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Abstract

Theta band oscillations and phase coupling in the hippocampal- medial pre-
frontal cortex (HPC-mPFC) network play an important role in memory and
emotion regulation which well-documented in animal models, but their role in
human cognition and psychiatric disorders requires further clarification. This
thesis utilizes Magnetoencephalography to investigate theta frequency changes
in two different tasks: a contextual fear learning task and an associative mem-

ory and inference paradigm.

In the first study, healthy participants exhibited increased right HPC
theta power when approaching potential threat, which was related to sub-
jective ratings of threat. Additionally, mPFC theta power was increased when
approaching safety, reflecting differential roles for these regions in processing
threat and safety cues. The differentiation of theta power between threat and
safety was positively correlated with anxiety levels, suggesting that theta os-
cillations play a critical role in regulating contextual fear responses and may

relate to individual differences in anxiety.

In the second study, patients with Schizophrenia showed significant im-
pairments on recognition memory, including increased rates of false alarms.
They also showed impairments on both direct and indirect association tests
compared to healthy controls. Both groups displayed increased mPFC theta
power and mPFC-HPC theta coupling during the encoding phase of the task.
However, during retrieval, patients exhibited a marked loss of mPFC-HPC

theta phase coupling.
The findings of this thesis build on rodent studies of HPC-PFC function,
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demonstrating comparable and different theta dynamics in human cognition.
Furthermore, this research contributes to our understanding of the role of
HPC-PFC network dysfunction in Schizophrenia. Together, these studies of-
fer important insights into the neural mechanisms underlying fear, memory,
and psychosis, with implications for advancing therapeutic developments in

psychiatric disorders such as Schizophrenia.



Impact Statement

Academic Impact: The research presented in this thesis has advanced the
understanding of theta oscillations in relation to both fear and memory pro-
cesses within the HPC-PFC network, providing novel insights into the neural
mechanisms underlying adaptive and maladaptive cognition. A key aspect of
this work is its grounding in rodent literature, which has long-established the
role of theta oscillations in learning, memory, and fear responses. By employing
MEG in humans, this research makes important steps toward better aligning
and translating findings across species, bridging the gap between animal mod-
els and human neurocognitive processes. The findings in healthy participants
expanded our understanding of how theta power is modulated by emotional
contexts, while the study in schizophrenia contributed to the growing liter-
ature on psychosis, particularly by linking associative memory impairments
to network dysfunction and to symptoms, such as delusions. These insights
pave the way for more mechanistic understanding of Schizophrenia and the

development of novel treatments.

Non-Academic Impact: Beyond academia, this research has poten-
tial applications in mental health and clinical neuroscience. Understanding
the neural mechanisms associated with fear learning, anxiety and memory
processes could inform the development of new diagnostic tools or interven-
tions for disorders such as anxiety, PTSD, and Schizophrenia. For patients
with Schizophrenia, the identification of disrupted theta coupling may provide
insight into how deficits in memory processing are related to Schizophrenia

symptoms, thereby guiding more personalized treatment approaches. More-
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over, by emphasizing cross-species alignment, this work helps translate animal
model insights into potential human therapies, promoting a deeper public un-
derstanding of brain function across species. This thesis contributes to tackling
complex mental health challenges by aiding communication and collaboration

between preclinical and clinical neuroscience.
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Chapter 1

General Introduction

1.1 Introduction

Imagine nding an old photograph from a family holiday you went on as a
child. As soon as you look at the picture, you're instantly reminded of that
speci ¢ day: the games you played, the warmth of the sun, and the smell of
the beach. This experience might also trigger a range of emotions which stay
with you throughout the day. Cognitive neuroscience and its related elds
have long investigated how the brain achieves complex phenomena of memory
and emotional expression (and the interaction between the two). Great leaps
have been made with the advent of non-invasive neuroimaging, and one of the
most promising avenues of advances being made in our understanding o er

insight into how these behaviours may go awry in psychiatric disease.

In order to make valuable progress towards better treatments for those
su ering with mental health problems (in particular in the development of new
drug treatments), we must ensure that the animal models used to test these
are appropriate, and that the relevant biological mechanisms and behavioural
expression are conserved and comparable across species. It is then vital that
research focuses on translation and understanding across species, to pave the
way for novel treatments. Neural oscillations (rhythmic patterns of electrical
activity within the brain) and their underlying physiology may be fruitful drug

targets and valuable markers which can be studied across species.
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This thesis focuses on two speci ¢ regions: the Hippocampus (HPC) and
the medial Prefrontal cortex (mPFC). Whilst research has shown distinct roles
of HPC and mPFC respectively, it has become clear that their interactions are
also crucial for the successful encoding and retrieval of our memories, as well
as the contextual regulation of emotional behaviour. Whilst neural oscillations
occur in a number of frequencies (many of whom have relevancy for psychiatric
conditions) this thesis focuses on the theta band, for which coupling between
these two regions is highest in, and based on a large literature of animal re-

search are shown to be important for these behaviours.

Thus, in the forthcoming section | combine an overview of the animal
and human work which has contributed to our understanding thus far, and
builds the rationale for the studies presented in my experimental chapters. |
will show that theta oscillations and network interactions are important and
relevant for two psychiatric areas: Anxiety and Schizophrenia. This thesis
aims to provide value by building upon and extending existing rodent and
human work, and hopefully lead to greater understanding of these conditions

and their underlying pathophysiology.

1.2 Hippocampus

HPC is a highly studied structure located in the medial Temporal Lobe (mTL).
HPC is made up of the dentate gyrus, cornu ammonis sub- elds (CA1-4) and
the subiculum. Other key areas within the mTL include the surrounding en-
torhinal, perirhinal and parahippocampal cortices. HPC and its role in human
episodic memory were inextricably linked when a patient with a bilateral HPC
lesion was studied in the 1950s (Scoville and Milner, 1957). H.M. could remem-
ber events from his life before the operation, but he was unable to form new
lasting memories. His short-term memory was relatively una ected, mean-
ing he could hold conversations, but he would forget them just minutes later.
H.M.s case was critical for neuroscience because it provided clear evidence that

HPC is essential for forming new long-term memories. HPC thus supports our
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experience of strong and vivid recollections and recollection like memories in

animals. (Preston and Eichenbaum, 2013).

Whilst the precise mechanisms are still under debate, several key discover-
ies have bolstered our understanding of how HPC and linked structures realise
our ability to learn and remember. Firstly, the process by which synaptic con-
nections between neurons strengthen over time is named synaptic plasticity.
This can occur over both short and longer timescales, with the latter suggested
to underlie learning and memory processes (Bliss and L mo, 1973). Secondly,
the discovery of place cells | which re in specic areas of an environment
and subsequent discovery of cells in the mTL which represent other features of
memory episodes such as time and objects (O'Keefe and Nadel, 1978; Moser
et al., 2015). The Cognitive Map hypothesis uni es these functions by positing
that HPC acts as a 'cognitive map' allowing us to remember what happened
and where and to form complex and conjunctive representations of our experi-
ences (Tolman, 1948; Bird and Burgess, 2008). With the hippocampus being
especially important for associations made across modalities, such as the link

of a particular image with a sound (Borders et al., 2017).

We also have the striking ability to generalize from our experiences. This
is underpinned by forming associationsetweenmemories (Preston and Eichen-
baum, 2013) and requires HPC (Bunsey and Eichenbaum, 1996). This is
thought to be underpinned by pattern completion, whereby overlapping old
memory patterns are reactivated at a new memory's encoding (Horner and
Burgess, 2013). We are also remarkably adept at making novel inferences from
previously learned associations (see Box 1). HPC is also necessary for transitive
inference (Dusek and Eichenbaum, 1997), for example, rats with HPC abla-
tions are unable to form orderly conjunctive representations of odours. Roles
of HPC also go further than declarative memory and into broader decision-

making and related processes (Wimmer and Shohamy, 2012).
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Box 1: Transitive Inference

Transitive inference  is a type of reasoning that involves understanding the rela-
tionship between two objects or concepts by using a third, linking object or concept.
Imagine you know two facts: A >B. ; B >C. Using transitive inference, you can
deduce a third fact without directly observing it: A is bigger than C. You've made
this conclusion based on the relationships you already know between A, B, and C.
This kind of reasoning is important because it allows us to make logical conclusions
and navigate the world more e ectively without needing to directly observe or expe-

rience every single relationship. It's a fundamental aspect of problem-solving and is

commonly seen in both human and animal reasoning

Considering its necessity in remembering our experiences, it seems obvious
that HPC may be involved in our awareness of potential threats and dangers,
after all it is vital for our survival to remember where we have previously en-
countered danger and thus might again. HPC dysfunction has been linked to
stress and fear-based psychiatric conditions such as Post-Traumatic Stress Dis-
order (PTSD) and anxiety disorders (Gilbertson et al., 2002). HPC supports
the encoding, consolidation and retrieval of 'fear' memories (alongside fellow
mTL structures such as the Amygdala). Another more distinct line of work
has related HPC dysfunction to more mood-related behaviour such as anxiety
and avoidance (See Box 2; (Xia and Kheirbek, 2020). In particular, the ven-
tral(v) HPC has been suggested to be involved in anxiety behaviour in rodents
(Strange et al., 2014; Bannerman et al., 2004). For example, HPC lesioned
rats more readily approach potentially dangerous environments (Bannerman
et al., 2002; Kjelstrup et al., 2002), neurons in vHPC encode anxiety related
information (Jimenez et al., 2018) and excitation of vHPC reduces anxiety like
behaviour (Kheirbek et al., 2013).
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Box 2: De ning and understanding Fear and Anxiety

Whilst the words are often used interchangeably, it is important to note the di er-
ences.Fear is the visceral, heart-pounding reaction you experience when faced with
an immediate, identi able threat. Anxiety , in contrast, is the persistent sense of
worry and unease that lingers even in the absence of an obvious threat. Your mind
races with ‘what if' scenarios, even if there's no clear reason for this apprehension.
This ongoing feeling, without a speci c trigger, characterizes anxiety. It can persist
over time and signi cantly impact your daily life, making it challenging to concen-
trate on tasks or relax, even when there's no immediate danger. In essence, fear
is the sharp, immediate response to a known threat, while anxiety is the lingering,
uncertain discomfort that can persist without an identi able cause, a ecting your

overall well-being over a longer period.

This work is mirrored with more recent work in human models of anx-
iety. Patients with HPC lesions shows less avoidance in approach-avoidance
paradigms, emulating rodent anxiety paradigms (Bach et al., 2014). Crucially,
the human homologue of vHPC (anterior (a) HPC) appears to be involved in
human anxiety, with fMRI work showing that aHPC activity uctuates with
threat level and is best explained by avoidance behaviour thus may represent
the integration of threat features from other structures (Abivardi et al., 2020).
aHPC BOLD was also increased in conditions of high versus low approach-
avoidance con ict, and greater aHPC activity when approaching rather than
avoiding threat (O'Neil et al., 2015). In threat learning more generally, neg-
atively valenced stimuli are associated with increased activation in the aHPC
(Gerdes et al., 2010). Moreover, threat actually impairs HPC function (Tan-
riverdi et al., 2022; Bisby and Burgess, 2014, 2017), with HPC impairments
related to the onset of PTSD and individuals with PTSD often display de-
creased HPC volume (Van Rooij et al., 2015).
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1.3 medial Prefrontal Cortex

The PFC is not a unitary entity and has various functional roles in cognition
and behaviour (Kenwood et al., 2022), on the whole it is broadly concerned
with our short-term memory and executive function. So, in contrast to pa-
tient H.M above, a patient with prefrontal damage may have intact episodic
memory but struggles on tasks in which target information is susceptible to
distraction or interference from other stimuli (Shimamura et al., 1995). This
thesis focuses on the medial (m)PFC, which has been purported to play the
biggest part in memory and decision-making processes, as well as fear and
anxiety processes. mPFC encompasses Brodmann areas 8,9,10,12,14,24,25,32
and is often subdivided into ventral and dorsal regions (however there are no
clear cytoarchitectural boundaries for this) (Szczepanski and Knight, 2014;
Kenwood et al., 2022). Its ventral part (vmPFC) has been most signi cantly
related to decision-making and memory processes, with both dorsal (dmPFC)

and vmPFC implicated in fear and anxiety related behaviour.

Above | outlined how HPC is instrumental in making associations between
our experiences, but how do we know which memories should be remembered
and linked? Work has suggested mPFC may play a vital role in our mem-
ory integration and inferential capabilities. One suggestion is that mPFC
contributes to top-down control over memory and may mediate the context
dependent retrieval of appropriate memories, by suppressing irrelevant memo-
ries (Eichenbaum, 2017), but is also important for reconciling con icts between
competing memories and new information. Relatedly, PFC lesioned patients
are impaired on paired associates tasks (see Box 3) when new items need to
be associated with items that had previously been associated with no-longer
relevant items(Shimamura et al., 1995). Speci cally, they display higher levels

of old pair intrusions on this task.
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Box 3: Associative Inference

In a classic paired-associate paradigm , participants are presented with pairs of
items, typically words, but they can also be pictures, numbers, or other stimuli. Dur-
ing the learning phase, participants are asked to memorize the associations between
the pairs. In the recall phase, participants are presented with one item from each

pair and asked to recall the associated item.

In a memory integration  or associative inference task, participants are pre-
sented with pairs of items (the teddy bear and banana, banana and chair), during

the recall phase they are probed on the inferential pair (teddy bear and chair).

In associative inference tasks (See Box 3) patients with vmPFC damage
display de cits on inferential (AC) memory and intact non-inferential (AB
and BC) memory, further supporting the necessity of vmPFC in linking ex-
periences without direct experience (Spalding et al., 2018; Koscik and Tranel,
2012; Spalding, 2018). However, more recent work has suggested intact transi-
tive abilities but higher variance (Yu et al., 2022). Interestingly, patients with
HPC damage did not show this impairment, despite the long-standing claim
that HPC is solely necessary for transitive inference. However, the authors
admit the study was under-powered for this speci ¢ comparison. In studies
with healthy participants, when participants encoded overlapping information,
the authors found that both increased vmPFC activation and vmPFC-HPC
functional connectivity could (Zeithamova et al., 2012) predict whether par-

ticipants could infer indirect memories.

Species spanning work has shown the involvement of mPFC in fear and

anxiety behaviour, as well as emotional behaviour more generally. In primate
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and rodent experiments from over 60 years ago, frontal lobotomies profoundly
extinguished fear expression to previously conditioned responses (Streb and
Smith, 1955; Waterhouse, 1957; Courtin et al., 2013). Relating back to hu-
man ndings more generally, emotional disturbances are often a prominent
symptom of PFC damage, as evidenced in the famous case of Phineas Gage
(Damasio et al., 1994). Curiously, recent marmoset work also nds relation-

ships between negative emotion and mPFC (Wallis et al., 2017).

The vmPFC is important for fear extinction, i.e. regulating expression to
stimuli that previously was fearful and now is safe (Quirk et al., 2006; Schiller
and Delgado, 2010; Etkin et al., 2011) and speci cally the recall of this extinc-
tion (Lissek and Grillon, 2012). In rodents, stimulating the vmPFC boosts
extinction learning (Do-Monte et al., 2015). Work from human functional
imaging shows that vmPFC activation relates to safety signals, speci cally for
stimuli that have previously been threatening (Harrison et al., 2017; Schiller
et al., 2008). For example, BOLD signal in the vmPFC increased with stimuli
safety value in a fear conditioning task (Lissek et al., 2014). It is thought
mPFC, and its role in higher level cognition, may be a key player in the un-
derlying mechanisms of anxiety and thus these excessive and maladaptive be-
haviours seen in clinical anxiety and related disorders (Kenwood et al., 2022).
Research from clinical patients from a variety of disorders implicates the re-
gion, rstly, that hypo-activation of this signal may be linked to Generalized
Anxiety Disorder(GAD) (Greenberg et al., 2013; Via et al., 2018). Secondly,
Similar to HPC, PTSD patients show decreased activation in vmPFC dur-
ing extinction recall.(Milad et al., 2009) as well as reduced vmPFC and HPC

volume (Hartley and Phelps, 2010).
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In Pavlovian fear conditioning , a harmless conditioned stimulus is paired with an
aversive unconditioned stimulus such as electric shock. thenconditioned stimu-

lus (US) is the naturally fear-inducing stimulus, while the conditioned stimulus
(CS) is a neutral stimulus that becomes fear-inducing after being paired with the
unconditioned stimulus through the process of classical conditioning.

Fear extinction refers to the process through which conditioned fear responses to a
stimulus decrease or disappear over time as a result of repeated exposure to that
stimulus without any negative consequences. This is a form of learning that involves
new associations being formed in the brain that inhibit the original fear responses,
rather than the erasure of the initial fear memories.

There are important clinical applications of understanding the basis of threat learn-
ing and fear extinction, as treatments for a variety of psychiatric disorders rely on

exposure therapy (Dunsmoor et al., 2019) .

It is important to note that in achieving these behaviours mPFC is in-
teracting with other regions including but not limited to HPC. For example,
mPFC is thought to exert top-down control to inhibit or excite the Amyg-
dala (Spalding, 2018), (Lissek and Grillon, 2012). Thus, an under-functioning
mPFC may underlie certain relevant psychiatric phenomena, in that the in-
appropriate fear response to a current situation is not inhibited (Quirk et al.,
2003). For example, in PTSD - which is characterised by the inability to inhibit
a fear response to currently non-threatening situations (Lissek and Grillon,
2012).

More recently, however, work has shown that like HPC, mPFC is also
important for initial learning about threats (Fullana et al., 2016), (Harrison
et al., 2017). Potentially linking to broader literature showing vmPFC is im-
portant for the presentation of stimulus-outcome relationships (Schoenbaum
et al., 2009). In a virtual reality threat learning task, HPC-vmPFC connectiv-
ity increased with participants learning of locations associated with a threat-
ening shock. HPC connectivity also increased with another area of mPFC |
the dACC which was speci c to the approach of stimuli in locations learned

to be dangerous(Suarez-Jimenez et al., 2018). What's more, lesions of the
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vmPFC cause impairments in Pavlovian threat conditioning skin conductance
responses (Battaglia et al., 2020).Thus, it's not just that mPFC exerts control
over the amygdala, but the region in itself is important of acquisition of threat
learning (Hiser and Koenigs, 2018). It is likely that certain sub-regions may

di erentiate these roles (Battaglia et al., 2022).

HPC and PFC have multiple routes in which they interact. Firstly, there are direct
monosynaptic projections from vHPC to mPFC, as Key sub elds of HPC directly
project to mPFC including ventral CA1 and the subiculum (Swanson et al., 1978).
These are thought to re ect a route for meaningful HPC spatial context representa-
tions to the PFC (Preston and Eichenbaum, 2013). Secondly, there is also an indirect
pathway via the nucleus reuniens of the thalamus, which may be a method for the
PFC to control memory speci city at retrieval (Xu and Ssedhof, 2013). Finally, there
are other top down indirect pathways from mPFC to HPC (Hoover and Vertes, 2007).
For example, PFC may exert control over memory retrieval by PFC projections to
the perirhinal and lateral entorhinal cortex which can then be passed on to HPC
(Preston and Eichenbaum, 2013), this pathway also allows for the bidirectional ow
of information and thus may importantly underpin memory retrieval. Similarly, there

are also further indirect pathways through the amygdala (Qi et al., 2018).

1.4 Interactions

In addition to each area's distinct contributions, HPC and mPFC have various
direct and indirect connections (See Box 5; (Preston and Eichenbaum, 2013).
Crucially, our experiences and memories are not isolated and static units, but

dynamically updated and linked as our experiences and learning grow, HPC-



25

mPFC network is crucial in this. Outputs from the vHPC to mPFC may be
used to store information about the relatedness of memories, whereas more
indirect routes from mPFC back to HPC (such as that through the RE) may
control memory retrieval, allowing for the recall of speci c the most relevant

experiences (Xu and Sudhof, 2013; Navawongse and Eichenbaum, 2013).

Earlier, | mentioned PFC lesioned patients performing a paired-associates
task who were unable to suppress irrelevant associations that were previously
learnt. mPFC cues the 'context’ which allows the appropriate memories to be
retrieved from HPC. As such, mPFC lesioned primates show impaired mem-
ory performance when the rule governing this retrieval is switched (Rich and
Shapiro, 2007). If mPFC is inactivated, dHPC can still perform memory tasks,
but cannot discriminate between context appropriate and inappropriate mem-
ories (Navawongse and Eichenbaum, 2013), thus emphasising the importance
of interactions between the two areas. HPC-PFC interactions are also posited
to mediate memory consolidation, with initial encoding of memories being
done in HPC, but mPFC integrating these into existing memory networks for
long term storage and abstraction. The network is also involved in memory
encoding, with functional coupling between HPC and mPFC increasing on tri-
als with overlapping content related to previous memories (Ranganath et al.,
2005; Zeithamova et al., 2012) and the degree of activation between the regions

predicting how well the memories are later integrated.

Interactions in the network go beyond just the memories of our experiences
but show speci ¢ functioning in ability to feel and experience fear. Optoge-
netics has shown that a loss of HPC input to mPFC disrupts spatial represen-
tations of aversive environments, indicating that these inputs are vital to the
expression of anxiety behaviour (Padilla-Coreano et al., 2016), with evidence
suggesting that this is true across innate anxiety and learned fear paradigms.
In the anxiogenic environments, single units in mPFC which represent spa-
tial features of the environment are entrained to VHPC theta (Adhikari et al.,

2011). Positing that vHPC sends information relevant for anxiety to mPFC
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(Likhtik and Gordon, 2014).

In humans, HPC-PFC functional connectivity increases with initial threat
learning and with extinction retrieval (Milad et al., 2007; Hartley and Phelps,
2010; Suarez-Jimenez et al., 2018). In light of the evidence described above,
this is perhaps because in extinction learning, there is even more strategic
control needed to inhibit the previously learned fear response. However, ro-
dent work shows that silencing vHPC neurons increases mPFC pyramidal cell
neurons ring, suggesting the importance of HPC inputs for inhibiting fear re-
sponses (Sotres-Bayon et al., 2012). Ultimately, more work is needed to clarify
the role of the network, the role of areas in isolation and di erences/common-

alities across species.

1.5 Theta oscillations and network synchrony

Whilst direct anatomical connections are important for regional interactions,
complex behaviours are achieved through the coordination of neural activity
within and across di erent regions, which relate to advanced cognitive pro-
cesses (Sigurdsson and Duvarci, 2016). This thesis will focus on neural activity
speci c to the theta rhythm, however it should be noted that other frequency

bands have well characterized functions in the network.

A key gure underpinning HPC-mPFC interactions is the theta oscillation,
which is a rhythmic oscillatory signature (~ 3-8 Hz in humans and between 4-10
Hz in rodents) common to both regions (Jacobs, 2014). Oscillations are brain
rhythms which emerge when large groups of neurons synchronize their activity
periodically. Typically, these have been evidenced and understood through
local eld potential (LFP) recordings in rodents (Colgin, 2011). LFPs in HPC
display several signatory rhythms of theta, gamma, and sharp wave ripples,
with each having respective functions (Colgin, 2016).

HPC Theta ( rst observed in the rabbit (Herweg et al., 2020) is thought
to re ect the 'online' state of HPC (Buzsaki, 2002) and to be generated in the

medial septum (Colgin, 2013), however there are likely to be several generators.



27

Theta relates to locomotion, including correlating with running speed and
movement (O'Keefe and Nadel, 1978). However, several other functions have
been shown to relate to HPC theta (Colgin, 2013). Firstly, (and sometimes
referred to as Type 1) theta has been shown to relate to movement and also
to memory at both encoding and consolidation of memory. Another theta
oscillation, termed type 2, is involved when an animal is in an anxiogenic

environment and speci cally immobility.

Finding direct analogues between human and rodent theta is, however, not
straightforward. It is not usually possible to measure analogous LFP activity
from humans, however intracranial EEG from hospitalized Epilepsy patients
0 ers a unique opportunity to examine these signals. Human theta oscillates at
a lower and slower rate than rodents, with recent research suggesting there are
multiple patterns of HPC theta oscillations which contribute to functionally
di erent properties (Goyal et al., 2020) with a higher frequency band (~8 Hz)
from more posterior (p)HPC relating to movement and a lower theta (~ 3 Hz)
relating to anxiety and broader memory function and more predominantly
involving anterior (a)HPC. This may relate to the di ering functions (type 1
and type 2) reported for rodent theta and the functions of HPC-PFC network.
Ultimately theta oscillations are most likely relevant for memory across species,
but may occur at di erence frequencies, amplitudes, and duration (Jacobs,
2014), with recent work suggesting in humans, memory is the key driver (Seger
et al., 2023).

In associative memory tasks, HPC theta power increases during encoding
and relates to subsequent performance, i.e. higher theta for later successfully
encoded memories (Kota et al., 2020; Backus et al., 2016; Rutishauser et al.,
2010; Joensen et al., 2023; Rudoler et al., 2023; ter Wal et al., 2021; Lega
et al., 2012; Gedankien et al., 2023). However, there are contradictory ndings
whether increases or decreases in theta are most related to successful memory
(Herweg et al., 2020), these di erences may relate to variation in tasks and

referencing conventions.
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There are several theories as to the function of the oscillations, rstly they
may be important for switching between current, past and future situations,
vital for memory and decision-making processes (Buzsaki and Moser, 2013).
Secondly (or additionally) they may allow the brain to organize and compress
streams of sensory input allowing associations to be formed between episodes
and sequences, which then allows us to make long-term and robust associations
between our experiences (Herweg et al., 2020; Staudigl and Hanslmayr, 2013;
Eichenbaum, 2017).

Theta oscillations in mPFC are also a rhythmic signal in both rodent and
humans and relate to various behaviours (Mitchell et al., 2008; O'Neill et al.,
2013). Itis as yet unclear whether these are locally generated or a consequence
of HPC generated theta (Raghavachari et al., 2006; Herweg et al., 2020). Work
from a number of species implicates mPFC theta in diverse functions such
as working memory, attentional set-shifting (Benchenane et al., 2010), and
anxiety paradigms (Adhikari et al., 2010). Whilst these functions may di er,

they may re ect shared underlying computations.

As alluded to above, theta oscillations are also important for facilitat-
ing brain wide communication (Solomon et al., 2017); See Box 6). Coupling
between HPC and mPFC is highest in the theta band, and is implicated in
both anxiety related behaviour and memory processes. Theta oscillations in
mPFC are synchronized with both vHPC and dHPC and relate to perfor-
mance in spatial working-memory tasks in rodents (O'Neill et al., 2013). The
extent to which mPFC cells are synchronized to HPC theta (but not the r-
ing rates themselves), relates to the accuracy of recall (Hyman et al., 2010).
There is evidence that theta synchrony in the network di ers depending on
their role, for example, during memory encoding, HPC theta precedes mPFC.
whilst at recall, theta oscillations in mPFC precede HPC (Place et al., 2016;
Eichenbaum, 2017). Evidence from human scalp EEG shows network coher-
ence relates to successful encoding of items pairs in memory (Summer eld and
Mangels, 2005).
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Synchrony in the network may also be involved in determining which in-
formation should be consolidated into long-term memory (Benchenane et al.,
2010). Using concurrent EEG-fMRI, during a recollection task, increased theta
power related to increase HPC-PFC functional connectivity (Herweg et al.,
2016). During a free recall task, IEEG electrodes implanted in HPC and PFC
show increased theta band coherence relative to baseline (Anderson et al.,
2010) and successful memory retrieval relies on increased theta network con-

nectivity (Watrous et al., 2013).

The most direct way to study neural synchrony is with a Cross Correlation  across
the two region's spike trains, which identi es how strongly neurons are synchronized
in their action potentials (Brown et al.,, 2004). Phase-locking looks at whether
spikes in one area align with the phase of oscillations measured in LFPs (Harris and
Gordon, 2015). When the LFP recorded from two regions align, this is referred to
as the Phase Coherence , which characterises the stability of synchronicity over
time. If the oscillations show correlations in amplitude, this is referred to asPower
Correlations (Harris and Gordon, 2015). In humans these can be measured using
direct intracranial recordings, EEG, MEG and functional brain imaging. However,
given temporal and anatomical constraints there are no perfect measurements and

signal precision di ers greatly.

Finally, there also seems to be a particular role for theta oscillations and
synchrony in memory integration and associative inference, for example in the
associative inference tasks outlined above where participants rst learned to
associate A with B, and then later B and C, from which they can then make the
inference that A and C are associated, such successful inference and integration
is associated with HPC theta power increases and HPC-mPFC theta synchrony
(Backus et al., 2016).

Theta oscillations are also involved in fear learning and anxiety paradigms
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in rodents and humans. In humans, frontal theta power changes re ect the
acquisition of fear responses (Pirazzini et al., 2023). Their interactions are also
important. Top down theta synchrony of mPFC to HPC plays an important
role in extinction learning, i.e. learning that a previously dangerous cue is now
safe and so the previously learned fear response must be inhibited (Knapska
et al.,, 2012) with increased generalization and impaired extinction learning
relating to impairments in synchrony between mPFC- HPC (Sangha et al.,
2009).

But in addition to successfully learning where threat and safety may oc-
cur, there is also a role for this network in anxiety-like behaviour. For example,
disrupting theta oscillations in dmPFC induces freezing (Courtin et al., 2014).
Interestingly, it has been noted that anxiolytic drugs faintly (but consistently)
reduce theta oscillations (McNaughton and Coop, 1991) with similar e ects
to that of lesions to the vVHPC (Bannerman et al., 2002). Typically in ro-
dents, anxiety-like behaviour is modelled using tasks such as the Open Field
and Elevated Plus Maze (EPM) (See Box 7). As subjective anxiety is nat-
urally a challenge to measure in non-humans, it could also be viewed as the
apprehensiveness to explore (Bailey and Crawley, 2009). Theta oscillations
and synchrony are shown to be (as part of a wider network) vital parts of
underlying the circuitry (Adhikari, 2014).
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Box 7: Studying anxiety in rodents

Two important assays for studying anxiety like behaviour in rodents are the Open
Field test (left) and Elevated Plus Maze (EPM - right). Anxious behaviour is
typically characterized by spending more time in the periphery of the Open Field or
the closed arms of the EPM. (Bailey and Crawley, 2009).

Theta oscillations in vHPC (but not dHPC) and mPFC increase as rodents
explore these anxiogenic environments (Adhikari et al., 2010), suggesting that
the vHPCs role in anxiety is distinct from the dHPC role in spatial navigation.
Moreover, in a mouse model of anxiety, 5-HT1A knockout mice display greater
increases in theta in mMPFC (Adhikari et al., 2010). Interestingly however in
Adhikari et al. (2010), when analysis was focused on speci c areas of these
anxiogenic environments namely the safer parts of the environments (e.g., the
closed arms vs the open arms of the EPM and the periphery vs the centre of
the open eld; see Box 7) there was a speci c theta increase only in mPFC.
This posits the idea that theta in mPFC may play a role in signalling safety

or inhibiting exploratory behaviour.

HPC-mPFC theta coupling correlates with levels of avoidance in EPM
(Adhikari et al., 2011), and increasing mPFC-HPC theta synchrony increases
anxiety avoidance behaviour (Padilla-Coreano et al., 2019). Importantly, tar-

geting theta coupling in this network appears to induce anxiolytic e ects with-
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out impairing other areas of cognition. Suggesting it may be a valid treatment
target for maladaptive and clinical anxiety (Padilla-Coreano et al., 2016). Hu-
man work (although so far limited) has also suggested that this role is con-
served across species. Theta (1-8 Hz) oscillations in the right HPC increase
parametrically with threat level(Khemka et al., 2017), as well as HPC-mPFC
phase coupling. Similarly, self reported anxiety has shown to correlate with

aHPC theta power (Cornwell et al., 2012).

The involvement of theta oscillations in fear acquisition and extinction
naturally extends from the networks' role in contextual modulation of memory
(as general memory function is necessary for a memory of a fearful event).
However, the role of HPC (and HPC-PFC network) in unlearned anxiety is
not so easily accounted for. Some argue unlearned (or innate) anxiety may
involve di erent areas of HPC (Cornwell et al., 2012). It also might be the
case that the speci c properties of the theta rhythm might have di erent roles,

i.e. phase, amplitude (Korotkova et al., 2018).

1.6 Network dysfunction in Schizophrenia

It is clear given the work outlined above that there are various functions depen-
dent on theta oscillations in the HPC-PFC network, and importantly, dysfunc-
tion of which may be a key mechanism in understanding a variety of psychiatric

phenomenon. Schizophrenia (SCZ) in particular is a fruitful target.
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Box 8: Clinical Features of Schizophrenia

SCZ, a complex and often debilitating mental disorder, manifests through a range of
clinical features that can vary signi cantly among individuals. Typically, symptoms
are categorized into three core groups: positive, negative, and cognitivePositive
Symptoms , which re ect an excess or distortion of normal functions, include hal-
lucinations (often auditory), delusions (such as paranoid beliefs), and disorganized
speech or behaviour.Negative symptoms  represent a diminution or loss of normal
functions and encompass a ective attening (reduced emotional expression), alo-
gia (poverty of speech), and avolition (lack of motivation or initiative). Cognitive
symptoms , though less conspicuous, are crucial for diagnosis and treatment. They
include di culties with attention, memory, and executive functions such as planning
and decision-making. The onset of SCZ is typically in late adolescence or early adult-
hood, and its course can be episodic or chronic, with varying degrees of functional

impairment.

HPC-PFC network has been implicated in the pathophysiology of SCZ.
Structural and functional abnormalities of HPC in patients are well docu-
mented across animal models, patient neuroimaging and post-mortem studies
(Heckers et al., 1998; Harrison, 2004; van Erp et al., 2016; Knight et al., 2022;
Musa et al., 2022; Heckers and Konradi, 2023). Crucially, this is accompanied
by de cits on tasks dependent on HPC in patients with SCZ (PScz; (Preston
et al., 2005; Ragland et al., 2017).

Also, well documented is dysfunction and alterations of the PFC
(Goldman-Rakic and Selemon, 1997; Volk and Lewis, 2010; Smucny et al.,
2022). The early psychiatrist Kraepelin described SCZ as a disorder of the
frontal lobes, or the 'orchestrator. and impairments in working memory are a
hallmark of the disorder and one of the best predictors of functional outcomes
(Aleman et al., 1999; Gold et al., 1997). Patients are also impaired at cognitive
control (Kang et al., 2019), speci cally at inhibiting con icting responses and

using contextually information e ectively (Smucny et al., 2022).

SCZ has also long been thought of as a disorder of dys-connectivity (Fris-
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ton and Frith, 1995; McGuire and Frith, 1996; Pettersson-Yeo et al., 2011,
Friston et al., 2016). Dys-connectivity refers to the presence of abnormal con-
nectivity, rather than a speci ¢ decrease, with mixed ndings in terms of hyper
and hypo connectivity in patient studies, however ndings tend to converge
on hypo-connectivity, predominantly in networks involving the frontal lobe.
Whilst it is not the only network implicated, literature from across species
has shown impairments and alterations to functional connectivity between
HPC and PFC in SCZ (Goldman-Rakic et al., 1984; Hoover and Vertes, 2007,
Weinberger et al., 1992; Meyer-Lindenberg et al., 2001). Early fMRI studies
showed that frontotemporal functional connectivity was associated with au-
ditory hallucinations (Fletcher, 1998; Lawrie et al., 2002; Barch et al., 2001,
Meyer-Lindenberg et al., 2005; Eichenbaum, 2017).

Importantly, SCZ is associated with de cits in various cognitive and be-
havioural functions thought to rely on these regions and network interactions.
Such as spatial working memory and associative inference (Heckers et al., 1998;
Adams et al., 2020). SCZ patients also display impaired fear processes such as
impaired extinction learning, accompanied by a blunted activation in mPFC
and HPC(Holt et al., 2009, 2012) suggesting that perhaps the network's role
in fear and emotional behaviours may also contribute to symptoms in SCZ.

It also may be true that these de cits are underpinned by a shared de cit
in associative learning mechanisms (Tuominen et al., 2022). These extinction
learning impairments have also been linked to persecutory beliefs in non-help

seeking subclinical populations (Deng et al., 2024).

There has been longstanding thought that brain rhythms may be a key
feature of the disorder (Uhlhaas and Singer, 2015; Hirano et al., 2015; Hirano
and Uhlhaas, 2021). Studying oscillations are of great value as they are con-
served across species and thus can be utilized to develop new treatments and
subsequent testing of these in mechanistic animal models. Which is of great
need to the eld of SCZ.

A substantial body of animal work has implicated theta oscillations in
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models of the disorder, which represent genetic and environment risk for SCZ
(Godsil et al., 2013). Particularly successful work links de cits in spatial
working memory tasks, animal models, and theta synchrony.(Bahner et al.,
2015; Bahner and Meyer-Lindenberg, 2017; Speers and Bilkey, 2021). Work
on Df(16)A+/{ mice provided early evidence of the relevance of impairments
in neural synchrony in the disorder. These mice model the highest genetic
risk for SCZ | 22911.2 microdeletions (Karayiorgou et al., 2010). Firstly, the
authors observed that wild-type mice showed increased theta synchrony be-
tween HPC-PFC during a working memory task. Df(16)A+/{ mice were not
only impaired on the acquisition of the task but also displayed a loss of neural
synchrony between the regions. This was measured by phase-locking of PFC
cells to HPC theta oscillations and by coherence of PFC and HPC LFP (Sig-
urdsson et al., 2010). Similarly, work in maternal immune activation (MIA)
has also evidenced decreased mPFC-HPC EEG coherence. This decrease also
correlated with behavioural measures relevant to the disorder (Dickerson et al.,
2010). Additionally, administration of ketamine (a pharmacological model of
SCZ) in rats leads to a decrease in theta rhythmicity in the network (Moran
et al., 2015). Theta oscillations both within HPC and HPC-PFC synchrony
are impaired across rodent species (Munn et al., 2023). Recent advances have
shown promise that intervening and rescuing this network dysfunction during

a critical period may o er avenues for successful treatment and prevention at

early stages of the illness (Mukherjee et al., 2019).

Overall, there has been less work examining this speci ¢ network and its
oscillations in humans, and even more so in Pscz. With the development
of Magnetoencephalography (MEG) and source localization techniques the
prospect of investigating this successfully are increasing (Meyer-Lindenberg,
2010) and recent work has shown that PScz display impaired frontotempo-
ral theta coupling when completing a spatial working memory task (Adams
et al., 2020). A fuller understanding of how this pathophysiology may relate

to speci ¢ symptoms/aspects of the disorder is less clear, however. There are
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a number of other functions of the network that are relevant for SCZ and may
show a clear mechanistic link between symptoms and network dysfunction. In
Chapter 5 | extend research into the role of HPC-PFC network in symptoms
underlying SCZ using MEG to probe the link between network dysfunction

and symptoms in the form of associative learning (and in particular inference)

impairments.
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1.7 Thesis outline

Chapter 1 introduces the HPC-PFC network, its role in a variety of cogni-
tive and emotional behaviours, the importance of theta oscillations and their

relevance to psychiatric disorders.

Chapter 2 outlines the general methods, providing background on MEG
as a tool for measuring neural oscillations, and details the pre-processing and

analysis approaches common to both studies.

Chapter 3 presents the research questions and hypotheses, outlining
the expected ndings based on existing literature and outlining predictions
regarding the changes in theta related to anxiety-like behaviour and associative

memory.

Experimental Chapter 4 details the MEG study on contextual fear
learning in healthy participants, while Chapter 5 discusses the study of an
associative inference paradigm in PScz and matched controls, focusing on neu-

ral oscillations during encoding and retrieval phases of the task.

Chapter 6 synthesizes the ndings from both studies, highlighting their
translational relevance and discussing the broader implications for understand-
ing the neural mechanisms underlying memory, fear, and psychosis. Chapter

6 also addresses limitations and proposes future research directions.



Chapter 2

General Methods

Whilst, animal models bene t from being able to capture synchronous relation-
ships between areas through electrophysiological recordings in multiple areas
at a time (See Box 6), in humans, we are more limited to functional non-
invasive neuroimaging such as functional magnetic resonance imaging (fMRI),

electroencephalography (EEG) and MEG.

Figure 2.1: MEG system
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fMRI, whilst o ering good spatial resolution, does not have the speci city

for detecting oscillatory activity. MEG presents a direct and non-invasive mea-
sure of real time neural activity. It is closely related to EEG, which measures
scalp potentials, whilst MEG measures magnetic eld activity outside the head.
As magnetic elds more easily cross the skull, source localization techniques
allow MEG to image deeper sources (Harris and Gordon, 2015). Importantly,
these methods allow us to measure neural activity at millisecond timescales,
0 ering signi cant advantages to other neuroimaging approaches. MEG is pas-
sive and completely safe, thus is an extremely valuable tool for work patient
populations and able to o er insights of potential clinical relevance (Uhlhaas
et al., 2017).

The main contributors to the MEG signal are the intracellular currents generated by
postsynaptic potentials (PSPs). When neurotransmitters bind to receptors on the
dendrites of neurons, they induce postsynaptic currents that cause a ow of ions.
In particular, excitatory postsynaptic potentials (EPSPSs) in the apical dendrites of
pyramidal cells lead to a net ow of positive charge inward.This ionic movement
creates what is known as the "primary current,” which ows along the dendrites.
The primary current, in turn, induces compensatory currents in the extracellular
space, known as "volume currents." These volume currents ow through the conduc-
tive tissues of the brain and the surrounding cerebrospinal uid.The combination of
primary and volume currents generates the magnetic eld detected by MEG, which
detects these elds using highly sensitive devices called superconducting quantum in-
terference devices (SQUIDs). The most signi cant magnetic elds arise when many
neurons re synchronously in a speci c orientation, typically in the sulci of the cor-
tex, where the pyramidal cells are aligned perpendicularly to the cortical surface

(tangential currents).

The relationship between LFP in rodents and MEG in humans is one of
scale and speci city. Both signals re ect post-synaptic activity (Buzsaki et al.,
2012; Lopes da Silva, 2013). LFPs o er high-resolution, localized recordings
in animal models, while MEG provides a non-invasive method to study human

brain activity over larger cortical areas. Together, these methods can comple-
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ment each other to advance our understanding of neural mechanisms across
di erent species and scales, ultimately bridging the gap between preclinical

research and clinical application.

Figure 2.2: Basis of the MEG Signal

Figure reproduced with permission from Hansen et al (2010): Schematic of cortical
folding illustrating how dipole orientation a ects MEG sensitivity. Radial sources
at the gyrus crown generate magnetic elds that cancel out and are typically unde-
tectable by MEG. In contrast, tangential sources along sulcal walls produce magnetic
elds that extend outside the head and can be detected.

MEG measures the magnetic elds generated by the electrical activity of

neurons, particularly by the intracellular currents owing in the dendrites of
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pyramidal neurons. Since magnetic elds are less distorted by the skull and
scalp, MEG provides a more accurate spatial localization of brain activity.
EEG measures the electrical potentials generated by neuronal activity, specif-
ically the extracellular currents that ow through the scalp. These electrical
signals are often distorted by the skull and scalp, which can make spatial local-
ization less precise compared to MEG. Given that our main research questions
are focussed on speci ¢ brain areas, this makes MEG the better choice. More-
over, whilst EEG has a more practical and cost-e ective setup, MEG's passive
nature makes it a much more appropriate method for studies with patient
populations who might not be suited to study designs optimized for healthy

populations.

2.1 Experimental Setup

Scanning for both experiments outlined in this thesis were carried out at the
Wellcome Centre for Human Neuroimaging. The research outlined in this
thesis use a whole-head 275-channel axial gradiometer MEG system. Prior
to scanning, all participants gave informed consent and were screened for any

metal which might interfere with the MEG signal.

2.2 Acquisition

MEG recordings were collected using 275-channel Canadian Thin Films (CTF)
system in a magnetically shielded room at a sampled rate of 600Hz. Be-
havioural responses were made via an MEG-compatible response pad. Dur-
ing the recording, head position coils (attached to nasion, left and right pre-
auricular sites) were used for anatomical co-registration. Eye tracking data
were also collected for all participants using the Eyelink 1000 system (SR Re-

search).
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2.3 Data Pre-processing and analyses

MEG data were imported into SPM12 (Litvak et al., 2011). Eyeblink and
heartbeat artefacts were manually identi ed and removed using independent
component analysis (ICA) implemented in EEGLab (Delorme and Makeig,
2004) and Fieldtrip (Oostenveld et al., 2011). Finally, a fth-order, zero-phase
Butterworth Iter was used to remove slow drift (0.1 Hz high-pass) and mains
noise (48{52 Hz notch) from the recordings. The MEG data was then epoched
based on task conditions and periods of interest. Each chapter outlines how
data were epoched and baseline corrected for that speci ¢ analysis. Subsequent
analyses were carried out using custom MATLAB (MathWorks, Natick MA)
and Python scripts.

2.3.1 Time-Frequency sensor space analyses

For all MEG analyses, we generated a time frequency spectrogram in the 1{30
Hz range using a ve-cycle Morlet wavelet transform for 40 equally logarith-

mically spaced frequencies for the task period of interest.

2.3.2 Source localization

Speci ¢ details on frequency band are given in each experimental chapter.
For each study, linear source localisation weights were used to generate theta
band-pass Itered time series in source space from sensor-level data in each
epoch. Instantaneous theta phase (t,n) in voxel n at time t was subsequently

extracted from the analytic signal obtained by Hilbert transform.

For anatomically de ned region of interest (ROI), we used the Automated
Anatomical Atlas (Tzourio-Mazoyer et al., 2002) to generate region specic
masks. Given our strong a priori hypotheses regarding HPC-PFC network,

these were dilated bilateral masks of both these regions (Figure 2.3).
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2.3.3 Phase Coupling Analyses

11X :
PLV= = exp([ (t;seed) (t;n)]) (2.1)
Tz

Theta-band functional connectivity between voxels was estimated using
the phase locking value (PLV; Lachaux et al. (1999)). The PLV is the resultant
vector length of di erences in oscillatory phase between seed and source voxels
over time bins 1 to T (2.1), whereby a larger value indicates less variability in
the phase di erence between two signals and therefore greater phase coupling.
In chapter 4, seed voxels for each participant were chosen as those with the
greatest theta power within 20 mm of the group maximum co-ordinates, for
each contrast. In chapter 5, seed voxels for each participant were chosen as
those with the greatest power within 20mm of the average co-ordinates between

the two groups (patient and control) peak.

2.3.4 Behaviour correlations

To compute correlations between behavioural performance and the average
related changes in power or PLV within a specic brain area across partici-
pants, we used SPM to calculate the eigenvariate (approximately the average)
of power or PLV at the peak cluster within a de ned mask (using the WFU

Pick Atlas and masks outlined above) for each participant.



Figure 2.3: Bilateral mPFC and HPC masks used for ROI analyses and
small volume correction
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Chapter 3

Research Questions &

Hypotheses

This thesis focuses on the role of the HPC-PFC network in psychiatric symp-
toms in Anxiety-like behaviour (Chapter 4) and Schizophrenia (Chapter 5).

In Chapter 4 , we analyse a dataset of 21 healthy participants completing
a contextual fear learning task in MEG. Based on prior human MEG work and
on rodent studies in the EPM and open eld, we hypothesized that there would
be increased theta power and theta-phase coupling in dangerous areas of the
environment. As well as, increased mPFC theta power speci ¢ to safe area of

overall dangerous environment.

In Chapter 5 , we conducted a patient study with 26 PScz and 26 matched
controls completing an associate inference task in MEG. Based on previous
work from our lab, which provided pilot data of PScz performing a similar as-
sociative inference task, we hypothesized that PScz will show impairments on
associative inference speci cally on indirect associations. Given previous work
suggesting the role of memory impairments in PScz we also hypothesized that
impairments on the associative inference task would be signi cantly related
to Schizophrenia symptoms, in particular with positive symptoms. Given that

previous work has shown PScz display a loss of mPFC-HPC theta coupling, we
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also hypothesized that impairments in associative inference would be under-
pinned by a loss of mMPFC theta power and mPFC-HPC theta phase coupling
during the task.



Chapter 4

Theta oscillations signal safety

and danger

4.1 Background

In this chapter, we investigated whether notable ndings from rodent electro-
physiological literature could be replicated and extended in an MEG study
of anxiety-like behaviour in healthy participants. We do this by utilizing a

VR contextual fear learning task, which has previously been used in fMRI
and shown the involvement of the HPC-PFC network in learning about and

approaching dangerous and safe environments.

To survive, animals must accurately and rapidly learn the locations and
sources of danger. Threats (and their perception) are highly modulated by
context; for example, visiting a lion enclosure in a zoo should provoke a dra-
matically di erent fear response as nding a lion in your garden. Dysregulation
of fear responses is a prominent aspect of various psychiatric disorders, poten-
tially underpinning symptoms such as overgeneralization of fear and hypervig-
ilance (Lopresto et al., 2016). Relatedly, sources of threat may also change;
thus it is important that we can unlearn previous stimulus-threat associations
which are now safe (Tovote et al., 2015). Impairments in such extinction and
reversal learning are also hallmarks of several psychiatric disorders (Holt et al.,

2009; Dejean et al., 2015). Thus, translational paradigms o er utility as models
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of anxiety and threat-related behaviour that provide opportunities to develop

novel therapeutic approaches (Bach, 2022).

Recent human neuroimaging studies have shown that theta (1-8 Hz) power
and HPC-mPFC theta coupling scale with increasing probability of threat in
an approach-avoidance task (Khemka et al., 2017), and separate fMRI work
has suggested that the mPFC may generate a safety signal (Schiller et al.,
2008), (Felix-Ortiz et al., 2024). These results have suggested that the same
regions are involved in anxiety-related behaviour between species (Adhikari,
2014). However, the full extent to which human theta oscillations mirror rodent
ndings is still under question. In particular, recent accounts have argued that
there are signi cant di erences between theta oscillations across species, driven
by observations of two discrete (~2-5 Hz and ~6-12 Hz) theta bands in humans
that may mediate spatial and non-spatial processes respectively (Jacobs, 2014,
Goyal et al., 2020).

The work presented in the chapter builds upon fMRI work from our lab
in a related task (Suarez-Jimenez et al., 2018, 2021) and aims to investigate
whether human MEG signals show comparable theta signatures of safety and
danger as prominent rodent work, speci cally (Adhikari et al., 2010). To
the best of my knowledge, no studies have specically sought to replicate
the ndings of mPFC theta power increases in relatively safe areas of overall
dangerous environments. Whilst there has been evidence from studies using
BOLD response in human fMRI there is as yet less evidence to replicate the
rodent LFP and coherence ndings. The task presented here is not an exact
replication of the experimental conditions in rodent work, but the current
experimental paradigm allows us to make several relevant comparisons. Firstly,
the comparison between safe and dangerous halves of the same circular VR
environment is akin to the di erences between open and closed arms in an
EPM, likewise the periphery versus the centre of an open eld. Additionally,
having an environment in which there was never a threat of shock ensured

that there was one environment that could be viewed as completely safe by
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participants.

In the following chapter, we provide evidence to support the involvement
of theta oscillations from two distinct bands in contextual fear learning, with
di ering roles of mPFC and HPC theta in signalling safety and potential dan-

ger.

4.2 Methods

4.2.1 Participants
The study was approved by the local UCL ethics committee (1338/006) and

all participants gave written informed consent. Twenty-two participants com-
pleted the experimental task and MEG scan. Participants had no history of
neurological or psychiatric disease. 1 participant was excluded due to tech-
nical issues during the scan. This left a total of twenty-one participants for
analyses (12 female, 19 right-handed, mean SD age=23.5+ 3.61, range
19{32 years). The sample size was based on practical constraints and previous
studies. Importantly, this sample size is consistent with previous MEG studies
using within-subjects designs, which have successfully detected similar oscil-
latory and connectivity e ects with as few as 17 participants (Kaplan et al.,
2014).

4.2.2 Contextual Fear Learning Task

Building upon research using VR navigation to study HPC functioning and
the use of unpredictable shocks as a well validated method for inducing anx-
iety in human participants (Cornwell et al., 2012). Participants performed a
naturalistic fear learning paradigm adapted from (Suarez-Jimenez et al., 2018)
and programmed in the Unity game engine software (Unity Technologies). On
each trial, participants were asked to navigate freely around one of two circu-
lar VR environments and "pick' a single visible ower in each trial by colliding

with it. Participants were informed that the location of the ower and current
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environment would vary across trials, and that owers picked in a certain area
of one environment would be associated with receiving an electric shock to the
wrist (or "bee sting'). Importantly, owers picked in the other environment
would never be associated with receiving an electric shock (with the identity
of that environment being counterbalanced across participants). Finally, they
were told that at some point the danger zone in the environment may change,
and they would have to re-learn which areas of the environment were safe or
dangerous. The VR environments comprised either a circular grass or mud
arena with a perimeter boundary wall surrounded by distal cues (mountains,
sun, and clouds) and containing two landmarks (beehives) for orientation (See
Figure 4.1B). Participants viewed the environment from a rst-person perspec-
tive and used a button box to move forward and rotate left or right. Each trial
began with the participant being placed at a random location and orientation
within one of the two VR environments. They then navigated freely towards
the visible ower in that environment. Once they collided with the ower, they
were then given 4s to rate their expectancy of receiving an electric shock on a
scale of 1 { 9, using the left and right rotation buttons to raise or lower their
rating from an initially displayed value of 5. Next, a blank screen was displayed
for a randomly jittered 2-4 s “freezing period' during which an electric shock
was delivered on a subset of trials. Finally, a xation cross was displayed in
the centre of the screen for a randomly jittered 2 -4s “inter-trial interval' period
before the next trial began (Figure 4.1A). Crucially, as described above, one
VR environment (counterbalanced across participants) was completely safe
throughout all trials { i.e. picking owers in that environment were never
paired with a shock. The other VR environment was split into two halves. In
one ‘dangerous' half, picking owers was associated with a 50% probability of
receiving a shock. In the other “safe' half, picking owers was never paired
with a shock (Figure 4.1C). Halfway through the task, the dangerous and safe
halves of this environment were switched. Participants completed 120 trials in

total: 40 in the "safe environment', and 80 in the "dangerous environment' (40
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in the “safe rst' half and 40 in the "dangerous rst' half). Importantly, mean
expectancy ratings over the course of the task did not di er according to the
identity of the completely safe environment {(19) = -1.57, p = 0.13).

A maximum of 20 electric shocks were delivered to each participant (cor-
responding to a 50% probability of shock across 40 trials in the currently
dangerous half of the dangerous environment). Shocks were applied using a
Digitimer DS7A electrical stimulator (Digitimer) and were delivered to the
left hand with intensity up to 20 mA for 2-ms duration through a silver chlo-
ride electrode. Shock intensity was individually adjusted for each participant
before the experiment began. Individual adjustment procedures delivered a
series of shocks to each subject, starting at 1.2 mA. Participants were asked
to rate the level of pain with each shock on a 1{10 scale. After the MEG scan
had nished, trait anxiety was assessed using the self-reported State and Trait
Anxiety Inventory (STAI) (Spielberger, 2010). 2 participants did not complete
this measure and therefore are not included in any analyses relating STAI to

our behvaioural or MEG results.
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Figure 4.1: Contextual Fear Learning Task

A. Trial Structure. On each trial, a singular ower appeared in the environment. Partic-
ipants then used a keypad to navigate towards the ower, once collided participants gave
their rating of how likely they were to receive a 'string' from 1-9. Between each trial, a blank
screen was displayed.

B. First-person perspective of the task VR Environments. Two visually distinct environ-
ments were randomly allocated to be the Dangerous and Completely Safe environment.

C. Task Structure. For all 120 trials, one environment was Completely Safe (blue) and
owers picked in this environment never resulted in a shock. In the other environment, un-
beknownst to participants the environment was further split into halves, with one half being
‘Dangerous’ whereby owers in this environment resulted in a shock 50% of the time. Flower
in the other 'Safe' half were never paired with a shock. After 60 trials, the 'Dangerous’ and
‘Safe' halves of the environment were reversed.
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4.3 Results

4.3.1 Statistical analyses

This chapter tested hypotheses grounded in previous human and rodent threat
learning paradigms. Speci cally, we hypothesized that (1) theta power and
theta-phase coupling would increase in dangerous areas of the environment,
and (2) mPFC theta power would be selectively increased in the safe area of
an overall dangerous context, re ecting adaptive prefrontal engagement.

To test these hypotheses, MEG data were analyzed using both whole-
brain voxel-wise approaches and region-of-interest (ROI) analyses focused on
prede ned anatomical masks.For whole-brain analyses, voxel-wise statistical
maps were generated using SPM12. Paired-sample t-tests were conducted to
compare experimental conditions (e.g., safe vs. dangerous) at each voxel for
both power and phase-coupling measures. To correct for multiple comparisons,
statistical signi cance was assessed at <0.05 (Family Wise Error (FWE)-
corrected) at the cluster level. Exploratory analyses using an uncorrected
threshold of p <0.001 were also conducted and clearly reported as such. For
ROI analyses, average theta power and phase-locking values were extracted
from each region. Paired-sample t-tests were used to compare conditions of
interest (e.g., safe vs. dangerous areas), with statistical signi cance de ned as
p <0.05.

All behavioural and time-frequency statistical tests were conducted using

a signi cance threshold ofp <0.05.

4.3.2 Behavioural analyses

First, we wanted to con rm that participants were able to learn the contingen-
cies of the environments, i.e. accurately learn where they were likely to receive
a shock (danger) or not receive a shock (safety). To gauge this learning, we
examined the ratings given on each trial after they navigated to the ower

which had appeared and before they either received a shock (or did not). To
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examine participants' learning of the environmental contingencies, we divided
trials from each region (i.e. the “safe environment', "dangerous rst' half of
the dangerous environment, and “safe rst' half of the dangerous environment)
into four equally sized blocks (of 10 trials each). We then looked for changes
in expectancy of shock ratings using a 4 (block) x 3 (region) ANOVA (Figure
4.2). This showed a signi cant main e ect of both block £(3,60) = 26.57, p
<0.001) and region E(2,40) = 121.64, p<0.001). Post-hoc comparisons re-
vealed that expectancy ratings were signi cantly higher in block 2 than block
1 for owers which were associated with a potential shock (20) = 4.179, p
<.001). After the locations of dangerous and safety associated owers were
reversed, expectancy ratings for owers in the now dangerous half of the en-
vironment were higher in block 4 than block 3t(20) = 6.348, p <.001) with
owers in the now safe half of the environment having signi cantly lower ex-
pectancy ratings ((20) = -8.454, p <.001). In sum, participants were able to

e ectively learn the task and adjusted their expectancy ratings in accordance
with the underlying contingencies of the environments, both before and after
reversal. We found no correlation between trait anxiety and mean expectancy
ratings over the course of the taskr((19) = -0.287, p = 0.22). Meaning that
there was no relationship between our trait measures of anxiety and the aver-
age rating given, i.e. people who were more anxious were not more expectant
of shock overall. We also examined this in ratings split by their zone (i.e.
currently dangerous or safe halves) and the di erence between ratings in these
halves (i.e. how much did ratings di erentiate the two halves), however there

was no relationship to trait anxiety (See Figure 4.3).
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Figure 4.2: Behavioural Results

(A) Expectancy Ratings. Learning was indexed by participants subjective ratings
of how likely they were to receive a shock which they gave once they reached the
ower on each trial. Ratings show modulation due to the environmental contingen-
cies, owers in the initially dangerous half (red) are signi cantly higher than in both
the safe half (blue) and completely safe environment (green), with this being switch
when the contingencies are reversed half way through the task (dashed line).

(B) Movement towards owers across all environments. Shows distribution of indi-
vidual trial movement duration throughout the task regardless of environment. The
dashed line shows the cut-o for minimum movement length (2s)



Figure 4.3: Correlations between expectancy ratings and trait anxiety

56



57

4.3.3 MEG results

All MEG data was acquired and pre-processed as outlined in Chapter 2. For
our analyses, we epoched and merged the trials in a window (-2s to +4s)
around movement onset, which has previously been shown to elicit increases
in HPC theta power (Kaplan et al., 2012; Bush et al.,, 2017). In this task,
participants typically began each trial by rotating in place until they could
see where the ower was located within the environment, before making one
long continuous movement towards the ower. We took our movement onset
time to be the onset of this continuous movement and included only trials
with a movement duration greater than 2s (Figure 4.2B). In order to identify
potential oscillatory power changes related to the presence of potential danger,
we examined di erences in power spectra averaged across all sensors between
the safe halves and dangerous halves of the overall dangerous environment
(akin to 'safe' areas of EPM and open eld in rodent work see Box 7; Adhikari
et al. (2010)).

We rst looked for di erences in a broad time window (-1s to +3s) around
movement onset. Consistent with prior work indicating the presence of two
discrete theta bands in humans, we found increases in a lower (2-5 Hz) and
higher (6-10 Hz) band (Bush et al., 2017; Jacobs, 2014; Vivekananda et al.,
2021)(Figure 5.6 A). Given that we wished to isolate theta power changes re-
lated to retrieval rather than movement related theta, we examined scalp plots
for each band separately for a narrower window (-0.5s to +0.5s) around move-
ment onset (Figure 5.6) for both low and high theta in order to identify more
speci ¢ time windows for our source localization analyses. These topoplots
(Figure 5.6 B) showed evidence of di erential scalp e ects in the low and high
bands, with frontal increases in the safe half of the environment in the lower
band, and temporal increases in the dangerous half of the environment in 6-10
Hz (signi cant sensors are increased in dangerous half).

Time-frequency plots from the contrasts signi cant sensors con rmed that

increases in theta were occurring around the movement onset period (see Fig-
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ure 4.4) and thus we chose to use this -0.5s to +0.5s window around movement
onset so we could isolate changes less related to actually movement and more
to the retrieval of a potential danger or safety signal. Next, we examined the
localized sources for these di erences between safe and dangerous halves, for
the low and high theta band separately. All whole brain analyses are small
volume corrected with our two a priori masks (Figure 2.3) of bilateral HPC

and mPFC.

In the 2-5 Hz theta band, there was a cluster in mPFC showing increased
power in the safe half of the environment relative to the dangerous half of the
environment, however this did not reach signi cance (peak: -8, 54, 3BFWE
= 0.07; See Figure 4.5). We found no signi cant areas of activation indicating
increases in the opposite contrast of increases in the dangerous half of the
environment in either of our ROI or otherwise. Next we were interested to see
if any areas showed increased theta phase coupling during the window with
this region of mPFC, but we found no evidence for increase phase coupling

with HPC in safe relative to dangerous halves of the environment.

We were also interested in how these theta power changes between dan-
gerous and safe halves of the environment might relate to individual di erences
in trait anxiety, thus we examined if there were any correlations between any
of the theta power increases. For each of our e ects from whole brain analy-
ses, we extracted the eigenvariate (approximating the average) of theta power
within the signi cant cluster for trials in the dangerous half, trials in the safe
half, and the di erence in theta power between the two, and correlated each of
these with their total score on STAI trait anxiety (See Figure 4.5), in 2-5 Hz
in our mPFC cluster, the di erences in theta power between dangerous and
safe halves approached but was not signi cantly correlated with theta power

(r = 0.44, p = 0.06).

In order to look at potentially changes in theta power related to subjec-
tive feelings of threat, we then split trials up by expectancy rating (split by

individual participants median rating; high ratings, low ratings and ratings in
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the total safe environment), instead of their objective conditions. We found
no signi cant e ect of rating on theta power within either mPFC (F(2,40) =
1.42,p = .253) or HPC (F(2,40) = 1.94, p = 0.16). Indicating that in the
lower 2-5 Hz band, theta power was not re ective of subjective ratings of shock
expectancy (Figure 4.6). However, another approach to investigating relation-
ships to subjective ratings would be use trial by trial ratings as a regressor, and
examine whether there are frequency bands and/or regions which are sensitive

to changes in participants subjective ratings (see Discussion).

Given that in previous work from our lab the HPC-PFC network showed
involvement in learning about threat, we extracted beamformer values from
voxels within our a priori ROl masks to examine power changes across the
task. For these analyses, we also included theta power from trials in the total
safe condition. In order to investigate any di erences between conditions, we
conducted a condition (dang half, safe half, total safe environment) x block
(1/2) x period (early/late) ANOVA in order to investigate learning and condi-
tion related changes across the task. For 2-5 Hz power in our bilateral mPFC
mask, we found a signi cant main e ect of condition ¢£(2,40) = 3.75,p =
0.03), and a main e ect of block F(1,20) = 16.83,p <0.001), with no e ect
of period (F(1,20) = 2.32,p = 0.14). The main e ect of condition was driven
by increased theta power when approaching owers in the safe half, relative
to both the dangerous half p = 0.04) and the total safe environment p =
0.02). The e ect of block was driven by signi cant decreases in mPFC theta
in the second block of the task (after the reversal), there were no signi cant in-
teractions indicating that this decrease was irrespective of condition/threat of
shock. However, the condition x block x period interaction was not signi cant
(F(2,4) = 2.79, p = 0.07)(See Figure 4.7).

For 2-5 Hz power in our bilateral HPC mask, we found a signi cant main
e ect of period (F(1,20) = 4.62, p = 0.04) indicating that both before and
after the reversal, HPC low theta increased while participants learned the

contingencies of the task. There was no main e ect of conditior~(2,40) =
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0.31,p = 0.74, or block (F(1,20) = 3.73, p = 0.08) Figure 4.7). Indicating
that in general 2-5 Hz theta power in HPC increased over the course of the

task.

Next, we conducted complimentary analyses to the above in the higher
theta band. At the whole brain level in the 6-10 Hz band we found a cluster
in right HPC displaying increased theta power in the dangerous half of the
environment relative to the safe (peak 1 (26,-22,-14%, = 3.46, pFWE = 0.01;
peak 2 (38,-16,-16)Z = 3.34, pFWE = 0.02; Figure 4.8). Similar to the low
theta band we found evidence of frontal 6-10Hz mPFC theta power increases
in the safe half of the environment relative to the dangerous half (peak 1
(18,48,24),Z = 3.86, pFWE= 0.004, peak 2 (16, 50,20 = 3.56, pFWE=
0.01; Figure 4.9). Given prior work, we were interested to test whether any
regions showed increased theta phase coupling with HPC whilst approaching
potential threat or safety. For both regions and contrasts, we did not nd any

evidence of increased theta phase coupling.

We then looked to see if these di erences in rHPC theta power were related
to scores on our anxiety questionnaire, interestingly the di erence between
rHPC theta power in dangerous and safe halves was signi cantly correlated
with anxiety (r = -0.57, p = 0.01), suggesting that those with lower trait
anxiety had increased theta power in dangerous relative to safe halves, and
those with higher anxiety showed less di erence between theta power between
dangerous and safe halves of the environment. In the mPFC cluster, we found

no relationship with participant anxiety scores.

As above, we also conducted our analyses by splitting trials up into high,
low and total safe ratings and examined average theta power within our ROIs.
In bilateral HPC there was no main e ect of ratings on theta powerf (2,40) =
1.84, p = 0.17), because our whole brain result showed evidence in the rHPC
(and previous work has shown evidence of lateralization within the HPC and
theta power in related tasks (Khemka et al., 2017), we examined this separately

for left and right HPC. In IHPC the e ect of rating was also not signi cant
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(F(2,40) = 0.12, p = .89). However, In rtHPC ROI there was a signi cant main
e ect of rating (F(2,40) = 3.94, p = .03), post-hoc analyses revealed this was
driven by signi cantly higher theta power in trials where participants gave a
high rating of shock expectancy versus low ratings of expectancy §0.03)
and versus trials in the total safe environment (p< 0.03) (Figure 4.10). Thus,
the ROI subjective ratings' analysis was in line with what we found at the

whole brain level.

As in the lower band, we conducted a block x condition x period ANOVA
to investigate learning and task related changes in our ROIs. In bilateral HPC
there was no main e ect of condition F(2,40) = 2.1, p = 0.14), an e ect of
period (F(1,20) = 11.54,p = 0.003) driven by increases in the late periods of
the block compared to early, and of blockK(1,20) = 11.31,p = 0.003) with
the second block (after reversal) having increased theta power. Given that
none of the interactions were signi cant, this was a general e ect across all

conditions.

Given the evidence of potential HPC lateralization, we also performed this
ANOVA separately for left and right HPC. In IHPC there was no main e ect
of condition (F(2,40) = 0.21,p = 0.81) and a marginal e ect of block (1,20)
= 4.4, p = 0.05). The main e ect of period was still signi cant (F(1,20) =
9.07,p = 0.01). In right HPC, inline with our whole brain analyses, there
was a main e ect of condition (2,40) = 6.11, p = 0.01), driven by increased
theta power in trials in the dangerous half of the environment, compared to
safe halves | = 0.003) and the total safe environment = 0.01). There was
also a main e ect of period F(1,20) = 9.35, p = 0.01). Finally, there was
main e ect of block (F(1,20) = 6.72, p = 0.02) (Figure 4.11), indicating high
rHPC theta power in the second half of the task.

In bilateral mPFC there was no main e ect of condition ¢ (2,40) = 3.04,
p = 0.08), but a main e ect of period (F(1,20) = 12.28, p = 0.003) driven
by decreases in the late periods of the block compared with early, and main
e ect of block (F(1,20) = 16.97, p = 0.001) with the second block (after
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reversal) having decreased theta power. Given that none of the interactions
were signi cant, this was a general e ect across all conditions. indicating that
theta power in mPFC decreased over the course of the task both within and

across blocks, but did not di er depending on the condition.
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Figure 4.4. Sensor based analysis of movement period

A: Power spectra across all sensors indicating frequency band increases around move-
ment onset on trials in the safe half relative to the dangerous half of the overall
dangerous environment.

B: Topoplots for the -0.5s to +0.5s around movement onset for low and high theta
respectively. Markers show signi cant sensors at p< 0.01.

C. Time-frequency plots for signi cant sensors highlighted in B. Left: Increases in
Safe Half vs. Dang. Half in sensors signi cant in 2-5 Hz: Right: Increases in Dang.
Half vs Safe Half in sensors signi cant in 6-10 Hz
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Figure 4.5: Frontal 2-5 Hz theta power increases in safe area of overall
dangerous environment

A: Non-signi cant cluster in mPFC showing speci ¢ theta power increase in safe half
of the environment. All results are overlaid on a canonical Montreal Neurological
Institute T1 image. Images shown at p<0.001 uncorrected threshold. Crosshairs
indicate co-ordinates of group peak. B: Correlation and regression t for theta
power and participant anxiety score.



Figure 4.6: 2-5 Hz ROI analysis : subjective ratings
Errors bars represent Standard Deviation of the mean.

65



66

Figure 4.7: 2-5 Hz ROI analyses: Condition x Block x Period ANOVA

Theta power split by task period. Blocks 1 and 2 represent early and late periods
of the rst half (block) of the task (prior to reversal). Blocks 3 and 4 representation
early and late period of second block (post reversal). Error bars represent Standard
Deviation
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Figure 4.8: rHPC 6-10 Hz theta power increases in safe and dangerous

areas of the dangerous environment

All results are overlaid on a canonical Montreal Neurological Institute T1 image.
Images shown at p<0.001 uncorrected threshold. Crosshairs indicate co-ordinates
of group peakB: Correlation and regression t for theta power and participant
anxiety score.
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Figure 4.9: Source Localization analyses: mPFC 6-10 Hz theta power
increases in safe and dangerous areas of the dangerous environment

All results are overlaid on a canonical Montreal Neurological Institute T1 image.
Images shown at p<0.001 uncorrected threshold. Crosshairs indicate co-ordinates
of group peak. B: Correlation and regression t for theta power and participant
anxiety score.



Figure 4.10: ROI analyses 6-10 Hz: subjective ratings
Error bars represent Standard Deviation. * p <0.05
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Figure 4.11: 6-10 Hz ROI analyses: Condition x Block x Period ANOVA

Theta power split by task period. Blocks 1 and 2 represent early and late periods
of the rst half (block) of the task (prior to reversal). Blocks 3 and 4 representation
early and late period of second block (post reversal). Error bars represent Standard
Deviation.
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4.4 Discussion

In this chapter, we gained further insight into the role of theta band oscillations
in a contextual fear learning task, and in particular about di erences in power
when participants were learning and approaching owers associated with threat
and with safety. First, we found evidence that power di erences involved lower
(2-5 Hz) and higher (6-10 Hz) theta bands, di erent to previous work which
has mainly looked at broader band (1-8 Hz) power changes. More recent work
has reported that human theta has two distinct bands, with distinct functions
that are involved in anxiety and memory, respectively, our results may suggest
that high and low theta frequencies may both play a role in threat learning

and anxiety-like behaviour.

In our source localization analyses, we showed involvement of our two a
priori regions of mPFC and HPC. We found that mPFC theta power in both
low (however - did not survive multiple comparisons) and high bands was
increased when participants approached owers in the safe half of an overall
dangerous environment (relative to the dangerous half). On the other hand we
found a more selective high theta band power e ect in rHPC when participants
approached owers in the dangerous half of the environment, what's more this
rHPC theta power increase related to participants subjective ratings of threat,
i.e. in trials in which the participant later rated as more likely to receive a
shock, there was increased theta power, relative to trials where they later gave
a low expectancy ratings of receiving a shock. Thus providing the rst evidence
of a link between 6-10 Hz theta power increases in HPC and subjective rating
of threat/anxiety. However, we did not nd such a relationship with our mPFC
ROI, indicating that whilst there were theta power increases in mPFC it was

less clear how these might be related to subjective feelings/ratings.

We demonstrated that increases in the mPFC theta power in safe areas of
dangerous environments seems to be conserved between species, from rodent to
humans (Adhikari et al., 2010). In contrast to our rHPC theta power increases

which seem to be isolated to the higher theta band, we found increased theta



72

power in close by regions of mPFC in both low and high bands, suggesting
this could be a more general and broader band e ect, however as mentioned
above these did not appear to be related to subjective ratings like HPC theta
increases. Nonetheless, these power increases could relate to the safe half of the
environment speci cally potentially re ecting a general safety signal, which in

a di erent design might relate to subjective feelings. It is possible that given
the task contingencies, participants were always relatively uncertain about
safety and thus their expectancy ratings in the safe half might not capture

subjective safety evaluations.

In our approach to looking at subjective ratings, we took ratings from
the overall dangerous environment and split these into high and low, using
a median split for each participant. We also compared these with all ratings
from the totally safe environment. Another approach could instead look across
all trials, using expectancy ratings as a regressor to look for frequency bands
which show sensitivity to expectancy ratings regardless of the task condition,
which may provide more precise insights into subjective feelings of threat, and

allow us to use data from all of our trials.

Our results support aspects of recent human MEG work, such as the
nding that rHPC theta (albeit in a wider band) increased parametrically
with threat and interestingly enough this e ect was also lateralized to the
rHPC. However, in contrast to this study we found no evidence of increased
theta-phase coupling in either of our low or high theta bands. In previous work
Khemka et al. (2017) found that 1-8 Hz HPC-PFC coupling, as well as HPC
power increased parametrically with threat. There are however key di erences
between the tasks used, our paradigm was a contextual fear learning task
which sought to recreate aspects of anxiety paradigms in rodents, Khemka
et al. (2017) used an approach-avoidance paradigm, which sought to induce
approach-avoidance con ict, with varying levels of threat. Furthermore, it did

not look at the initial learning processes.

In a previous study Cornwell et al. (2012) also adapted a rodent paradigm
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(the Morris water maze) for use in human MEG, IHPC 2-6 Hz theta power
was correlated with self reported anxiety. We did not nd a result directly
supporting this, however found that the greater a participant showed di er-
ences in 6-10 HPC theta power in dangerous vs safe halves of the environment
(i.e. how much theta HPC theta di erentiated the two halves) was negatively
correlated with the participant's self-reported trait anxiety. To the best of our
knowledge, this is the rst study to show a relationship between trait anxiety

and HPC theta power.

In ROI analyses, which investigated changes in theta across our task, our
results build upon previous work from our lab using a similar paradigm in
fMRI (Suarez-Jimenez et al., 2018, 2021). In this study they found a role of
mPFC-HPC network in the speci c learning about threat (in comparison to
learning about objects which were unrelated to threat) with the e ect specif-
ically re ecting learning. Our study adds to this by showing that in HPC,
theta power also increased from early to late periods of learning, with the
opposite pattern observed in mPFC. However, there appeared to be general
increases and decreases over the tasks in each region respectively, which were
despite a reversal in the task contingencies and also present in the totally safe
environment (in which there was no reversal), therefore it cannot be ruled out
that these changes may be due to factors unrelated to the task, such as fa-
tigue/tiredness or movement. One approach to investigate this would be to
regress out trial number e ects and re-run the above analyses to identify if the

e ects are still consistent and present.

4.4.1 Limitations

One of the most important points of consideration is inherent di erences be-
tween fear (and anxiety) between rodents and humans, and that rodents may
be solving the same task di erently to humans (Bach, 2022). The anxiety tests
of EPM and Open Field in rodents are based on innate fear, and on poten-

tially hardwired behaviours stemming from the fear of predators, something
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which is di cult to capture in human work. The fear of a looming predator is
quite di erent to a shock and human experimental task environments where
participants are given some knowledge of the contingencies/likelihood of the
‘anxiety' inducing outcome, and the negative outcome they receive is expected
and calibrated. Innate fear has di erences to learnt fear, i.e. in the paradigm
where there is a neural cue, which is then learned to be associated with some-
thing threatening. Although our task is a learned fear paradigm, it also ties
into the contextual fear that rodent paradigms do, as opposed to purely cue
driven fear conditioning (Spalding, 2018). In our task, participants were told
that it was not the owers themselves that were to be learned, it was that

owers in certain areas of the environment might be associated with threat.

It is also important how the task is being solved in regard to being able
to examine anxiety in the context of a clinical disorder. This is vital if these
animal models and paradigms are used for drug development for treatments
of anxiety in humans. Furthermore, there are striking qualitative di erences
between the way that rodents and humans express anxiety, in humans we
think of anxiety as a long-term anticipatory phenomenon, while in animals
this is more short-term and temporary. Despite di erences, the mechanisms
appear to be similar, and for example drugs that are prescribed for anxiety,
also are shown to a ect relevant behaviours in rodents, for example decreasing

avoidance of open spaces and bright lights (Adhikari, 2014).

Another important point is that whilst our task contained a reversal mid-
way through (in which dangerous and safe halves were switched), a more ne-
grained task which can capture the trial-by-trial dynamics of 'unlearning' fear
may be more successful. There were some ndings that suggesting learning
related changes in theta power i.e. increases and decreases from early to late
periods of the task blocks, however these are interpreted with caution given
general trends of increases and decreases in power across the whole task du-
ration. It is important to note that changes were also observed in the total

safe environment which did not have a reversal; therefore, changes are unlikely
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to be related to 'unlearning’ purely. It could be that there are more subtle
‘unlearning’ and reversal changes which can only be seen in tasks looking at
trial-by-trial changes, for example in a task which combines reversal and threat

learning speci cally (Roberts et al., 2022).

One of the most interesting ndings in our study was the relationship
between theta power in the HPC and trait anxiety scores in our participants,
speci cally that the better a participant's HPC theta power di erentiated be-
tween dangerous and safe halves, the lower their trait anxiety, suggesting that
those higher in anxiety were potentially less able to di erentiate the di erent
areas of the environment. It this could be taken to suggest that people with
higher anxiety, under or over generalise. However, it should be remembered
that the sample size of this study low and thus is underpowered to look at such
individual di erences with con dence, so this result should be interpreted with

caution and replicated in a much larger sample.

4.4.2 Future Directions

An important next step would be to investigate whether the signatures of theta
relating to threat and safety are altered in a clinical population of Anxiety, such
as Generalised Anxiety Disorder. One might propose, given our ndings in
relation to subclinical trait anxiety scores, that clinically anxious participants
might display elevated theta power increases in environments where there is no
threat, and/or be less able to di erentiate between dangerous and safe areas.
In a recent study using a related task in fMRI, clinically anxious patients
showed decreased mPFC and HPC activation (Suarez-Jimenez et al., 2021).
Therefore, it would be interesting to see how theta changes might be related

to behaviour and symptoms in a clinical population.

Relatedly, one of the most valuable avenues of future research would be
to test the disruption of such theta oscillations and the e ect of this on task
behaviour. This could be done pharmacologically using anxiolytic drugs such

as benzodiazepines to target HPC theta, or using brain stimulation techniques
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such as Transcranial Magnetic Stimulation to target theta power in mPFC.

Next, as mentioned in the introduction the amygdala is an important re-
gion in the encoding and recall of fearful memories (Totty and Maren, 2022),
thus future research in humans would bene t from gaining a greater under-
standing of the interactions between HPC, mPFC and amygdala in similar
tasks. However, given the lack the spatial speci city a orded to MEG, studies
utilizing intracranial recordings (which can better di erentiate spatial loca-
tions due to precise electrode locations) in humans alongside complimentary
animal electrophysiology may o er the best insight into these questions, whilst
still maintaining time precision. In particular, it would be important to estab-
lish whether the role of the amygdala is driven by fear memory retrieval, whilst
the subjective feeling of anxiety may be more related to HPC-PFC network (Li
et al., 2024). Future work also should be able to di erentiate fear and anxiety,
in order to truly understand the shared and distinct mechanisms of each, with
recent rodent work indicating separate microcircuits for fear and anxiety (Li

et al., 2024).

Work in this area would benet from tasks which can be investigated
both across species and using computational models (Redish et al., 2021).
For example, models of behaviour which incorporate parameters about belief
or uncertainty about the presence of threat and safety (Wise et al., 2023)
may give us valuable insights into the latent processes and mechanisms of
anxiety. Computational modelling allows variation on parameters on both
a subject and on a trial-by-trial level, which may relate to the more ne-
grained changes associated with learning about threat and anxiety, as well
as uncovering individual di erences. In particular, this may be valuable for
studying the reversal or 'unlearning’ aspects of anxiety and fear (Yamamori
and Robinson, 2023). Furthermore, going beyond simple fear learning tasks
and into more naturalistic and dynamic fear paradigms is vital (Wise et al.,
2023). Future work could also seek to investigate more complex phenomena

related to anxiety and threat learning, such as social anxiety or paranoia, which
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may have shared underlying mechanisms and may also involve a role of the
HPC-PFC network and/or theta oscillations.

Finally, the less studied role of respiratory oscillations (which are also
found within the theta frequency) may also be an important future avenue
of research. As breathing patterns are also related to emotional, fearful and
anxious behavioural patterns. While there is some work on this in rodents,
work in humans is still in its infancy. Ultimately, the avenues of future direc-
tions from this thesis are extremely fruitful and more work is needed to clarify
the di erences and similarities across species between the role of the HPC-
PFC network and theta oscillations in the underlying mechanisms of anxiety

behaviour and related threat learning.



Chapter 5

Impaired theta oscillations in

schizophrenia

5.1 Background

In this chapter, we investigate the role of theta oscillations in the HPC-PFC
network in PScz and matched controls. This develops upon animal work impli-
cating the network in the pathophysiology of SCZ, and seeks to investigate to
what extent this is true in PScz. As it stands, we have a limited understand-
ing of two things, the rst is the extent to which dysfunction in this network
and impaired theta oscillations/coupling are present in PScz, and the second
is how they relate to symptoms. Important questions such as whether this
dysfunction is more related to certain axis of the disorder or stage are of great
value.

To do this we build upon the use of MEG for clinical relevance, there
have been substantial studies on SCZ utilizing MEG, but these have not been
focused on translation of preclinical work, or speci cally trying to bridge our
understanding of circuits and mechanisms across species and models. Most
MEG studies of PScz have shown impairments in the Gamma band (Uhlhaas
and Singer, 2013; Uhlhaas et al., 2017) with less research into disruptions of
activity in the theta band. One MEG study found a relationship between
SCZ risk allele (ZNF804A gene) and HPC theta (Cousijn et al., 2015) during
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resting state recordings. More recent work has shown that whilst complet-
ing a spatial working memory task, PScz display a loss of mPFC-mTL theta
coupling. This, however, was not related to task performance (Adams et al.,
2020). Thus, it is important to look beyond working memory paradigms and
into other tasks which may tap into disorder relevant cognition. Here, we aim
to do this using an associative inference (or memory integration) paradigm.
This aims to understand how aberrant memory processes may also relate to
psychotic symptoms such as delusions. Previous meta-analyses had shown
that general memory de cits in PScz were not related to positive symptoms
such as delusions, but more specic de cits such as false alarms, intrusions
and meta-memory errors are actually related (Koller and Cannon, 2023).

Here we utilize a simple associative inference paradigm which allows us
to look at associative memory more generally but also allows us to look at
recognition memory, thus more speci ¢ signatures of memory dysfunction |
false alarms. Furthermore, as our task (speci cally the inference aspect) has
been previously shown to rely on this network (Backus et al., 2016), this is a
promising starting point. Lastly, recent work showing that PScz may display
impaired neural replay, which is thought to underlie inference and memory,
also provides evidence that dysfunction in these circuits may underlie SCZ.
However, again, direct links with behaviour are di cult to establish (Musa
et al., 2022; Nour et al., 2021).

In the forthcoming chapter, we investigate di erences in oscillatory ac-
tivity associated with di erent parts of the associative inference paradigm,
during encoding (which has previously been linked to HPC-PFC theta phase
coupling) and at memory retrieval (in a similar time period which has pre-
viously shown impairments in PScz). We show that whilst at encoding both
PScz and controls show increased mPFC theta power and mPFC-HPC theta
phase coupling, at retrieval PScz showed a signi cant loss of mPFC-HPC cou-
pling. In addition, we support growing evidence of associative memory and

inference impairments in PScz.
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5.2 Methods

5.2.1 Participants and assessment

This study was approved by the London Westminster NHS Research Ethics
Committee (REF: 17/LO/0027). All participants gave written informed con-
sent and were compensated for their time. We recruited 26 participants (15
male, 11 female) who met ICD-10 diagnosis of SCZ or schizophreniform rst
episode psychosis (not depressive or clear manic psychosis) from local NHS
trusts and rst episode psychosis services. 26 (11 male, 15 female) healthy
control participants were recruited via UCL subject databases and advertis-
ing. The control group and SCZ group were matched in age, sex, and 1Q (at
group level). We excluded 2 PScz due to incomplete sessions and poor data
quality, leaving 24 (13 male, 11 female). The sample size was determined by
recruitment feasibility, particularly given the challenges associated with access-
ing clinical populations for MEG studies. This sample is in line with previous
work in the eld, including studies that have reported signi cant group di er-

ences in similar paradigms with 19 PScz (Adams et al., 2020).

General exclusion criteria were: current anticonvulsant or benzodiazepine
use, contraindications for the MEG scan such as metal in the head or upper
body, age greater than 60 years, poor vision that would impact task perfor-
mance, claustrophobia, pregnancy and any history of neurological illness (e.g.
epilepsy) or head injury. In the control group, participants with any family

history of psychosis were excluded.

For the SCZ group, we assessed psychiatric symptoms using the Positive
and Negative Syndrome Scale (PANSS) scale (Kay et al., 1987). As well as a
brief questionnaire measuring hallucinations (Auditory Perceptual Trait and
State Scale (APTS); Hong, 2018). We also collected months since the rst psy-
chotic episode to gauge illness duration. 6 PScz were not currently taking any
anti-psychotic medication. For both groups we collected the age, gender, hand-

edness, years of education, 1Q (Wechsler Test of Adult Reading, WTAR) and
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Digit Span (forward and backward), along with scores on the Peters Delusion
Inventory (PDI). Cognitive and clinical assessments were carried out either

before or after the MEG scan, depending on session scheduling.
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Variable PScz Control Group comparisofi*

Demographics

Sample Size 24 26

Gender (M/F) 11F/13M 15F/11M 2=0:70(p=0:40)
Age (mean, SD) 31.67 (7.37) 31.12 (10.93)t = 0.21 (p = 0.83)
Years of education (mean, SD) 15.21 (2.40) 14.19 (2.23)t = 1.55 (p = 0.13)
Handedness (R/L) 21/3 23/3 2=0:01(p=0:92)
Cognitive

IQ(mean, SD) 101.71 (11.22) 104.92 (9.17)t =-1.10 (p = 0.14)
Digit Span Forward (mean, SD) 7.71 (2.22) 8.48 (2.76) t =-1.08 (p = 0.29)
Digit Span Backward (mean, SD) 5.17 (1.63) 6.64 (2.51) t =-2.44 (p =0.02)
Psychiatric symptoms

Positive symptom$ (mean, SD) 15.79 (5.11) - -
Negative symptom§ (mean, SD) 14.58 (4.88) - -
General psychopathology (mean, SD) 22.75 (3.63) - -
Delusion symptoms (mean, SD) 8.79 (4.73) 4.88 (3.94) t =3.18 (p = 0.003)

Perceptual symptoms current (mean, SD) 10.75 (16.37) - -
Perceptual symptoms past (mean, SD) 22.75 (13.87) - -

Clinical details

No. taking anti-psychotic medication 18 - -
No. months since rst episode (med,QR) 76.48 (55.99) -

Table 5.1: Participant Demographics

++

squared test for categorical variables ( 2 two-tailed).
88positive and Negative Syndrome Scale (PANSS) scale.
* Peter's Delusion Inventory (PDI)

** Auditory Percentual Trait and State Scale (APTS)

Group comparisons: unpaired t-test for continuous variables (two-tailed),

Chi
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5.2.2 Associative Inference Task

For the present study we adapted a previously used associative inference task
which itself was previously adapted (Horner and Burgess, 2013; Adams et al.,
2020). In particular, we altered the task from using text to using images, so
that the task would be made easier and better suited to patient populations.
This was because in previous work, Pscz performed no better than chance
at indirect associations (Adams et al., 2020). Additionally, in order to boost
performance on the task, all participants were made aware that items could

be indirectly linked in the testing phase.

The task consisted of 3 blocks, each consisting of ancoding and test
phase. Each block contained 3 images (A, B, C) from 7 'events' comprising a
(famous) person, a location, and an object. During the encoding phase, par-
ticipants passively viewed 2 interleaved and nonconsecutive pairs from each of
the 7 events (See Figure 5.1) for 6s, with a 2s inter-trial interval. Participants
were told to imagine the pair of images interacting vividly. In total, partici-
pants viewed 21 overlapping pairs. In order to avoid working memory e ects,
participants received a short break of 2 minutes between encoding and test

blocks.

During the test block, participants were shown the 21 images from the
encoding block interleaved with 21 lure images which had not been shown
during encoding. This was to test for recognition memory of the task images
and to measure false alarms. Participants were asked whether the given stimuli
was "OLD" (had been seen during encoding) or "NEW" (not seen during
encoding). Irrespective of whether their response was correct, if the stimulus
had been presented during encoding, the participants were then asked which
stimuli it was most associated with, with 4 options presented. This wording
was chosen to avoid confusion on indirect trials (which had not been explicitly
paired). Participants were tested on both direct associations (A-B, B-C) and
indirectly inferred associations (A-C). After making their choice, participants

were asked to rate their con dence in their choice from 1 (Not at all) | 3 (Very



84

Con dent). Participants had 12s to respond to each question. Participants
received instructions of the full task and completed a training block prior to
beginning. Participants were told that some trials might be di cult, and in

these cases they should make their best guess.
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Figure 5.1: Associative Inference Task

Encoding Task Structure. On each trial, a pair of images drawn from a 3 element event
(person, place, object) were shown for 8s seconds on the screen. Participants were instructed
to imagine the images interacting vividly. Interleaved throughout the block, participants
saw 2 pairs from each event, leaving one pair of 'indirectly’ associated images (person and
object in the gure example).

Retrieval Trial Structure. During the retrieval block, participants were rst shown a singu-

lar cue and asked whether it had been seen before. If the cue was 'OLD’, participants were
then presented with 4 options and asked which it was most associated with. Participants
then rated their con dence on the associative judgement
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5.3 Results

5.3.1 Statistical analyses

This chapter tested hypotheses based on previous work implicating a role of
the mPFC-HPC network in SCZ. We hypothesized that (1) PScz would show
impairments in associative inference, particularly on indirect associations, (2)
performance de cits would be signi cantly associated with symptom severity,
especially positive symptoms, and (3) these impairments would be underpinned
by reduced theta power in the mPFC and disrupted mPFC{hippocampal theta

phase coupling during the task.

For behavioural analyses, accuracy and signal detection metrics (e.g., d")
were compared between groups using independent-samples t-tests or ANOVAS
as appropriate. Linear regression models were used to assess relationships
between behavioural performance and clinical measures (e.g., delusion scores),
with statistical signi cance set at p <0.05. Bootstrapping was employed to

provide robust estimates of p-values and con dence intervals.

MEG data was analyzed using both whole-brain voxel-wise and ROI ap-
proaches. For whole-brain analyses, voxel-wise two-sample t-tests were con-
ducted using SPM12 to compare theta power and phase-coupling between PScz
and controls. Additionally, voxel-wise regressions were performed to assess cor-
relations between neural measures and behavioural performance. To correct for
multiple comparisons, results were thresholded gt < 0.05 (FWE-corrected) at
the cluster level. Exploratory results at an uncorrected threshold g <0.001
were also examined and clearly reported. As outlined above, for ROI analyses,
theta power was extracted from anatomically de ned mPFC and hippocampal
masks. Group comparisons were made using independent-samples t-tests, and
correlations of oscillatory changes with behavioural and clinical variables were
assessed using Pearson's correlations. A signi cance thresholgaf0.05 was

used throughout.
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5.3.2 Behavioural analyses

The groups were well-matched in age, sex, handedness, years of education,
forward digit span and 1Q (See Table 5.1). Despite this matching, controls
performed signi cantly better on the backward digit span, the more di cult
condition (t(49) = -2.44, p = 0.02). PScz also scored higher on the PDI
(measure of delusions) than controlst(49), = 3.18 p = 0.003).

PScz were signi cantly impaired on the memory integration task. Firstly,
we examined performance on the recognition memory test during the 3 re-
trieval blocks. PScz were impaired on all measures of recognition memory
compared to controls (Figure 5.3). They displayed an increased rate of misses
(t =-3.63,p<0.001) as well as false alarms € -2.93,p = 005). Using a signal
detection theory analysis, shows that in line with prior work, PScz show sig-
ni cantly lower d' (they are less able to separate 'signal’ and 'noise’) and show
no di erence in bias, meaning that their responses were not biased to always

respond 'OLD' or 'NEW.

PScz also showed impairments on memory for direct and indirect associ-
ations in the memory integration task compared to matched controls (main
e ect of group F(1,43) = 14.1,p <0.001 (See Figure 5.4). Performance across
both groups was signi cantly lower in the indirect associations than direct as-
sociations (main e ect of conditionF (1,43) = 19.1, p <0.001). In contrast, to
previous work from our lab we did not nd a signi cant group x interaction
(F(1,43) = 2.36, p = 0.13). Indicating that group di erence between controls

and PScz were similar across direct and inferred associations.

In previous work (Adams et al., 2020) PScz were no better than chance
at indirect associations, however this was not the case in the current sample
(t(18) =6.43, p <0.001). This was potentially due to alterations in the task,
rstly that the task was easier due to utilizing pictures as compared to text,
and secondly, that all participants were briefed that they would be tested on

indirect as well as direct associations. In line with previous results, there is
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evidence that impairments on inferred associations were not due to poorer
memory of direct associations, because on inferred trials (A-C) from events
where the two direct associations were recalled correctly (A-B, B-C), PScz

were still signi cantly impaired compared to controls ((43) =-2.19, p = 0.03).

Con dence ratings provided after the associative memory probe were nor-
malized for each participant and 1 control participant was removed due to lack
of variation in con dence ratings. PScz and controls did not signi cantly di er
in their average con dence F(1,42) = 1.21, p = 0.28) nor across direct and
indirect associations F(1,42) = 0.58, p = 0.45) nor was there any interaction

(F(1,42) = 0.57,p = 0.45).

In order to establish relationships between cognitive and clinical mea-
sures and performance on the recognition and associative memory tasks, we
rst wanted to establish which measures were appropriate to included in the re-
gression model. Figure 5.2 displays correlations between the measures in PScz
(more speci c clinical measures) and measures which were common across PScz
and controls. Given that many measures were correlated, we decided to include
measures of Age, Digit Span (Backwards), Education and PDI Score as pre-
dictors in the regression. As well as a separate model of PScz using the three

subscales of the PANSS of Positive, Negative and General symptomatology.

We conducted an Ordinary Least Squares (OLS) regression analysis to
examine the relationship between the dependent variable (False Alarm rates
from the recognition memory aspect of the task, and direct and indirect associ-
ation performance) and independent variables (Age, Digit Span (Backwards),
Education and PDI Score for the whole sample and PANSS subscales for PScz
group alone). The analyses were performed using standard OLS methods and
bootstrapped estimates with 2,000 iterations to assess the robustness of the
coe cients. Regression coe cients for each analysis are shown in Figure 5.5.
Full results of each regression and bootstrapped estimates can be found in
Table 5.3 to Table 5.7.

When predicting False Alarm rates, the overall full model was statistically
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signi cant, F(4,44)=2.76,p = 0.04. Among the predictors, PDI was found to
be signi cant. However, when bootstrapping was applied with 2,000 iterations,
only Age was left as a signi cant predictor. Thus, it is possible that PDI is

a less reliable predictor of False alarm rate. The model of PANSS sub-scales
was statistically signi cant at predicting False alarm ratesF (3,24)=3.56,p =
0.03. Bootstrapping estimates showed that each sub-scale itself is a signi cant
predictor.

For performance on Direct and Indirect associations, the full model of the
sample was signi cant with Digit Span, PDI, and Age being signi cant pre-
dictors. Interestingly, the model of PANSS scales showed di erences between
direct and indirect associations. Neither model was signi cant overall, how-
ever in direct associations, Positive and General Symptoms were signi cantly
predictive of performance. Which was not the case for indirect performance.
Potentially due to greater variance in indirect performance in the PScz group.

In summary, PScz showed behavioural impairments on several aspects
of our associative inference paradigm compared to controls. In recognition
memory, they displayed decreased hit rates as well as signi cantly increased
false recognitions (false alarms), alongside impaired associative memory per-
formance on both direct and indirect tests. Regression analyses revealed that
positive symptoms in PScz and delusion symptoms across the full sample were

related to several task performance measures.



90

Figure 5.2: Correlations between clinical and cognitive measures
A: Correlation between measures in PScAB: Correlations between measures in
Controls only (top) and full sample (bottom).

DigitF : Digit Span Forward

DigitB : Digit Span Backward

Pos: Positive Symptoms

Neg: Negative Symptoms

Gen: General Psychopathology

PDI : Peter's Delusion Inventory

1Q : Verbal 1Q

Edu : Years of education

Hall S : Hallucinations (State)

Hall T : Hallucinations (Trait)

* p <0.05,** p<0.01,*** p<0.001
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Figure 5.3: Recognition memory performance in memory integration task
A. Hits, misses, correct rejections and false alarms in the recognition memory test.
Dashed line indicates chance performance (50%)

B. d' (or sensitivity) and response bias.
*=p <0.05;*=p <0.01***=p <0.001; Error bars represent standard deviation.
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Figure 5.4: Associative accuracy on associative inference task

A. Accuracy on direct and indirect associations, split by group. Dashed line indices
chance performance (25%)

B. Normalized average con dence ratings split by associations and group

*=p <0.05;*=p <0.01***=p <0.001.; Error bars represent standard deviation.
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Figure 5.5: Regression coe cients and model performance for task per-

formance

Regression coe cients from OLS Regression, bootstrapped p-values and con dence
intervals for Top: False Alarm Rate, Middle: Direct Association Performance, Bot-
tom: Indirect Association Performance, Left: Patients only; Right: Full Sample
shared measures. * = p<0.05; ** = p <0.01 ** = p <0.001.; Error bars represent

95% con dence intervals
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Bootstrapped

Variable OLS Std. p- Cl 95% p-

Est. Er- value value

ror

Intercept -0.143 0.136 0.299 [-0.342, 0.066] 0.176
Digit Span (Backward) -0.009 0.150 0.276 [-0.022 0.001] 0.160
PDI 0.009 0.075 0.023 [-0.002 0.017] 0.102
Education 0.006 0.250 0.410 [-0.004 0.016] 0.207
Age 0.004 0.200 0.053 [0.001 0.008] 0.007

Additional Statistics
R-squared 0.20 -
Adjusted R-squared 0.128 -
F-statistic 2.756 -
p-value 0.039 -
Number of Observations 49 -
Bootstrap Iterations - 2000

Table 5.2: False Alarm regression results: Full Model
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Bootstrapped

Variable OLS Std. p- Cl 95% p-

Est. Er- value value

ror

Intercept 0.129 0.194 0.516 [-0.080 0.532] 0.309
Positive Symptoms 0.011 0.007 0.100 [0.001 0.026] 0.027
Negative Symptoms 0.021 0.008 0.013 [0.005 0.031] 0.019
General Symptoms -0.022 0.011 0.062 [-0.048 -0.008]0.004

Additional Statistics

R-squared

Adjusted R-squared
F-statistic

p-value

0.348 -
0.250 -
3.561 -
0.0326 -

Number of Observations 24

Bootstrap Iterations

- 2000

Table 5.3: False Alarm regression results: PANSS sub-scales
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Bootstrapped
Variable OLS Std. p- Cl 95% p-
Est. Er- value value
ror
Intercept 0.712 0.247 0.006 [0.127,1.157] 0.016
Digit Span (Backward) 0.033 0.014 0.022 [0.008, 0.062] 0.009
PDI -0.017 0.007 0.012 [-0.027,-0.001] 0.050
Education 0.013 0.014 0.353 [-0.013, 0.042] 0.314
Age -0.008 0.003 0.029 [-0.015,-0.001] 0.032
Additional Statistics
R-squared 0.325 -
Adjusted R-squared 0.256 -
F-statistic 4.704 -
p-value 0.003 -
Number of Observations 44 -
Bootstrap Iterations - 2000

Table 5.4: Direct Association regression results: Full Model
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Bootstrapped

Variable OLS Std. p- Cl 95% p-

Est. Er- value value

ror

Intercept -0.052 0.412 0.901 [-0.957, 0.709] 0.831
Positive Symptoms -0.023 0.011 0.041 [-0.043,-0.002] 0.043
Negative Symptoms -0.024 0.013 0.08 [-0.060, 0.003] 0.090
General Symptoms 0.062 0.023 0.017 [0.023, 0.114] 0.012

Additional Statistics

R-squared

Adjusted R-squared
F-statistic

p-value

0.380 -
0.256 -
3.069 -
0.06 -

Number of Observations 19

Bootstrap Iterations

- 2000

Table 5.5: Direct Association regression results: PANSS sub-scales
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Bootstrapped

Variable OLS Std. p- Cl 95% p-

Est. Er- value value

ror

Intercept 0.406 0.324 0.218 [-0.159, 1.121] 0.143
Digit Span (Backward) 0.058 0.018 0.003 [0.027, 0.088] 0.000
PDI -0.015 0.009 0.087 [-0.031, -0.0004]0.042
Education 0.024 0.018 0.188 [-0.016, 0.061] 0.225
Age -0.012 0.004 0.008 [-0.022,-0.006] 0.002

Additional Statistics
R-squared 0.367 -
Adjusted R-squared 0.302 -
F-statistic 5.646 -
p-value 0.001 -

Number of Observations 44

Bootstrap Iterations

Table 5.6: Inferred Association regression results: full model
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Bootstrapped
Variable OLS Std. p- Cl 95%
Est. Er- value value
ror
Intercept 0.161 0.599 0.792 [-1.148, 1.145] 0.800
Positive Symptoms -0.009 0.015 0.581 [-0.068, 0.016] 0.418
Negative Symptoms -0.023 0.019 0.236 [-0.068, 0.013] 0.154
General Symptoms 0.034 0.034 0.321 [-0.018, 0.128] 0.212

Additional Statistics

R-squared

Adjusted R-squared
F-statistic

p-value

0.105 -
-0.074 -
0.588 -
0.632 -

Number of Observations 19

Bootstrap Iterations

- 2000

Table 5.7: Inferred Association regression results: PANSS sub-scales
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5.3.3 MEG results

All MEG data was acquired and pre-processed as outlined in Chapter 2. Ad-
ditionally, each trial is baseline corrected to a baseline of -1.5s to -0.5s prior

to cue onsets in encoding and retrieval, respectively.

Encoding

Given that there is great variation across paradigms and species in terms
of the exact band(s) at which human theta covers, we rst sought to identify
at which frequency there were signi cant power increases at the sensor level
during encoding trials. To do this, we conducted a time-frequency analysis
to estimate power in scalp sensors across a wide time window around the
onset of the encoding period (-2s to + 4s) relative to the pre-stimulus baseline.
In order to avoid biasing our analysis towards control data (given that our
hypothesis are speci cally around loss of theta in PScz) all analysis to identify
time windows and frequency for further analyses include the full data set (PScz

and controls combined).

Speci cally, in prior work (Joensen et al., 2023) increases in theta band
power in the HPC were found in the 0-1.5s following the onset of the cues dur-
ing encoding (relative to the same baseline as used here). This is also similar
to previous work in a similar paradigm (Backus et al., 2016). Time-frequency
analyses showed this in our data (See Figure 5.6A). Given this, we use this 0-
1.5s after encoding onset as our time window of interest. Power spectra across
all participants showed signi cant increases in 1-7 Hz (Figure 5.6B{49) =
18.11,p <0.001). However, it should be noted that the signi cant 1-7 Hz in-
creases at encoding are present at longer time windows as well. Separate power
spectra across all sensors for this window also identify that PScz display a de-
crease in some frequencies of theta relative to controls (Figure 5.6B). However,
when power is averaged individually over all sensors and the time window at
1-7 Hz the groups are not signi cantly di erent (t(48) = 1.51, p = 0.14). We

were also interested to see whether theta increases at the sensor level relate to
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performance on the associative task. Thus, we averaged theta power in this 1-
7 Hz band and window for each participant separately. Separate correlations
are shown for both groups in Figure 5.7. Sensor power changes in theta at
encoding did not relate to overall performance (proportion correct) on either
direct or indirect (requiring memory integration) trials. Here we use overall
proportion correct as our measure of task performance, however, this could

also be done on a trial-by-trial basis (see Discussion).

Next, we looked to localize the sources contributing to this power increase
during encoding. As outlined in Chapter 2 we used a LCMV beamformer to
estimate weights during this 0-1.5s period at 1-7 Hz. As di erences between the
two groups are key to our research question, source images are shown separately
for controls and PScz. We found that both controls and PScz showed 1-7 Hz
theta power increases in the mPFC (controls: peak (14 50 4, Z = 4 BFWE =
0.008; PScz: peak (20 40 2), Z = 4.29FWE = 0.007); See Figure 5.8). At the
whole brain-level however, neither of our a priori ROI's of mPFC and HPC
showed signi cant di erences between 1-7hz between PScz and controls. In
controls, mPFC theta power within the peak group cluster correlated strongly
with performance on both direct and indirect associations during the later
retrieval (test) period (See Figure 5.9). In PScz theta power within the peak
group cluster did not correlate with behavioural performance and a Fishers Z
test indicated that the correlations were signi cantly di erent between the two

groups (Table 5.8).

Given our strong a priori ROl of HPC involvement during encoding, we
examined theta power in a bilateral HPC mask (See Figure 2.3), interestingly
in controls there was a decrease in 1-7 Hz power however this did not reach
signi cance (t(25) = -1.84, p = 0.078; Figure 5.10), which was also not signif-
icant in PScz ¢(23) = -0.46, p = 0.65). There was no signi cant di erence
between the two groups (48) = 0.91, p = 0.37). Given previous work had
heavily implicated HPC theta during encoding we checked if there was any

relationship between theta in the HPC and associative memory performance,
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however, there was no relationship with either direct or indirect performance
(See Figure 5.10).

As per the methods in Chapter 2 we also conducted a PLV analysis to
identify which regions show signi cantly increased coupling with an mPFC
seed (taken from the average between the two groups peak) during the same
time window and frequency band. Figure 5.11 shows the whole brain results of
this separately for PScz and controls. Controls showed signi cantly increased
theta phase coupling with rHPC (peak (40 -6 -20), Z = 3.42pFWE = 0.02).
PScz showed increased mPFC coupling with IHPC (peak (-18 -22 -18), Z =
3.53, pFWE = 0.04). At the whole brain-level, HPC showed no signi cant
di erences between 1-7hz between PScz and controls, even at a more liberal
threshold. Thus, we then related the PLV increase within the rHPC and IHPC
clusters with associative memory performance separately for controls and PScz,
Patients mPFC-IHPC theta phase coupling was marginally correlated with
performance on direct associations but not indirect (Figure 5.12, = 0.46, p
= 0.05).
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Figure 5.6: Theta power increases during encoding period
A: Time-frequency plot showing power increases relative to pre-cue baseline during
encoding period. B: Power spectra of change during rst 0 to 1.5s of encoding period
in A. C: Power changes during same window, split by group.
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Figure 5.7: Correlation of sensor theta power increase at encoding with
associative performance (all sensors)
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Figure 5.8: Analysis of source localized power during encoding period of
associative inference task

Source localized theta (1-7 Hz) power increases during encoding period, relative
to immediately preceding 1.5 s baseline period, for controls (left) and PScz (right)
subjects. All results are overlaid on a canonical Montreal Neurological Institute T1
image. Images shown at p<0.001 uncorrected threshold. Crosshairs indicate co-
ordinates of group peak.
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Figure 5.9: Correlation of mPFC theta power increase at encoding with
associative performance



107

Figure 5.10: Bilateral HPC theta power and performance
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Figure 5.11: mPFC theta phase coupling during encoding

Theta phase coupling with mPFC seed (1-7 Hz) increases during encoding period,
relative to immediately preceding 1.5 s baseline period, for controls (left) and PScz
(right) subjects. All results are overlaid on a canonical Montreal Neurological In-
stitute T1 image. Images shown at p<0.001 uncorrected threshold. Crosshairs
indicate co-ordinates of group peak within bilateral HPC mask.
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Figure 5.12: Correlation of mPFC-HPC theta phase coupling increase at
encoding with associative performance

Top: mPFC-right HPC theta phase coupling increase in controls. Bottom : mPFC-
left HPC theta phase coupling increase in PScz
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Retrieval

We adopted the same approach to look at the retrieval period, as a recap,
during this period participants viewed a single cue image (which was either an
'OLD' image which had previously been presented as part of a pair (or two
pairs) during the encoding period, or a ‘'NEW' image which had never been
shown. Here, we show results of retrieval trials of previously seen (‘OLD")
images, given that we were most interested in increases in theta related to

subsequent associative memory retrieval.

We rst conducted a time-frequency analysis on the power during the re-
trieval period (-2s to +4s) in order to identify theta frequency bands which
showed signi cant increases during retrieval relative to baseline. TF plots
across all sensors show increased theta power from the onset of the cue (Fig-
ure 5.13). We focused our analysis on the period of 0-1.5s from the onset of
the cue, as participants were not allowed to respond until 2s had passed and
therefore this period was less likely to be in uenced by movement artefacts.
Unlike the encoding period there was a signi cant broad band increase in 1-7
Hz power during retrieval ¢(49) = 11.75, p <0.001; Figure 5.13B), which was
signi cantly lower in PScz than in controls. ({(48) = 3.17, p = 0.003; Fig-
ure 5.13C). Furthermore, there were overlap in the sensors which 1. showed
the most signi cant increase at retrieval and 2. were signi cantly higher in
controls than in PScz (Figure 5.13D). We found no evidence of a correlation
between average retrieval period sensor theta power and subsequent associative

memory in either groups (Figure 5.14).

Using the identical approach as above, we source localized this theta in-
crease at retrieval during this 0-1.5s period at 1-7 Hz. Controls exhibit a large
area of activation encompassing frontal and more temporal regions (mPFC
peak: -10 38 50, Z = 2.25pFWE = 0.001,HPC peak: -14 0 -16, Z = 4.19,
pFWE = 0.03;(Figure 5.15). Whereas PScz exhibit more localized increases in
anterior cingulate cortex which does not survive multiple comparisons (ACC;

peak (8 18 4, Z = 3.94pFWE = 0.11); Figure 5.15). As above, neither frontal
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nor temporal areas showed signi cant di erences between the two groups (in-
cluding an analysis using our HPC mask and small volume correction). Neither
of the peak clusters correlated with performance in PScz or controls (Fig-
ure 5.16).

As in the encoding period, we were interested to investigate which areas
showed increased theta phase coupling with frontal/mPFC areas at retrieval,
and whether these relate to performance. As above, we chose the seed for the
analysis based on the average between the group peaks. Whilst controls dis-
played increased mPFC-HPC phase coupling, with a peak in rHPC (peak (20
-10 -12, Z = 5.09,pFWE = 0.01; Figure 5.17 (Left)), this mPFC-HPC phase
coupling did not correlate with either direct or indirect performance (Fig-
ure 5.18). PScz did not show increased mPFC-HPC coupling, but did show
increased coupling with other regions, including post cingulate cortex and pre
and supplementary motor areas (Figure 5.17 (Middle)). At the whole brain
uncorrected level there were no clear areas showing signi cant di erences be-
tween controls and PScz, at a more liberal threshold op (< 0.05 uncorrected),

a cluster in the rHPC was higher in controls (peak: 24 -20 2, Z = 2.2pFWE =
0.01; Figure 5.17 (Right)), no other clusters were signi cant at this threshold.
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Figure 5.13: Theta power increases at retrieval

A: Time-frequency plot showing power changes during retrieval period. O denotes
onset of single cue prior to recognition memory judgement. Period for further anal-
yses is 0-1.5s. At 2s participants are asked to respond to the recognition judgement.
B: Power spectra of change during rst 0 to 1.5s of retrieval period in A.C: Power
spectra from B split by group. D: Left: Sensors showing signi cant increases during

retrieval (p <0.001); Right: Sensors showing signi cant di erences during retrieval
between controls and PScz (p<0.01).
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Figure 5.14: Correlation of sensor theta power increase at retrieval with
associative performance (all sensors)
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Figure 5.15: Source localization of theta power increases during retrieval

Left Top : Frontal and Hippocampal theta power increase in controls during re-
trieval. Left Bottom: HPC theta power increases in HPC mask analysis with small
volume correction Right : Theta power increases in anterior cingulate in PScz. All
results are overlaid on a canonical Montreal Neurological Institute T1 image. Images
shown at p <0.001 uncorrected threshold. Crosshairs indicate co-ordinates of group
peak
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Figure 5.16: Correlation of mPFC (Con) and ACC(PScz) theta power
increase at retrieval with associative performance
Signi cant cluster from group peaks in Figure 5.515 were used for each group seper-

ately.
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Figure 5.17: Theta Phase coupling increases during retrieval

Left: Regions showing increased theta phase coupling with mPFC seed in controls.
Middle: Regions showing increased theta phase coupling with mPFC seed in PScz.
Right: Regions showing signi cantly higher increased phase coupling in controls
relative to PScz. Images shown at p<0.001 uncorrected threshold, except HPC
increase (p<0.012 uncorrected for visual purposes).
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