., Fadda, P., Devoto, P., & Pistis, M. (2016). Maternal immune activation 

disrupts dopamine system in the offspring. International Journal of 

Neuropsychopharmacology, 19(7), pyw007.  

Luo, A. H., Tahsili-Fahadan, P., Wise, R. A., Lupica, C. R., & Aston-Jones, G. 

(2011). Linking context with reward: a functional circuit from hippocampal 

CA3 to ventral tegmental area. Science, 333(6040), 353-357.  

Luts, A., Jönsson, S., Guldberg‐Kjaer, N., & Brun, A. (1998). Uniform abnormalities 

in the hippocampus of five chronic schizophrenic men compared with age‐

matched controls. Acta Psychiatrica Scandinavica, 98(1), 60-64.  

Lynch, M. A. (2004). Long-term potentiation and memory. Physiological reviews, 

84(1), 87-136.  

MacCabe, J., Lambe, M., Cnattingius, S., Torrång, A., Björk, C., Sham, P., David, A., 

Murray, R., & Hultman, C. (2008). Scholastic achievement at age 16 and risk 

of schizophrenia and other psychoses: a national cohort study. Psychological 

medicine, 38(8), 1133-1140.  

Maccaferri, G., & Dingledine, R. (2002). Control of feedforward dendritic inhibition 

by NMDA receptor-dependent spike timing in hippocampal interneurons. 

Journal of Neuroscience, 22(13), 5462-5472.  

MacDonald, C. J., Lepage, K. Q., Eden, U. T., & Eichenbaum, H. (2011). 

Hippocampal “time cells” bridge the gap in memory for discontiguous events. 

Neuron, 71(4), 737-749.  

Machado, C. J., Whitaker, A. M., Smith, S. E., Patterson, P. H., & Bauman, M. D. 

(2015). Maternal immune activation in nonhuman primates alters social 

attention in juvenile offspring. Biological psychiatry, 77(9), 823-832.  

MacQueen, G., & Frodl, T. (2011). The hippocampus in major depression: evidence 

for the convergence of the bench and bedside in psychiatric research? 

Molecular psychiatry, 16(3), 252-264.  

Macrides, F., Eichenbaum, H. B., & Forbes, W. B. (1982). Temporal relationship 

between sniffing and the limbic theta rhythm during odor discrimination 

reversal learning. Journal of Neuroscience, 2(12), 1705-1717.  

Maeda, H. (1994). A theoretical and neurophysiological consideration on the 

pathogenesis of positive symptoms of schizophrenia: implications of 

dopaminergic function in the emotional circuit. Psychiatry and Clinical 

Neurosciences, 48(1), 99-110.  

Magee, J. C. (2001). Dendritic mechanisms of phase precession in hippocampal CA1 

pyramidal neurons. Journal of neurophysiology, 86(1), 528-532.  

Maguire, E. A., Frackowiak, R. S., & Frith, C. D. (1997). Recalling routes around 

London: activation of the right hippocampus in taxi drivers. Journal of 

Neuroscience, 17(18), 7103-7110.  

Maguire, E. A., Gadian, D. G., Johnsrude, I. S., Good, C. D., Ashburner, J., 

Frackowiak, R. S., & Frith, C. D. (2000). Navigation-related structural change 

in the hippocampi of taxi drivers. Proceedings of the National Academy of 

Sciences, 97(8), 4398-4403.  

Maguire, E. A., Nannery, R., & Spiers, H. J. (2006). Navigation around London by a 

taxi driver with bilateral hippocampal lesions. Brain, 129(11), 2894-2907.  

Mann, E. O., & Paulsen, O. (2007). Role of GABAergic inhibition in hippocampal 

network oscillations. Trends in neurosciences, 30(7), 343-349.  



221 

 

Manns, J. R., Zilli, E. A., Ong, K. C., Hasselmo, M. E., & Eichenbaum, H. (2007). 

Hippocampal CA1 spiking during encoding and retrieval: relation to theta 

phase. Neurobiology of learning and memory, 87(1), 9-20.  

Maris, E., van Vugt, M., & Kahana, M. (2011). Spatially distributed patterns of 

oscillatory coupling between high-frequency amplitudes and low-frequency 

phases in human iEEG. Neuroimage, 54(2), 836-850.  

Markus, E. J., Barnes, C. A., McNaughton, B. L., Gladden, V. L., & Skaggs, W. E. 

(1994). Spatial information content and reliability of hippocampal CA1 

neurons: effects of visual input. Hippocampus, 4(4), 410-421.  

Markus, E. J., Qin, Y.-L., Leonard, B., Skaggs, W. E., McNaughton, B. L., & Barnes, 

C. A. (1995). Interactions between location and task affect the spatial and 

directional firing of hippocampal neurons. Journal of Neuroscience, 15(11), 

7079-7094.  

Martig, A. K., & Mizumori, S. J. (2011). Ventral tegmental area disruption selectively 

affects CA1/CA2 but not CA3 place fields during a differential reward 

working memory task. Hippocampus, 21(2), 172-184.  

Martin, B., Wittmann, M., Franck, N., Cermolacce, M., Berna, F., & Giersch, A. 

(2014). Temporal structure of consciousness and minimal self in 

schizophrenia. Frontiers in psychology, 5, 1175.  

Marwaha, S., Johnson, S., Bebbington, P., Stafford, M., Angermeyer, M. C., Brugha, 

T., Azorin, J.-M., Kilian, R., Hansen, K., & Toumi, M. (2007). Rates and 

correlates of employment in people with schizophrenia in the UK, France and 

Germany. The British Journal of Psychiatry, 191(1), 30-37.  

Matthews, N. L., Collins, K. P., Thakkar, K. N., & Park, S. (2014). Visuospatial 

imagery and working memory in schizophrenia. Cognitive neuropsychiatry, 

19(1), 17-35.  

Maurer, A. P., Cowen, S. L., Burke, S. N., Barnes, C. A., & McNaughton, B. L. 

(2006a). Organization of hippocampal cell assemblies based on theta phase 

precession. Hippocampus, 16(9), 785-794.  

Maurer, A. P., Cowen, S. L., Burke, S. N., Barnes, C. A., & McNaughton, B. L. 

(2006b). Phase precession in hippocampal interneurons showing strong 

functional coupling to individual pyramidal cells. Journal of Neuroscience, 

26(52), 13485-13492.  

Maurer, A. P., Lester, A. W., Burke, S. N., Ferng, J. J., & Barnes, C. A. (2014). Back 

to the future: preserved hippocampal network activity during reverse 

ambulation. Journal of Neuroscience, 34(45), 15022-15031.  

Maurer, A. P., VanRhoads, S. R., Sutherland, G. R., Lipa, P., & McNaughton, B. L. 

(2005). Self‐motion and the origin of differential spatial scaling along the 

septo‐temporal axis of the hippocampus. Hippocampus, 15(7), 841-852.  

Maynard, T. M., Sikich, L., Lieberman, J. A., & LaMantia, A.-S. (2001). Neural 

development, cell-cell signaling, and the “two-hit” hypothesis of 

schizophrenia. Schizophrenia bulletin, 27(3), 457-476.  

McEvoy, J. P., Meyer, J. M., Goff, D. C., Nasrallah, H. A., Davis, S. M., Sullivan, L., 

Meltzer, H. Y., Hsiao, J., Stroup, T. S., & Lieberman, J. A. (2005). Prevalence 

of the metabolic syndrome in patients with schizophrenia: baseline results 

from the Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE) 

schizophrenia trial and comparison with national estimates from NHANES III. 

Schizophrenia research, 80(1), 19-32.  



222 

 

McFarland, W. L., Teitelbaum, H., & Hedges, E. K. (1975). Relationship between 

hippocampal theta activity and running speed in the rat. Journal of 

comparative and physiological psychology, 88(1), 324.  

McGlinchey, E. M., & Aston-Jones, G. (2018). Dorsal hippocampus drives context-

induced cocaine seeking via inputs to lateral septum. 

Neuropsychopharmacology, 43(5), 987.  

McGrath, J., Saha, S., Chant, D., & Welham, J. (2008). Schizophrenia: a concise 

overview of incidence, prevalence, and mortality. Epidemiologic reviews, 

30(1), 67-76.  

McGurk, S. R., Green, M. F., Wirshing, W. C., Wirshing, D. A., Marder, S. R., Mintz, 

J., & Kern, R. (2004). Antipsychotic and anticholinergic effects on two types 

of spatial memory in schizophrenia. Schizophrenia research, 68(2-3), 225-

233.  

McKenna, P., Ornstein, T., Baddeley, A., Wilson, B., & Kopelman, M. (2002). 

Handbook of Memory Disorders.  

McNaughton, B. L., Barnes, C. A., & O'Keefe, J. (1983). The contributions of 

position, direction, and velocity to single unit activity in the hippocampus of 

freely-moving rats. Experimental brain research, 52(1), 41-49.  

Meador-Woodruff, J. H., & Healy, D. J. (2000). Glutamate receptor expression in 

schizophrenic brain. Brain Research Reviews, 31(2-3), 288-294.  

Meck, W. H. (1996). Neuropharmacology of timing and time perception. Cognitive 

brain research, 3(3-4), 227-242.  

Meck, W. H., Church, R. M., & Matell, M. S. (2013). Hippocampus, time, and 

memory—A retrospective analysis. Behavioral neuroscience, 127(5), 642.  

Mednick, S., Huttunen, M. O., & Machón, R. A. (1994). Prenatal influenza infections 

and adult schizophrenia. Schizophrenia bulletin, 20(2), 263-267.  

Mehta, M., Lee, A., & Wilson, M. (2002). Role of experience and oscillations in 

transforming a rate code into a temporal code. Nature, 417(6890), 741.  

Mehta, M. R. (2007). Cortico-hippocampal interaction during up-down states and 

memory consolidation. Nature neuroscience, 10(1), 13-15.  

Mehta, M. R. (2015). From synaptic plasticity to spatial maps and sequence learning. 

Hippocampus, 25(6), 756-762.  

Mehta, M. R., Barnes, C. A., & McNaughton, B. L. (1997). Experience-dependent, 

asymmetric expansion of hippocampal place fields. Proceedings of the 

National Academy of Sciences, 94(16), 8918-8921.  

Mehta, M. R., Quirk, M. C., & Wilson, M. A. (2000). Experience-dependent 

asymmetric shape of hippocampal receptive fields. Neuron, 25(3), 707-715.  

Meyer, U., Feldon, J., & Fatemi, S. H. (2009). In-vivo rodent models for the 

experimental investigation of prenatal immune activation effects in 

neurodevelopmental brain disorders. Neuroscience & Biobehavioral Reviews, 

33(7), 1061-1079.  

Meyer, U., Feldon, J., Schedlowski, M., & Yee, B. K. (2005). Towards an immuno-

precipitated neurodevelopmental animal model of schizophrenia. 

Neuroscience & Biobehavioral Reviews, 29(6), 913-947.  

Meyer, U., Feldon, J., & Yee, B. K. (2009). A review of the fetal brain cytokine 

imbalance hypothesis of schizophrenia. Schizophrenia bulletin, 35(5), 959-

972.  

Meyer, U., Nyffeler, M., Yee, B. K., Knuesel, I., & Feldon, J. (2008). Adult brain and 

behavioral pathological markers of prenatal immune challenge during 



223 

 

early/middle and late fetal development in mice. Brain, behavior, and 

immunity, 22(4), 469-486.  

Meyer, U., Schwendener, S., Feldon, J., & Yee, B. K. (2006). Prenatal and postnatal 

maternal contributions in the infection model of schizophrenia. Experimental 

brain research, 173(2), 243-257.  

Middleton, S. J., & McHugh, T. J. (2016). Silencing CA3 disrupts temporal coding in 

the CA1 ensemble. Nature neuroscience, 19(7), 945.  

Miller, G. A. (1956). The magical number seven, plus or minus two: Some limits on 

our capacity for processing information. Psychological Review, 63(2), 81.  

Miller, J. F., Neufang, M., Solway, A., Brandt, A., Trippel, M., Mader, I., Hefft, S., 

Merkow, M., Polyn, S. M., & Jacobs, J. (2013). Neural activity in human 

hippocampal formation reveals the spatial context of retrieved memories. 

Science, 342(6162), 1111-1114.  

Mizumori, S., Perez, G., Alvarado, M., Barnes, C. A., & McNaughton, B. (1990). 

Reversible inactivation of the medial septum differentially affects two forms 

of learning in rats. Brain research, 528(1), 12-20.  

Mizuseki, K., Sirota, A., Pastalkova, E., & Buzsáki, G. (2009). Theta oscillations 

provide temporal windows for local circuit computation in the entorhinal-

hippocampal loop. Neuron, 64(2), 267-280.  

Moghaddam, B., Adams, B., Verma, A., & Daly, D. (1997). Activation of 

glutamatergic neurotransmission by ketamine: a novel step in the pathway 

from NMDA receptor blockade to dopaminergic and cognitive disruptions 

associated with the prefrontal cortex. Journal of Neuroscience, 17(8), 2921-

2927.  

Moghaddam, B., & Adams, B. W. (1998). Reversal of phencyclidine effects by a 

group II metabotropic glutamate receptor agonist in rats. Science, 281(5381), 

1349-1352.  

Moghaddam, B., & Javitt, D. (2012). From revolution to evolution: the glutamate 

hypothesis of schizophrenia and its implication for treatment. 

Neuropsychopharmacology, 37(1), 4-15.  

Moita, M. A., Rosis, S., Zhou, Y., LeDoux, J. E., & Blair, H. T. (2004). Putting fear 

in its place: remapping of hippocampal place cells during fear conditioning. 

Journal of Neuroscience, 24(31), 7015-7023.  

Möller, M., Du Preez, J. L., Viljoen, F. P., Berk, M., Emsley, R., & Harvey, B. H. 

(2013). Social isolation rearing induces mitochondrial, immunological, 

neurochemical and behavioural deficits in rats, and is reversed by clozapine or 

N-acetyl cysteine. Brain, behavior, and immunity, 30, 156-167.  

Moran, L. V., & Hong, L. E. (2011). High vs low frequency neural oscillations in 

schizophrenia. Schizophrenia bulletin, 37(4), 659-663.  

Morgan, D., Grant, K. A., Gage, H. D., Mach, R. H., Kaplan, J. R., Prioleau, O., 

Nader, S. H., Buchheimer, N., Ehrenkaufer, R. L., & Nader, M. A. (2002). 

Social dominance in monkeys: dopamine D 2 receptors and cocaine self-

administration. Nature neuroscience, 5(2), 169-174.  

Morris, R. G., Garrud, P., Rawlins, J. a., & O'Keefe, J. (1982). Place navigation 

impaired in rats with hippocampal lesions. Nature, 297(5868), 681-683.  

Moser, M.-B., Rowland, D. C., & Moser, E. I. (2015). Place cells, grid cells, and 

memory. Cold Spring Harbor perspectives in biology, 7(2), a021808.  

Muessig, L., Lasek, M., Varsavsky, I., Cacucci, F., & Wills, T. J. (2019). Coordinated 

emergence of hippocampal replay and theta sequences during post-natal 

development. Current Biology, 29(5), 834-840. e834.  



224 

 

Mukai, J., Dhilla, A., Drew, L. J., Stark, K. L., Cao, L., MacDermott, A. B., 

Karayiorgou, M., & Gogos, J. A. (2008). Palmitoylation-dependent 

neurodevelopmental deficits in a mouse model of 22q11 microdeletion. 

Nature neuroscience, 11(11), 1302.  

Muller, R. U., & Kubie, J. L. (1987). The effects of changes in the environment on the 

spatial firing of hippocampal complex-spike cells. Journal of Neuroscience, 

7(7), 1951-1968.  

Muller, R. U., Kubie, J. L., Bostock, E., Taube, J., & Quirk, G. (1991). Spatial firing 

correlates of neurons in the hippocampal formation of freely moving rats.  

Murphy, J. W., Foxe, J. J., Peters, J. B., & Molholm, S. (2014). Susceptibility to 

distraction in autism spectrum disorder: Probing the integrity of oscillatory 

alpha‐band suppression mechanisms. Autism Research, 7(4), 442-458.  

Murray, B. G., Davies, D. A., Molder, J. J., & Howland, J. G. (2017). Maternal 

immune activation during pregnancy in rats impairs working memory capacity 

of the offspring. Neurobiology of learning and memory, 141, 150-156.  

Murray, C. J., & Lopez, A. D. (1997). Global mortality, disability, and the 

contribution of risk factors: Global Burden of Disease Study. The lancet, 

349(9063), 1436-1442.  

Murray, J. D., Anticevic, A., Gancsos, M., Ichinose, M., Corlett, P. R., Krystal, J. H., 

& Wang, X.-J. (2014). Linking microcircuit dysfunction to cognitive 

impairment: effects of disinhibition associated with schizophrenia in a cortical 

working memory model. Cerebral Cortex, 24(4), 859-872.  

Myin-Germeys, I., Marcelis, M., Krabbendam, L., Delespaul, P., & van Os, J. (2005). 

Subtle fluctuations in psychotic phenomena as functional states of abnormal 

dopamine reactivity in individuals at risk. Biological psychiatry, 58(2), 105-

110.  

Nakazawa, K., Zsiros, V., Jiang, Z., Nakao, K., Kolata, S., Zhang, S., & Belforte, J. E. 

(2012). GABAergic interneuron origin of schizophrenia pathophysiology. 

Neuropharmacology, 62(3), 1574-1583.  

Navratilova, Z., Hoang, L. T., Schwindel, C. D., Tatsuno, M., & McNaughton, B. L. 

(2012). Experience-dependent firing rate remapping generates directional 

selectivity in hippocampal place cells. Frontiers in neural circuits, 6, 6.  

Neill, J. C., Barnes, S., Cook, S., Grayson, B., Idris, N. F., McLean, S. L., Snigdha, 

S., Rajagopal, L., & Harte, M. K. (2010). Animal models of cognitive 

dysfunction and negative symptoms of schizophrenia: focus on NMDA 

receptor antagonism. Pharmacology & therapeutics, 128(3), 419-432.  

Nenadić, I., Meller, T., Evermann, U., Schmitt, S., Pfarr, J.-K., Abu-Akel, A., & 

Grezellschak, S. (2021). Subclinical schizotypal vs. autistic traits show 

overlapping and diametrically opposed facets in a non-clinical population. 

Schizophrenia research, 231, 32-41.  

Newman, E. L., Gillet, S. N., Climer, J. R., & Hasselmo, M. E. (2013). Cholinergic 

blockade reduces theta-gamma phase amplitude coupling and speed 

modulation of theta frequency consistent with behavioral effects on encoding. 

Journal of Neuroscience, 33(50), 19635-19646.  

Newman, E. L., Venditto, S. J. C., Climer, J. R., Petter, E. A., Gillet, S. N., & Levy, 

S. (2017). Precise spike timing dynamics of hippocampal place cell activity 

sensitive to cholinergic disruption. Hippocampus, 27(10), 1069-1082.  

Nicodemus, K., Marenco, S., Batten, A., Vakkalanka, R., Egan, M., Straub, R., & 

Weinberger, D. (2008). Serious obstetric complications interact with hypoxia-



225 

 

regulated/vascular-expression genes to influence schizophrenia risk. 

Molecular psychiatry, 13(9), 873-877.  

Nicola, W., & Clopath, C. (2019). A diversity of interneurons and Hebbian plasticity 

facilitate rapid compressible learning in the hippocampus. Nature 

neuroscience, 22(7), 1168-1181.  

Nicoll, R. A. (2017). A brief history of long-term potentiation. Neuron, 93(2), 281-

290.  

Niwa, M., Kamiya, A., Murai, R., Kubo, K.-i., Gruber, A. J., Tomita, K., Lu, L., 

Tomisato, S., Jaaro-Peled, H., & Seshadri, S. (2010). Knockdown of DISC1 

by in utero gene transfer disturbs postnatal dopaminergic maturation in the 

frontal cortex and leads to adult behavioral deficits. Neuron, 65(4), 480-489.  

O'Keefe, J. (1976). Place units in the hippocampus of the freely moving rat. 

Experimental neurology, 51(1), 78-109.  

O'Keefe, J., & Conway, D. (1978). Hippocampal place units in the freely moving rat: 

why they fire where they fire. Experimental brain research, 31(4), 573-590.  

O'Keefe, J., & Dostrovsky, J. (1971). The hippocampus as a spatial map: preliminary 

evidence from unit activity in the freely-moving rat. Brain research.  

O'keefe, J., & Nadel, L. (1978). The hippocampus as a cognitive map: Oxford: 

Clarendon Press. 

O'Keefe, J., & Recce, M. L. (1993). Phase relationship between hippocampal place 

units and the EEG theta rhythm. Hippocampus, 3(3), 317-330.  

O'Keefe, J., & Speakman, A. (1987). Single unit activity in the rat hippocampus 

during a spatial memory task. Experimental brain research, 68(1), 1-27.  

O’Leary, C., Desbonnet, L., Clarke, N., Petit, E., Tighe, O., Lai, D., Harvey, R., 

Waddington, J. L., & O’Tuathaigh, C. (2014). Phenotypic effects of maternal 

immune activation and early postnatal milieu in mice mutant for the 

schizophrenia risk gene neuregulin-1. Neuroscience, 277, 294-305.  

Oehrn, C. R., Baumann, C., Fell, J., Lee, H., Kessler, H., Habel, U., Hanslmayr, S., & 

Axmacher, N. (2015). Human hippocampal dynamics during response 

conflict. Current Biology, 25(17), 2307-2313.  

Oh-Nishi, A., Obayashi, S., Sugihara, I., Minamimoto, T., & Suhara, T. (2010). 

Maternal immune activation by polyriboinosinic-polyribocytidilic acid 

injection produces synaptic dysfunction but not neuronal loss in the 

hippocampus of juvenile rat offspring. Brain research, 1363, 170-179.  

Øie, M., Sundet, K., & Rund, B. R. (1999). Contrasts in memory functions between 

adolescents with schizophrenia or ADHD. Neuropsychologia, 37(12), 1351-

1358.  

Okada, S., Igata, H., Sasaki, T., & Ikegaya, Y. (2017). Spatial representation of 

hippocampal place cells in a T-Maze with an aversive stimulation. Frontiers 

in neural circuits, 11, 101.  

Olds, J., & Milner, P. (1954). Positive reinforcement produced by electrical 

stimulation of septal area and other regions of rat brain. Journal of 

comparative and physiological psychology, 47(6), 419.  

Olsen, R. K., Rondina II, R., Riggs, L., Meltzer, J. A., & Ryan, J. D. (2013). 

Hippocampal and neocortical oscillatory contributions to visuospatial binding 

and comparison. Journal of Experimental Psychology: General, 142(4), 1335.  

Olton, D. S., Walker, J. A., & Gage, F. H. (1978). Hippocampal connections and 

spatial discrimination. Brain research, 139(2), 295-308.  



226 

 

Öngür, D., Cullen, T. J., Wolf, D. H., Rohan, M., Barreira, P., Zalesak, M., & 

Heckers, S. (2006). The neural basis of relational memory deficits in 

schizophrenia. Archives of general psychiatry, 63(4), 356-365.  

Ozawa, K., Hashimoto, K., Kishimoto, T., Shimizu, E., Ishikura, H., & Iyo, M. 

(2006). Immune activation during pregnancy in mice leads to dopaminergic 

hyperfunction and cognitive impairment in the offspring: a 

neurodevelopmental animal model of schizophrenia. Biological psychiatry, 

59(6), 546-554.  

Pantelis, C., Velakoulis, D., McGorry, P. D., Wood, S. J., Suckling, J., Phillips, L. J., 

Yung, A. R., Bullmore, E. T., Brewer, W., & Soulsby, B. (2003). 

Neuroanatomical abnormalities before and after onset of psychosis: a cross-

sectional and longitudinal MRI comparison. The lancet, 361(9354), 281-288.  

Park, S., & Holzman, P. S. (1992). Schizophrenics show spatial working memory 

deficits. Archives of general psychiatry, 49(12), 975-982.  

Park, S., Holzman, P. S., & Goldman-Rakic, P. S. (1995). Spatial working memory 

deficits in the relatives of schizophrenic patients. Archives of general 

psychiatry, 52(10), 821-828.  

Pastalkova, E., Itskov, V., Amarasingham, A., & Buzsáki, G. (2008). Internally 

generated cell assembly sequences in the rat hippocampus. Science, 

321(5894), 1322-1327.  

Patrich, E., Piontkewitz, Y., Peretz, A., Weiner, I., & Attali, B. (2016). Maternal 

immune activation produces neonatal excitability defects in offspring 

hippocampal neurons from pregnant rats treated with poly I: C. Scientific 

reports, 6, 19106.  

Pavlides, C., & Winson, J. (1989). Influences of hippocampal place cell firing in the 

awake state on the activity of these cells during subsequent sleep episodes. 

Journal of Neuroscience, 9(8), 2907-2918.  

Paxinos, G., & Watson, C. (2006). The rat brain in stereotaxic coordinates: hard 

cover edition: Elsevier. 

Pedersen, A., Siegmund, A., Ohrmann, P., Rist, F., Rothermundt, M., Suslow, T., & 

Arolt, V. (2008). Reduced implicit and explicit sequence learning in first-

episode schizophrenia. Neuropsychologia, 46(1), 186-195.  

Peigneux, P., Laureys, S., Fuchs, S., Collette, F., Perrin, F., Reggers, J., Phillips, C., 

Degueldre, C., Del Fiore, G., & Aerts, J. (2004). Are spatial memories 

strengthened in the human hippocampus during slow wave sleep? Neuron, 

44(3), 535-545.  

Pelletier, M., Achim, A. M., Montoya, A., Lal, S., & Lepage, M. (2005). Cognitive 

and clinical moderators of recognition memory in schizophrenia: a meta-

analysis. Schizophrenia research, 74(2-3), 233-252.  

Penn, D. L., & Mueser, K. T. (1996). Research update on the psychosocial treatment 

of schizophrenia. The American journal of psychiatry.  

Penzes, P., Cahill, M. E., Jones, K. A., VanLeeuwen, J.-E., & Woolfrey, K. M. 

(2011). Dendritic spine pathology in neuropsychiatric disorders. Nature 

neuroscience, 14(3), 285.  

Percelay, S., Billard, J.-M., Freret, T., Andrieux, A., Boulouard, M., & Bouet, V. 

(2021). Functional Dysregulations in CA1 Hippocampal Networks of a 3-Hit 

Mouse Model of Schizophrenia. International journal of molecular sciences, 

22(5), 2644.  

Petanjek, Z., Judaš, M., Šimić, G., Rašin, M. R., Uylings, H. B., Rakic, P., & 

Kostović, I. (2011). Extraordinary neoteny of synaptic spines in the human 



227 

 

prefrontal cortex. Proceedings of the National Academy of Sciences, 108(32), 

13281-13286.  

Petersen, P. C., & Buzsáki, G. (2020). Cooling of medial septum reveals theta phase 

lag coordination of hippocampal cell assemblies. Neuron.  

Pettersson-Yeo, W., Allen, P., Benetti, S., McGuire, P., & Mechelli, A. (2011). 

Dysconnectivity in schizophrenia: where are we now? Neuroscience & 

Biobehavioral Reviews, 35(5), 1110-1124.  

Pfeiffer, B. E., & Foster, D. J. (2013). Hippocampal place-cell sequences depict future 

paths to remembered goals. Nature, 497(7447), 74-79.  

Piontkewitz, Y., Arad, M., & Weiner, I. (2010). Risperidone administered during 

asymptomatic period of adolescence prevents the emergence of brain 

structural pathology and behavioral abnormalities in an animal model of 

schizophrenia. Schizophrenia bulletin, 37(6), 1257-1269.  

Piontkewitz, Y., Arad, M., & Weiner, I. (2011). Abnormal trajectories of 

neurodevelopment and behavior following in utero insult in the rat. Biological 

psychiatry, 70(9), 842-851.  

Piontkewitz, Y., Assaf, Y., & Weiner, I. (2009). Clozapine administration in 

adolescence prevents postpubertal emergence of brain structural pathology in 

an animal model of schizophrenia. Biological psychiatry, 66(11), 1038-1046.  

Piontkewitz, Y., Bernstein, H.-G., Dobrowolny, H., Bogerts, B., Weiner, I., & 

Keilhoff, G. (2012). Effects of risperidone treatment in adolescence on 

hippocampal neurogenesis, parvalbumin expression, and vascularization 

following prenatal immune activation in rats. Brain, behavior, and immunity, 

26(2), 353-363.  

Porter, B. S., Schmidt, R., & Bilkey, D. K. (2018). Hippocampal place cell encoding 

of sloping terrain. Hippocampus, 28(11), 767-782.  

Potegal, M. (1972). The caudate nucleus egocentric localization system. Acta 

Neurobiol Exp (Wars), 32(2), 479-494.  

Preti, A., & Cella, M. (2010). Randomized-controlled trials in people at ultra high risk 

of psychosis: a review of treatment effectiveness. Schizophrenia research, 

123(1), 30-36.  

Qasim, S. E., Fried, I., & Jacobs, J. (2020). Phase precession in the human 

hippocampus and entorhinal cortex. bioRxiv.  

Rapoport, J., Giedd, J., & Gogtay, N. (2012). Neurodevelopmental model of 

schizophrenia: update 2012. Molecular psychiatry, 17(12), 1228-1238.  

Rasetti, R., Mattay, V. S., White, M. G., Sambataro, F., Podell, J. E., Zoltick, B., 

Chen, Q., Berman, K. F., Callicott, J. H., & Weinberger, D. R. (2014). Altered 

hippocampal-parahippocampal function during stimulus encoding: a potential 

indicator of genetic liability for schizophrenia. JAMA psychiatry, 71(3), 236-

247.  

Ravassard, P., Kees, A., Willers, B., Ho, D., Aharoni, D., Cushman, J., Aghajan, Z. 

M., & Mehta, M. R. (2013). Multisensory control of hippocampal 

spatiotemporal selectivity. Science, 340(6138), 1342-1346.  

Rawlins, J., Feldon, J., & Gray, J. (1979). Septo-hippocampal connections and the 

hippocampal theta rhythm. Experimental brain research, 37(1), 49-63.  

Reichenberg, A., Caspi, A., Harrington, H., Houts, R., Keefe, R. S., Murray, R. M., 

Poulton, R., & Moffitt, T. E. (2010). Static and dynamic cognitive deficits in 

childhood preceding adult schizophrenia: a 30-year study. American Journal 

of Psychiatry, 167(2), 160-169.  



228 

 

Reisinger, S., Khan, D., Kong, E., Berger, A., Pollak, A., & Pollak, D. D. (2015). The 

poly (I: C)-induced maternal immune activation model in preclinical 

neuropsychiatric drug discovery. Pharmacology & therapeutics, 149, 213-226.  

Retailleau, A., & Morris, G. (2018). Spatial rule learning and corresponding CA1 

place cell reorientation depend on local dopamine release. Current Biology, 

28(6), 836-846. e834.  

Richmond, L. L., Gold, D. A., & Zacks, J. M. (2017). Event perception: Translations 

and applications. Journal of Applied Research in Memory and Cognition, 6(2), 

111-120.  

Richmond, L. L., & Zacks, J. M. (2017). Constructing experience: Event models from 

perception to action. Trends in cognitive sciences, 21(12), 962-980.  

Rinehart, N. J., Bradshaw, J. L., Moss, S. A., Brereton, A. V., & Tonge, B. J. (2000). 

Atypical interference of local detail on global processing in high-functioning 

autism and Asperger's disorder. The Journal of Child Psychology and 

Psychiatry and Allied Disciplines, 41(6), 769-778.  

Ring, M., Gaigg, S. B., Altgassen, M., Barr, P., & Bowler, D. M. (2018). Allocentric 

versus egocentric spatial memory in adults with autism spectrum disorder. 

Journal of autism and developmental disorders, 48(6), 2101-2111.  

Ripke, S., Neale, B. M., Corvin, A., Walters, J. T., Farh, K.-H., Holmans, P. A., Lee, 

P., Bulik-Sullivan, B., Collier, D. A., & Huang, H. (2014). Biological insights 

from 108 schizophrenia-associated genetic loci. Nature, 511(7510), 421-427.  

Risold, P., & Swanson, L. (1997a). Chemoarchitecture of the rat lateral septal 

nucleus. Brain Research Reviews, 24(2-3), 91-113.  

Risold, P., & Swanson, L. (1997b). Connections of the rat lateral septal complex. 

Brain Research Reviews, 24(2-3), 115-195.  

Rizzo, L., Danion, J.-M., Van der Linden, M., & Grangé, D. (1996). Patients with 

schizophrenia remember that an event has occurred, but not when. The British 

journal of psychiatry, 168(4), 427-431.  

Rizzo, L., Danion, J.-M., Van Der Linden, M., Grangé, D., & Rohmer, J.-G. (1996). 

Impairment of memory for spatial context in schizophrenia. Neuropsychology, 

10(3), 376.  

Robbe, D., & Buzsáki, G. (2009). Alteration of theta timescale dynamics of 

hippocampal place cells by a cannabinoid is associated with memory 

impairment. Journal of Neuroscience, 29(40), 12597-12605.  

Robbins, T. W., & Everitt, B. J. (1996). Neurobehavioural mechanisms of reward and 

motivation. Current opinion in neurobiology, 6(2), 228-236.  

Robertson, C. E., Thomas, C., Kravitz, D. J., Wallace, G. L., Baron-Cohen, S., 

Martin, A., & Baker, C. I. (2014). Global motion perception deficits in autism 

are reflected as early as primary visual cortex. Brain, 137(9), 2588-2599.  

Robinson, D. G., Woerner, M. G., McMeniman, M., Mendelowitz, A., & Bilder, R. 

M. (2004). Symptomatic and functional recovery from a first episode of 

schizophrenia or schizoaffective disorder. American Journal of Psychiatry, 

161(3), 473-479.  

Robinson, T. E., Kramis, R., & Vanderwolf, C. (1977). Two types of cerebral 

activation during active sleep: relations to behavior. Brain research, 124(3), 

544-549.  

Rolls, E. T. (1999). Spatial view cells and the representation of place in the primate 

hippocampus. Hippocampus, 9(4), 467-480.  



229 

 

Ronovsky, M., Berger, S., Molz, B., Berger, A., & D Pollak, D. (2016). Animal 

models of maternal immune activation in depression research. Current 

neuropharmacology, 14(7), 688-704.  

Rose, D. R., Careaga, M., Van de Water, J., McAllister, K., Bauman, M. D., & 

Ashwood, P. (2017). Long-term altered immune responses following fetal 

priming in a non-human primate model of maternal immune activation. Brain, 

behavior, and immunity, 63, 60-70.  

Rössler, W. (2016). The stigma of mental disorders. EMBO reports, 17(9), 1250-

1253.  

Roth, E. D., Yu, X., Rao, G., & Knierim, J. J. (2012). Functional differences in the 

backward shifts of CA1 and CA3 place fields in novel and familiar 

environments. PloS one, 7(4), e36035.  

Roth, T. L., Lubin, F. D., Sodhi, M., & Kleinman, J. E. (2009). Epigenetic 

mechanisms in schizophrenia. Biochimica et Biophysica Acta (BBA)-General 

Subjects, 1790(9), 869-877.  

Royer, S., Sirota, A., Patel, J., & Buzsáki, G. (2010). Distinct representations and 

theta dynamics in dorsal and ventral hippocampus. Journal of Neuroscience, 

30(5), 1777-1787.  

Royer, S., Zemelman, B. V., Losonczy, A., Kim, J., Chance, F., Magee, J. C., & 

Buzsáki, G. (2012). Control of timing, rate and bursts of hippocampal place 

cells by dendritic and somatic inhibition. Nature neuroscience, 15(5), 769.  

Rund, B. (2009). Is there a degenerative process going on in the brain of people with 

Schizophrenia? Frontiers in human neuroscience, 3, 36.  

Rushe, T., Woodruff, P., Murray, R., & Morris, R. (1999). Episodic memory and 

learning in patients with chronic schizophrenia. Schizophrenia research, 

35(1), 85-96.  

Saks, E. R. (2007). The center cannot hold: My journey through madness: Hachette 

UK. 

Salgado-Pineda, P., Landin-Romero, R., Portillo, F., Bosque, C., Pomes, A., 

Spanlang, B., Franquelo, J. C., Teixido, C., Sarró, S., & Salvador, R. (2016). 

Examining hippocampal function in schizophrenia using a virtual reality 

spatial navigation task. Schizophrenia research, 172(1-3), 86-93.  

Savanthrapadian, S., Wolff, A. R., Logan, B. J., Eckert, M. J., Bilkey, D. K., & 

Abraham, W. C. (2013). Enhanced hippocampal neuronal excitability and LTP 

persistence associated with reduced behavioral flexibility in the maternal 

immune activation model of schizophrenia. Hippocampus, 23(12), 1395-1409.  

Saykin, A. J., Shtasel, D. L., Gur, R. E., Kester, D. B., Mozley, L. H., Stafiniak, P., & 

Gur, R. C. (1994). Neuropsychological deficits in neuroleptic naive patients 

with first-episode schizophrenia. Archives of General Psychiatry, 51(2), 124-

131.  

Schacter, D. L., Addis, D. R., & Szpunar, K. K. (2017). Escaping the past: 

Contributions of the hippocampus to future thinking and imagination. In The 

hippocampus from cells to systems (pp. 439-465): Springer. 

Schiffmann, S. N., Bernier, B., & Goffinet, A. (1997). Reelin mRNA expression 

during mouse brain development. European Journal of Neuroscience, 9(5), 

1055-1071.  

Schlingloff, D., Káli, S., Freund, T. F., Hájos, N., & Gulyás, A. I. (2014). 

Mechanisms of sharp wave initiation and ripple generation. Journal of 

Neuroscience, 34(34), 11385-11398.  



230 

 

Schmidt, M. J., & Mirnics, K. (2015). Neurodevelopment, GABA system 

dysfunction, and schizophrenia. Neuropsychopharmacology, 40(1), 190-206.  

Schmidt, R., Diba, K., Leibold, C., Schmitz, D., Buzsáki, G., & Kempter, R. (2009). 

Single-trial phase precession in the hippocampus. Journal of Neuroscience, 

29(42), 13232-13241.  

Schomburg, E. W., Fernández-Ruiz, A., Mizuseki, K., Berényi, A., Anastassiou, C. 

A., Koch, C., & Buzsáki, G. (2014). Theta phase segregation of input-specific 

gamma patterns in entorhinal-hippocampal networks. Neuron, 84(2), 470-485.  

Schultz, W. (2016). Dopamine reward prediction-error signalling: a two-component 

response. Nature Reviews Neuroscience, 17(3), 183.  

Scoville, W. B., & Milner, B. (1957). Loss of recent memory after bilateral 

hippocampal lesions. Journal of neurology, neurosurgery, and psychiatry, 

20(1), 11.  

Sederberg, P. B., Schulze-Bonhage, A., Madsen, J. R., Bromfield, E. B., McCarthy, 

D. C., Brandt, A., Tully, M. S., & Kahana, M. J. (2006). Hippocampal and 

neocortical gamma oscillations predict memory formation in humans. 

Cerebral Cortex, 17(5), 1190-1196.  

Sekar, A., Bialas, A. R., De Rivera, H., Davis, A., Hammond, T. R., Kamitaki, N., 

Tooley, K., Presumey, J., Baum, M., & Van Doren, V. (2016). Schizophrenia 

risk from complex variation of complement component 4. Nature, 530(7589), 

177-183.  

Selemon, L., & Zecevic, N. (2015). Schizophrenia: a tale of two critical periods for 

prefrontal cortical development. Translational psychiatry, 5(8), e623-e623.  

Selemon, L. D., Rajkowska, G., & Goldman-Rakic, P. S. (1995). Abnormally high 

neuronal density in the schizophrenic cortex: a morphometric analysis of 

prefrontal area 9 and occipital area 17. Archives of general psychiatry, 52(10), 

805-818.  

Sellgren, C. M., Gracias, J., Watmuff, B., Biag, J. D., Thanos, J. M., Whittredge, P. 

B., Fu, T., Worringer, K., Brown, H. E., & Wang, J. (2019). Increased synapse 

elimination by microglia in schizophrenia patient-derived models of synaptic 

pruning. Nature neuroscience, 22(3), 374-385.  

Senior, T. J., Huxter, J. R., Allen, K., O'Neill, J., & Csicsvari, J. (2008). Gamma 

oscillatory firing reveals distinct populations of pyramidal cells in the CA1 

region of the hippocampus. Journal of Neuroscience, 28(9), 2274-2286.  

Shapiro, M. L., Tanila, H., & Eichenbaum, H. (1997). Cues that hippocampal place 

cells encode: dynamic and hierarchical representation of local and distal 

stimuli. Hippocampus, 7(6), 624-642.  

Sharp, P. E., & Green, C. (1994). Spatial correlates of firing patterns of single cells in 

the subiculum of the freely moving rat. Journal of Neuroscience, 14(4), 2339-

2356.  

Sheehan, T., & Numan, M. (2000). The septal region and social behavior. In The 

behavioral neuroscience of the septal region (pp. 175-209): Springer. 

Sheehan, T. P., Chambers, R. A., & Russell, D. S. (2004). Regulation of affect by the 

lateral septum: implications for neuropsychiatry. Brain Research Reviews, 

46(1), 71-117.  

Shirvalkar, P. R., Rapp, P. R., & Shapiro, M. L. (2010). Bidirectional changes to 

hippocampal theta–gamma comodulation predict memory for recent spatial 

episodes. Proceedings of the National Academy of Sciences, 107(15), 7054-

7059.  



231 

 

Short, S. J., Lubach, G. R., Karasin, A. I., Olsen, C. W., Styner, M., Knickmeyer, R. 

C., Gilmore, J. H., & Coe, C. L. (2010). Maternal influenza infection during 

pregnancy impacts postnatal brain development in the rhesus monkey. 

Biological psychiatry, 67(10), 965-973.  

Siegert, R. J., Weatherall, M., & Bell, E. M. (2008). Is implicit sequence learning 

impaired in schizophrenia? A meta-analysis. Brain and cognition, 67(3), 351-

359.  

Sigurdsson, T., Stark, K. L., Karayiorgou, M., Gogos, J. A., & Gordon, J. A. (2010). 

Impaired hippocampal–prefrontal synchrony in a genetic mouse model of 

schizophrenia. Nature, 464(7289), 763-767. doi:10.1038/nature08855 

Silva-Gómez, A. B., Rojas, D., Juárez, I., & Flores, G. (2003). Decreased dendritic 

spine density on prefrontal cortical and hippocampal pyramidal neurons in 

postweaning social isolation rats. Brain research, 983(1-2), 128-136.  

Singer, A. C., Carr, M. F., Karlsson, M. P., & Frank, L. M. (2013). Hippocampal 

SWR activity predicts correct decisions during the initial learning of an 

alternation task. Neuron, 77(6), 1163-1173.  

Skaggs, W. E., McNaughton, B. L., & Gothard, K. M. (1993). An information-

theoretic approach to deciphering the hippocampal code. Paper presented at 

the Advances in neural information processing systems. 

Skaggs, W. E., McNaughton, B. L., Wilson, M. A., & Barnes, C. A. (1996). Theta 

phase precession in hippocampal neuronal populations and the compression of 

temporal sequences. Hippocampus, 6(2), 149-172.  

Smith, D. M., & Mizumori, S. J. (2006). Hippocampal place cells, context, and 

episodic memory. Hippocampus, 16(9), 716-729.  

Smith, S. E., Li, J., Garbett, K., Mirnics, K., & Patterson, P. H. (2007). Maternal 

immune activation alters fetal brain development through interleukin-6. 

Journal of Neuroscience, 27(40), 10695-10702.  

Sotomayor, R., Forray, M. I., & Gysling, K. (2005). Acute morphine administration 

increases extracellular DA levels in the rat lateral septum by decreasing the 

GABAergic inhibitory tone in the ventral tegmental area. Journal of 

neuroscience research, 81(1), 132-139.  

Spek, A. A., & Wouters, S. G. (2010). Autism and schizophrenia in high functioning 

adults: Behavioral differences and overlap. Research in Autism Spectrum 

Disorders, 4(4), 709-717.  

Squire, L. R. (2009). The legacy of patient HM for neuroscience. Neuron, 61(1), 6-9.  

Stanghellini, G., Ballerini, M., Presenza, S., Mancini, M., Raballo, A., Blasi, S., & 

Cutting, J. (2016). Psychopathology of lived time: abnormal time experience 

in persons with schizophrenia. Schizophrenia bulletin, 42(1), 45-55.  

Starc, M., Murray, J. D., Santamauro, N., Savic, A., Diehl, C., Cho, Y. T., Srihari, V., 

Morgan, P. T., Krystal, J. H., & Wang, X.-J. (2017). Schizophrenia is 

associated with a pattern of spatial working memory deficits consistent with 

cortical disinhibition. Schizophrenia research, 181, 107-116.  

Stark, E., Eichler, R., Roux, L., Fujisawa, S., Rotstein, H. G., & Buzsáki, G. (2013). 

Inhibition-induced theta resonance in cortical circuits. Neuron, 80(5), 1263-

1276.  

Stark, K. L., Xu, B., Bagchi, A., Lai, W.-S., Liu, H., Hsu, R., Wan, X., Pavlidis, P., 

Mills, A. A., & Karayiorgou, M. (2008). Altered brain microRNA biogenesis 

contributes to phenotypic deficits in a 22q11-deletion mouse model. Nature 

genetics, 40(6), 751.  



232 

 

Staudigl, T., & Hanslmayr, S. (2013). Theta oscillations at encoding mediate the 

context-dependent nature of human episodic memory. Current Biology, 

23(12), 1101-1106.  

Steciuk, M., Kram, M., Kramer, G. L., & Petty, F. (1999). Decrease in stress-induced 

c-Fos-like immunoreactivity in the lateral septal nucleus of learned helpless 

rats. Brain research, 822(1-2), 256-259.  

Stefansson, H., Ophoff, R. A., Steinberg, S., Andreassen, O. A., Cichon, S., Rujescu, 

D., Werge, T., Pietiläinen, O. P., Mors, O., & Mortensen, P. B. (2009). 

Common variants conferring risk of schizophrenia. Nature, 460(7256), 744-

747.  

Stefansson, H., Petursson, H., Sigurdsson, E., Steinthorsdottir, V., Bjornsdottir, S., 

Sigmundsson, T., Ghosh, S., Brynjolfsson, J., Gunnarsdottir, S., & Ivarsson, 

O. (2002). Neuregulin 1 and susceptibility to schizophrenia. The American 

Journal of Human Genetics, 71(4), 877-892.  

Steullet, P., Cabungcal, J., Coyle, J., Didriksen, M., Gill, K., Grace, A., Hensch, T., 

LaMantia, A., Lindemann, L., & Maynard, T. (2017). Oxidative stress-driven 

parvalbumin interneuron impairment as a common mechanism in models of 

schizophrenia. Molecular psychiatry, 22(7), 936-943.  

Stewart, M., & Fox, S. E. (1990). Do septal neurons pace the hippocampal theta 

rhythm? Trends in neurosciences, 13(5), 163-169.  

Strange, B. A., Witter, M. P., Lein, E. S., & Moser, E. I. (2014). Functional 

organization of the hippocampal longitudinal axis. Nature Reviews 

Neuroscience, 15(10), 655-669.  

Strauss, G. P., Waltz, J. A., & Gold, J. M. (2013). A review of reward processing and 

motivational impairment in schizophrenia. Schizophrenia bulletin, 

40(Suppl_2), S107-S116.  

Suh, J., Foster, D. J., Davoudi, H., Wilson, M. A., & Tonegawa, S. (2013). Impaired 

hippocampal ripple-associated replay in a mouse model of schizophrenia. 

Neuron, 80(2), 484-493.  

Sullivan, P. F., Kendler, K. S., & Neale, M. C. (2003). Schizophrenia as a complex 

trait: evidence from a meta-analysis of twin studies. Archives of general 

psychiatry, 60(12), 1187-1192.  

Sun, Y., Farzan, F., Barr, M. S., Kirihara, K., Fitzgerald, P. B., Light, G. A., & 

Daskalakis, Z. J. (2011). Gamma oscillations in schizophrenia: mechanisms 

and clinical significance. Brain research, 1413, 98-114.  

Susser, E., Neugebauer, R., Hoek, H. W., Brown, A. S., Lin, S., Labovitz, D., & 

Gorman, J. M. (1996). Schizophrenia after prenatal famine: further evidence. 

Archives of general psychiatry, 53(1), 25-31.  

Sutherland, R. J., Whishaw, I. Q., & Kolb, B. (1983). A behavioural analysis of 

spatial localization following electrolytic, kainate-or colchicine-induced 

damage to the hippocampal formation in the rat. Behavioural brain research, 

7(2), 133-153.  

Swanson, L., & Cowan, W. (1977). An autoradiographic study of the organization of 

the efferet connections of the hippocampal formation in the rat. Journal of 

Comparative Neurology, 172(1), 49-84.  

Sweeney, P., & Yang, Y. (2015). An excitatory ventral hippocampus to lateral septum 

circuit that suppresses feeding. Nature communications, 6(1), 1-11.  

Sweeney, P., & Yang, Y. (2016). An inhibitory septum to lateral hypothalamus circuit 

that suppresses feeding. Journal of Neuroscience, 36(44), 11185-11195.  



233 

 

Takahashi, H., Iwase, M., Nakahachi, T., Sekiyama, R., Tabushi, K., Kajimoto, O., 

Shimizu, A., & Takeda, M. (2005). Spatial working memory deficit correlates 

with disorganization symptoms and social functioning in schizophrenia. 

Psychiatry and Clinical Neurosciences, 59(4), 453-460.  

Takahashi, M., Nishida, H., David Redish, A., & Lauwereyns, J. (2014). Theta phase 

shift in spike timing and modulation of gamma oscillation: a dynamic code for 

spatial alternation during fixation in rat hippocampal area CA1. Journal of 

neurophysiology, 111(8), 1601-1614.  

Takahashi, S. (2015). Episodic-like memory trace in awake replay of hippocampal 

place cell activity sequences. Elife, 4, e08105.  

Takamura, Y., Tamura, R., Zhou, T. L., Kobayashi, T., Tran, A. H., Eifuku, S., & 

Ono, T. (2006). Spatial firing properties of lateral septal neurons. 

Hippocampus, 16(8), 635-644.  

Takei, N., Mortensen, P. B., Kl, U., Murray, R. M., Sham, P. C., O'Callaghan, E., & 

Munk-Jørgensen, P. (1996). Relationship between in utero exposure to 

influenza epidemics and risk of schizophrenia in Denmark. Biological 

psychiatry, 40(9), 817-824.  

Talamini, L. M., & Meeter, M. (2009). Dominance of objects over context in a 

mediotemporal lobe model of schizophrenia. PloS one, 4(8), e6505.  

Tendolkar, I., Ruhrmann, S., Brockhaus, A., Pukrop, R., & Klosterkötter, J. (2002). 

Remembering or knowing: electrophysiological evidence for an episodic 

memory deficit in schizophrenia. Psychological medicine, 32(7), 1261-1271.  

Terada, S., Sakurai, Y., Nakahara, H., & Fujisawa, S. (2017). Temporal and rate 

coding for discrete event sequences in the hippocampus. Neuron, 94(6), 1248-

1262. e1244.  

Terrazas, A., Krause, M., Lipa, P., Gothard, K. M., Barnes, C. A., & McNaughton, B. 

L. (2005). Self-motion and the hippocampal spatial metric. Journal of 

Neuroscience, 25(35), 8085-8096.  

Thoenes, S., & Oberfeld, D. (2017). Meta-analysis of time perception and temporal 

processing in schizophrenia: Differential effects on precision and accuracy. 

Clinical psychology review, 54, 44-64.  

Thomas, E. (1988). Forebrain mechanisms in the relief of fear: the role of the lateral 

septum. Psychobiology, 16(1), 36-44.  

Thompson, L., & Best, P. (1990). Long-term stability of the place-field activity of 

single units recorded from the dorsal hippocampus of freely behaving rats. 

Brain research, 509(2), 299-308.  

Tidey, J. W., & Miczek, K. A. (1996). Social defeat stress selectively alters 

mesocorticolimbic dopamine release: an in vivo microdialysis study. Brain 

research, 721(1-2), 140-149.  

Tingley, D., Alexander, A. S., Kolbu, S., de Sa, V. R., Chiba, A. A., & Nitz, D. A. 

(2014). Task-phase-specific dynamics of basal forebrain neuronal ensembles. 

Frontiers in systems neuroscience, 8, 174.  

Tingley, D., & Buzsáki, G. (2018). Transformation of a Spatial Map across the 

Hippocampal-Lateral Septal Circuit. Neuron.  

Titone, D., Ditman, T., Holzman, P. S., Eichenbaum, H., & Levy, D. L. (2004). 

Transitive inference in schizophrenia: impairments in relational memory 

organization. Schizophrenia research, 68(2-3), 235-247.  

Torrey, E. F. (1995). Surviving schizophrenia: A manual for families, consumers, and 

providers: HarperPerennial. 



234 

 

Tort, A. B., Komorowski, R., Eichenbaum, H., & Kopell, N. (2010). Measuring 

phase-amplitude coupling between neuronal oscillations of different 

frequencies. Journal of neurophysiology, 104(2), 1195-1210.  

Tort, A. B., Komorowski, R. W., Manns, J. R., Kopell, N. J., & Eichenbaum, H. 

(2009). Theta–gamma coupling increases during the learning of item–context 

associations. Proceedings of the National Academy of Sciences, 106(49), 

20942-20947.  

Toulopoulou, T., Rabe-Hesketh, S., King, H., Murray, R., & Morris, R. (2003). 

Episodic memory in schizophrenic patients and their relatives. Schizophrenia 

research, 63(3), 261-271.  

Trent, N. L., & Menard, J. L. (2010). The ventral hippocampus and the lateral septum 

work in tandem to regulate rats' open-arm exploration in the elevated plus-

maze. Physiology & behavior, 101(1), 141-152.  

Tsanov, M. (2018). Differential and complementary roles of medial and lateral 

septum in the orchestration of limbic oscillations and signal integration. 

European Journal of Neuroscience, 48(8), 2783-2794.  

Tsodyks, M. V., Skaggs, W. E., Sejnowski, T. J., & McNaughton, B. L. (1996). 

Population dynamics and theta rhythm phase precession of hippocampal place 

cell firing: a spiking neuron model. Hippocampus, 6(3), 271-280.  

Tulving, E. (1993). What is episodic memory? Current directions in psychological 

science, 2(3), 67-70.  

Ueda, N., Maruo, K., & Sumiyoshi, T. (2018). Positive symptoms and time perception 

in schizophrenia: A meta-analysis. Schizophrenia Research: Cognition, 13, 3-

6.  

Uhlhaas, P. J., & Singer, W. (2010). Abnormal neural oscillations and synchrony in 

schizophrenia. Nature Reviews Neuroscience, 11(2), 100-113.  

Ulanovsky, N., & Moss, C. F. (2007). Hippocampal cellular and network activity in 

freely moving echolocating bats. Nature neuroscience, 10(2), 224-233.  

Ulanovsky, N., & Moss, C. F. (2011). Dynamics of hippocampal spatial 

representation in echolocating bats. Hippocampus, 21(2), 150-161.  

Umbricht, D., Schmid, L., Koller, R., Vollenweider, F. X., Hell, D., & Javitt, D. C. 

(2000). Ketamine-induced deficits in auditory and visual context-dependent 

processing in healthy volunteers: implications for models of cognitive deficits 

in schizophrenia. Archives of general psychiatry, 57(12), 1139-1147.  

van der Meer, M. A., & Redish, A. D. (2011). Theta phase precession in rat ventral 

striatum links place and reward information. Journal of Neuroscience, 31(8), 

2843-2854.  

van Oostrom, I., Dollfus, S., Brazo, P., Abadie, P., Halbecq, I., Théry, S., & Marié, R. 

M. (2003). Verbal learning and memory in schizophrenic and Parkinson's 

disease patients. Psychiatry research, 117(1), 25-34.  

Van Os, J., Kenis, G., & Rutten, B. P. (2010). The environment and schizophrenia. 

Nature, 468(7321), 203-212.  

Vanderwolf, C. H. (1969). Hippocampal electrical activity and voluntary movement 

in the rat. Electroencephalography and clinical neurophysiology, 26(4), 407-

418.  

Vargha-Khadem, F., Gadian, D. G., Watkins, K. E., Connelly, A., Van Paesschen, W., 

& Mishkin, M. (1997). Differential effects of early hippocampal pathology on 

episodic and semantic memory. Science, 277(5324), 376-380.  

Vega-Quiroga, I., Yarur, H. E., & Gysling, K. (2018). Lateral septum stimulation 

disinhibits dopaminergic neurons in the antero-ventral region of the ventral 



235 

 

tegmental area: Role of GABA-A alpha 1 receptors. Neuropharmacology, 

128, 76-85.  

Veldic, M., Caruncho, H., Liu, W., Davis, J., Satta, R., Grayson, D., Guidotti, A., & 

Costa, E. (2004). DNA-methyltransferase 1 mRNA is selectively 

overexpressed in telencephalic GABAergic interneurons of schizophrenia 

brains. Proceedings of the National Academy of Sciences, 101(1), 348-353.  

Venditto, S. J. C., Le, B., & Newman, E. L. (2019). Place cell assemblies remain 

intact, despite reduced phase precession, after cholinergic disruption. 

Hippocampus, 29(11), 1075-1090.  

Vermeulen, P. (2015). Context blindness in autism spectrum disorder: Not using the 

forest to see the trees as trees. Focus on autism and other developmental 

disabilities, 30(3), 182-192.  

Vlasova, R. M., Iosif, A.-M., Ryan, A. M., Murai, T., Lesh, T. A., Rowland, D. J., 

Bennett, J., Hogrefe, C. E., Maddock, R. J., & Gandal, M. J. (2020). Maternal 

immune activation during pregnancy alters early neurobehavioral development 

in nonhuman primate offspring. bioRxiv.  

Vogel, D., Beeker, T., Haidl, T., Kupke, C., Heinze, M., & Vogeley, K. (2019). 

Disturbed time experience during and after psychosis. Schizophrenia 

Research: Cognition, 17, 100136.  

Wadeson, H., & Carpenter Jr, W. T. (1976). Subjective experience of schizophrenia. 

Schizophrenia bulletin, 2(2), 302.  

Walsh, T., McClellan, J. M., McCarthy, S. E., Addington, A. M., Pierce, S. B., 

Cooper, G. M., Nord, A. S., Kusenda, M., Malhotra, D., & Bhandari, A. 

(2008). Rare structural variants disrupt multiple genes in neurodevelopmental 

pathways in schizophrenia. Science, 320(5875), 539-543.  

Wang, Y., Romani, S., Lustig, B., Leonardo, A., & Pastalkova, E. (2015). Theta 

sequences are essential for internally generated hippocampal firing fields. 

Nature neuroscience, 18(2), 282.  

Wang, Y., Zhang, Y.-b., Liu, L.-l., Cui, J.-f., Wang, J., Shum, D. H., van Amelsvoort, 

T., & Chan, R. C. (2017). A meta-analysis of working memory impairments in 

autism spectrum disorders. Neuropsychology review, 27(1), 46-61.  

Watanabe, Y., Someya, T., & Nawa, H. (2010). Cytokine hypothesis of schizophrenia 

pathogenesis: evidence from human studies and animal models. Psychiatry 

and clinical neurosciences, 64(3), 217-230.  

Waters, F. A., Maybery, M. T., Badcock, J. C., & Michie, P. T. (2004). Context 

memory and binding in schizophrenia. Schizophrenia research, 68(2-3), 119-

125.  

Watrous, A. J., Lee, D. J., Izadi, A., Gurkoff, G. G., Shahlaie, K., & Ekstrom, A. D. 

(2013). A comparative study of human and rat hippocampal low‐frequency 

oscillations during spatial navigation. Hippocampus, 23(8), 656-661.  

Watrous, A. J., Tandon, N., Conner, C. R., Pieters, T., & Ekstrom, A. D. (2013). 

Frequency-specific network connectivity increases underlie accurate 

spatiotemporal memory retrieval. Nature neuroscience, 16(3), 349.  

Weir, R. K., Forghany, R., Smith, S. E., Patterson, P. H., McAllister, A. K., 

Schumann, C. M., & Bauman, M. D. (2015). Preliminary evidence of 

neuropathology in nonhuman primates prenatally exposed to maternal immune 

activation. Brain, behavior, and immunity, 48, 139-146.  

Weniger, G., & Irle, E. (2008). Allocentric memory impaired and egocentric memory 

intact as assessed by virtual reality in recent-onset schizophrenia. 

Schizophrenia research, 101(1-3), 201-209.  



236 

 

Whishaw, I., & Vanderwolf, C. H. (1973). Hippocampal EEG and behavior: change 

in amplitude and frequency of RSA (theta rhythm) associated with 

spontaneous and learned movement patterns in rats and cats. Behavioral 

biology, 8(4), 461-484.  

Wiener, M., Lee, Y.-S., Lohoff, F. W., & Coslett, H. B. (2014). Individual differences 

in the morphometry and activation of time perception networks are influenced 

by dopamine genotype. Neuroimage, 89, 10-22.  

Wiersma, D., Wanderling, J., Dragomirecka, E., Ganev, K., Harrison, G., Der Heiden, 

W. A., Nienhuis, F., & Walsh, D. (2000). Social disability in schizophrenia: its 

development and prediction over 15 years in incidence cohorts in six 

European centres. Psychological medicine, 30(5), 1155-1167.  

Wikenheiser, A. M., & Redish, A. D. (2015). Hippocampal theta sequences reflect 

current goals. Nature neuroscience, 18(2), 289.  

Wilkins, L. K., Girard, T. A., Christensen, B. K., King, J., Kiang, M., & Bohbot, V. 

D. (2019). Spontaneous spatial navigation circuitry in schizophrenia spectrum 

disorders. Psychiatry research, 278, 125-128.  

Wilkins, L. K., Girard, T. A., Konishi, K., King, M., Herdman, K. A., King, J., 

Christensen, B., & Bohbot, V. D. (2013). Selective deficit in spatial memory 

strategies contrast to intact response strategies in patients with schizophrenia 

spectrum disorders tested in a virtual navigation task. Hippocampus, 23(11), 

1015-1024.  

Williams, G., & Castner, S. (2006). Under the curve: critical issues for elucidating D1 

receptor function in working memory. Neuroscience, 139(1), 263-276.  

Williams, S., & Boksa, P. (2010). Gamma oscillations and schizophrenia. Journal of 

psychiatry & neuroscience: JPN, 35(2), 75.  

Wilson, M. A., & McNaughton, B. L. (1994). Reactivation of hippocampal ensemble 

memories during sleep. Science, 265(5172), 676-679.  

Winson, J. (1974). Patterns of hippocampal theta rhythm in the freely moving rat. 

Electroencephalography and clinical neurophysiology, 36, 291-301.  

Wirtshafter, H. S., & Wilson, M. A. (2019). Locomotor and hippocampal processing 

converge in the lateral septum. Current Biology, 29(19), 3177-3192. e3173.  

Wirtshafter, H. S., & Wilson, M. A. (2020). Differences in reward biased spatial 

representations in the lateral septum and hippocampus. Elife, 9, e55252.  

Wischhof, L., Irrsack, E., Dietz, F., & Koch, M. (2015). Maternal lipopolysaccharide 

treatment differentially affects 5-HT2A and mGlu2/3 receptor function in the 

adult male and female rat offspring. Neuropharmacology, 97, 275-288.  

Wischhof, L., Irrsack, E., Osorio, C., & Koch, M. (2015). Prenatal LPS-exposure–a 

neurodevelopmental rat model of schizophrenia–differentially affects 

cognitive functions, myelination and parvalbumin expression in male and 

female offspring. Progress in Neuro-Psychopharmacology and Biological 

Psychiatry, 57, 17-30.  

Wöhr, M., Orduz, D., Gregory, P., Moreno, H., Khan, U., Vörckel, K. J., Wolfer, D., 

Welzl, H., Gall, D., & Schiffmann, S. N. (2015). Lack of parvalbumin in mice 

leads to behavioral deficits relevant to all human autism core symptoms and 

related neural morphofunctional abnormalities. Translational psychiatry, 5(3), 

e525-e525.  

Wolff, A. R., & Bilkey, D. K. (2010). The maternal immune activation (MIA) model 

of schizophrenia produces pre-pulse inhibition (PPI) deficits in both juvenile 

and adult rats but these effects are not associated with maternal weight loss. 

Behavioural brain research, 213(2), 323-327.  



237 

 

Wolff, A. R., & Bilkey, D. K. (2015). Prenatal immune activation alters hippocampal 

place cell firing characteristics in adult animals. Brain, behavior, and 

immunity, 48, 232-243.  

Wolff, A. R., Cheyne, K. R., & Bilkey, D. K. (2011). Behavioural deficits associated 

with maternal immune activation in the rat model of schizophrenia. 

Behavioural brain research, 225(1), 382-387.  

Wong, L. C., Wang, L., D’amour, J. A., Yumita, T., Chen, G., Yamaguchi, T., Chang, 

B. C., Bernstein, H., You, X., & Feng, J. E. (2016). Effective modulation of 

male aggression through lateral septum to medial hypothalamus projection. 

Current Biology, 26(5), 593-604.  

Wood, E. R., Dudchenko, P. A., & Eichenbaum, H. (1999). The global record of 

memory in hippocampal neuronal activity. Nature, 397(6720), 613-616.  

Wood, S., Proffitt, T., Mahony, K., Smith, D., Buchanan, J.-A., Brewer, W., Stuart, 

G., Velakoulis, D., McGorry, P., & Pantelis, C. (2002). Visuospatial memory 

and learning in first-episode schizophreniform psychosis and established 

schizophrenia: a functional correlate of hippocampal pathology? 

Psychological medicine, 32(3), 429-438.  

Woodson, W., Nitecka, L., & Ben‐Ari, Y. (1989). Organization of the GABAergic 

system in the rat hippocampal formation: a quantitative immunocytochemical 

study. Journal of Comparative Neurology, 280(2), 254-271.  

Workman, A. D., Charvet, C. J., Clancy, B., Darlington, R. B., & Finlay, B. L. 

(2013). Modeling transformations of neurodevelopmental sequences across 

mammalian species. Journal of Neuroscience, 33(17), 7368-7383.  

Wright, I. C., Rabe-Hesketh, S., Woodruff, P. W., David, A. S., Murray, R. M., & 

Bullmore, E. T. (2000). Meta-analysis of regional brain volumes in 

schizophrenia. American Journal of Psychiatry, 157(1), 16-25.  

Wulff, P., Ponomarenko, A. A., Bartos, M., Korotkova, T. M., Fuchs, E. C., Bähner, 

F., Both, M., Tort, A. B., Kopell, N. J., & Wisden, W. (2009). Hippocampal 

theta rhythm and its coupling with gamma oscillations require fast inhibition 

onto parvalbumin-positive interneurons. Proceedings of the National Academy 

of Sciences, 106(9), 3561-3566.  

Yadin, E., Thomas, E., Grishkat, H. L., & Strickland, C. E. (1993). The role of the 

lateral septum in anxiolysis. Physiology & behavior, 53(6), 1077-1083.  

Yee, N., Schwarting, R. K., Fuchs, E., & Wöhr, M. (2012). Increased affective 

ultrasonic communication during fear learning in adult male rats exposed to 

maternal immune activation. Journal of psychiatric research, 46(9), 1199-

1205.  

Young, C. K., Ruan, M., & McNaughton, N. (2021). Speed modulation of 

hippocampal theta frequency and amplitude predicts water maze learning. 

Hippocampus, 31(2), 201-212.  

Yu, B., Wang, C., Liu, J., Johnson, K., & Gallagher, J. (2002). Adaptation to chronic 

PCP results in hyperfunctional NMDA and hypofunctional GABAA synaptic 

receptors. Neuroscience, 113(1), 1-10.  

Zacks, J. M., & Swallow, K. M. (2007). Event segmentation. Current directions in 

psychological science, 16(2), 80-84.  

Zaczek, R., Hedreen, J., & Coyle, J. (1979). Evidence for a hippocampal-septal 

glutamatergic pathway in the rat. Experimental neurology, 65(1), 145-156.  

Zalla, T., Verlut, I., Franck, N., Puzenat, D., & Sirigu, A. (2004). Perception of 

dynamic action in patients with schizophrenia. Psychiatry research, 128(1), 

39-51.  



238 

 

Zaretsky, M. V., Alexander, J. M., Byrd, W., & Bawdon, R. E. (2004). Transfer of 

inflammatory cytokines across the placenta. Obstetrics & Gynecology, 103(3), 

546-550.  

Zecevic, N., Bourgeois, J.-P., & Rakic, P. (1989). Changes in synaptic density in 

motor cortex of rhesus monkey during fetal and postnatal life. Developmental 

Brain Research, 50(1), 11-32.  

Zhang, J., Jing, Y., Zhang, H., Bilkey, D. K., & Liu, P. (2018). Maternal immune 

activation leads to increased nNOS immunoreactivity in the brain of postnatal 

day 2 rat offspring. Synapse, 72(1), e22011.  

Zhang, M., Jiao, J., Hu, X., Yang, P., Huang, Y., Situ, M., Guo, K., Cai, J., & Huang, 

Y. (2020). Exploring the spatial working memory and visual perception in 

children with autism spectrum disorder and general population with high 

autism-like traits. PloS one, 15(7), e0235552.  

Zhang, Y., Cazakoff, B. N., Thai, C. A., & Howland, J. G. (2012). Prenatal exposure 

to a viral mimetic alters behavioural flexibility in male, but not female, rats. 

Neuropharmacology, 62(3), 1299-1307.  

Zhang, Z., & van Praag, H. (2015). Maternal immune activation differentially impacts 

mature and adult-born hippocampal neurons in male mice. Brain, behavior, 

and immunity, 45, 60-70.  

Zheng, C., Bieri, K. W., Hsiao, Y.-T., & Colgin, L. L. (2016). Spatial sequence 

coding differs during slow and fast gamma rhythms in the hippocampus. 

Neuron, 89(2), 398-408.  

Zhou, T. L., Tamura, R., Kuriwaki, J., & Ono, T. (1999). Comparison of medial and 

lateral septal neuron activity during performance of spatial tasks in rats. 

Hippocampus, 9(3), 220-234.  

Ziermans, T. B., Schothorst, P. F., Schnack, H. G., Koolschijn, P. C. M., Kahn, R. S., 

van Engeland, H., & Durston, S. (2012). Progressive structural brain changes 

during development of psychosis. Schizophrenia bulletin, 38(3), 519-530.  

Zuckerman, L., Rehavi, M., Nachman, R., & Weiner, I. (2003). Immune activation 

during pregnancy in rats leads to a postpubertal emergence of disrupted latent 

inhibition, dopaminergic hyperfunction, and altered limbic morphology in the 

offspring: a novel neurodevelopmental model of schizophrenia. 

Neuropsychopharmacology, 28(10), 1778.  

Zuckerman, L., & Weiner, I. (2005). Maternal immune activation leads to behavioral 

and pharmacological changes in the adult offspring. Journal of psychiatric 

research, 39(3), 311-323.  

 


