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Abstract

Working memory is the retainability of a small amount of information available for ongoing
activities. Transient receptor potential channels (TRPC1-7) may be involved in this process. This
study explores the role of hippocampal CA1 region’s TRPC4 in spatial working memory and
modulation of oscillations in novel context. After injecting the developed shRNA TRPC4 into the
mice CA1 area, behavioral and electrophysiological data were recorded in T-maze and linear track
to study spatial working memory and oscillations modulation, respectively. While behavioral
results showed a significant decrease (p<0.001) in spatial working memory performance, theta-
gamma coupling analysis revealed a significant reduction (p<0.001) in theta-gamma coupling for
TRPC4KD group compared to scramble group. The groups exhibited significant differences in
cells' spatial information. In addition, the spike phase histogram showed different distribution,
mean phase, and resultant vector length in the main stem for TRPC4 compared to scramble. Local
field potential analysis in linear track revealed the modulation of beta oscillations via hippocampal
CA1 TRPC4 channels. Collectively, the study results indicate that TRPC4 impairs gamma and
beta oscillations, theta-gamma coupling, spikes' theta phase, and firing rate. While the impairment
in gamma oscillations may alter plasticity according to previous reports, theta-gamma coupling
was the main mechanism impaired during the spatial working memory task, leading to behavioral

deficits.
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Chapter 1 Introduction

1.1 Significance of Hippocampus and Memory

1.1.1 Introduction

The hippocampus, a structure located in the medial temporal lobe, comprises
millions of neurons forming a network that is quite distinct from other regions of the
central nervous system. A group of brain areas, including the hippocampus, dentate
gyrus (DG), subiculum, presubiculum, parasubiculum, and entorhinal cortex (EC),
creates hippocampal formation (1). The hippocampus has played a key role since the
early years of brain research, attributed to its large, curved shape, visibly seen by
ancient anatomists. The hippocampus was previously called cornu ammonis (Latin for
the horn of the ram). This terminology remains in the acronyms for the hippocampal
subfields CA1 (cornu ammonis), CA2, and CA3. The hippocampus became more
attractive after microscopy emergence, with its condensed single-layer cell population. A
notable instance is Camillo Golgi’s picture from 1886; he used his groundbreaking new
technique to show the hippocampus structure (1). In 1906, Camillo Golgi (1834—1926)
shared the Nobel Prize for Physiology or Medicine with Santiago Ramén y Cajal (1852—
1934, another outstanding neuroscientist) “in recognition of their work on the structure of

the nervous system” (Figure 1.1.1) (2).

In parallel, clinicians interested in the basis of neurological conditions, such as
epilepsy or Alzheimer’s disease, were curious to study hippocampal formation. The
pathological changes in the hippocampus and the potential for discovering novel
therapeutics through its study remain the two main drivers of hippocampal research (1).
Researchers have observed marked effects on memory following bilateral medial
temporal lobe damage, with milder effects resulting from selective damage to the
hippocampus. Patients with such conditions are often impaired in acquiring new,
consciously accessible memories (3). Advanced studies on patient HM (Henry Molaison)
have demonstrated the crucial role of the hippocampus and surrounding medial

temporal lobe structures in memory function (4).



Figure 1.1.1: Left: Camillo Golgi (1834-1926). Right: Santiago Ramoén y Cajal (1852—
1934) (5).

1.1.2 Hippocampal function

As previously mentioned, researchers were inspired to study hippocampal
formation due to various factors, including the profound memory deficits caused by
bilateral medial temporal lobe damage and similar amnesia observed in animal models.
These studies led to the development of several influential theories, such as Larry
Squire's Declarative Theory of hippocampal function, the Multiple-Trace Theory, the
Dual-Process Theory, and the Relational Theory, proposed by other researchers.
Finally, O’Keefe and Nadel (The Hippocampus Book, 1978) proposed a neural-level
conception of hippocampal function in a particular cognitive area. The declarative theory
(Figure 1.1.2) posits that the hippocampus functions in coordination with other areas of
the medial temporal lobe and is essential for all types of memory, including semantic
(facts), episodic (events), familiarity, and recollection, particularly over a short temporal
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duration. It further asserts that all memories are eventually consolidated in the

neocortex, rendering them unaffected by medial temporal lobe damage (3).

Edward Tolman (1948) first proposed and explained cognitive map theory as the
internal representation of a characteristic spatial map in his paper (Cognitive Maps in
Rats and Men. Psychological Review, 55(4), 189-208). Getting all information from an
outside environment (allocentric representation) is unfeasible. Thus, an internal

representation of such an environment is certainly imperfect (6).

Hippocampal S
regions

I—»CAS

DG
Other direct _ Entorhinal _
projections " cortex
Perirhinal cortex = Farahippocampal
cortex

I }

Unimodal and polymodal association areas
(Frontal, temporal, and parietal lobe)

Figure 1.1.2: Medial temporal lobe memory system and the main parts of Squire and
Zola-Morgan’s (1991). Information enters the system from neocortical association areas.
It is sent via the neighbor parahippocampal and perirhinal cortices to the EC, which is a
crucial point for entering and exiting information into the hippocampal formation.
Information enters hippocampal formation through a cascade of one-way projections
before new signals for encoding or consolidating memories are fed back to the

neocortex. Sub: subiculum (1).
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Accumulating evidence supports the notion that a cognitive map is a defensible
and convincing concept to decipher the actions of humans and other species. Internal
changes in spatial information stay in working memory, with the outcomes linked to
special conditions, places, or tasks (6). Tolman introduced behavior control by memory
representations, which are organized as a cognitive map. He challenged the idea that
behavior results solely from fixed stimulus—-response associations. Instead, he proposed
that animals develop a cognitive map, integrating different stimuli to regulate their final

behavioral responses (7).

John O’Keefe and Nadel’s (1978) were of the same opinion and emphasized
mapping of connections in relational space between experiences in a spatial frame and
flexible behavior. Their findings strongly implicated the hippocampus in spatial learning
and memory. A review provided strong evidence that hippocampal damage impairs
spatial learning and memory tasks, while nonspatial tasks and other types of spatial

learning do not require the hippocampus (6,7).

O’Keefe and Nadel suggested two different systems that guide spatial learning and
memory. The first system is the ‘taxon’ system; it uses egocentric cues and specific
behavioral responses to particular stimuli or landmarks to provide route-based
navigation. The second one, the ‘locale’ system, establishes allocentric spatial encoding
and the formation of a cognitive map of the environment. They hypothesized that this
cognitive map is retained in the hippocampus: place cells in the hippocampus of a
behaving animal individually increases their firing rate only when the animal is in a well-
defined area (place field) within the environment (Figure 1.1.3). Hippocampal lesions
impair allocentric memory, unlike egocentric memory in varying tasks (Morris water
maze, radial maze, T-maze-rewarded alternation, and many others), which aligns with
this hypothesis (8).

O’Keefe clearly explained the relationship between place cells and cognitive

mapping as follows:

“These findings suggest that the hippocampus provides the rest of the brain with a spatial
reference map.” (pg.174, O’Keefe and Speakman, 1971).
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The authors mention that the map presents both the animal's current location and
possible future position. Nevertheless, the main and rational hypothesis is that the

hippocampus depicts locations in an allocentric, map-like way:

“The end point of the chapter will be the assertion that the hippocampus acts as a cognitive

mapping system, which we shall call the locale system and which generates place hypotheses and

exploration.” (pg. 89-90, O’Keefe and Nadel, 1978.)

The demonstration of space by the hippocampus was a representation of a flexible
place map in the Tolmanian sense for O’Keefe and Nadel (9). John O’Keefe received
the 2014 Nobel Prize in Physiology and Medicine for his pivotal brain research in

cognitive function (10).

Figure 1.1.3: A: Firing locations (dark gray dots) of a CA1 place cell in a rat moving in
an open field for 10 minutes. B: Place field in graded gray color. Darker colors mean a
higher firing rate in the area. The number in the bottom left represents the peak firing

rate of the cell (1).

1.2 Hippocampus Anatomy

The hippocampus is a stretched structure laid deep in the medial temporal lobe. It
is called the hippocampus due to its likeness in dissection to a seahorse (genus
Hippocampus). In rodents, the hippocampus is also quite large compared to other areas

buried under the neocortex (Figure 1.2.1).

Coronal section of the hippocampus depicts textbook illustration of the ‘trisynaptic
loop’ showing the hippocampal anatomical connectivity (Figure 1.2.2). The EC has the

main and reciprocal projection to the hippocampus via perforant-
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Amygdala

\

Hippocampus
Hippocampus

Figure 1.2.1: Left: mouse brain and hippocampus (blue). Right: Human brain and

hippocampus marked in blue (11).

path to the DG. The DG projects via mossy fibers to CA3. CA3 projects via Schaffer
Collateral to CA1. Apart from projections to CA1, the CA3 axon projection also creates a
recurrent network with other CA3 neurons. The one-way projection network was thought
to be mostly held through a section (lamellar hypothesis). The hypothesis posits the
hippocampus as an arranged stack of these lamellae, assembled as independent
operating modules along the longitudinal axis. However, more recent anatomical studies
have proposed widespread connectivity along the longitudinal axis and dependent

functionality in coronal sections (12).

Direct and via

Figure 1.2.2: The black lines show classic 'trisynaptic loop' and the red lines depict
other crucial pathways in the hippocampus, including projection from the EC to CA
fields, the feedback to the EC through the subiculum, the recurrent collateral network of

CA3, and the feedback projection from CA3 to DG (11).
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Cornu Ammonis is made of four layers (Figure 1.2.3). The stratum lucidum (SLu) is
the only mossy fiber-recipient layer in CA3. The other layers are easily distinguishable
pyramidal layer [Stratum pyramidale] (SP) and on its basal side is the oriens layer of the
hippocampus [Stratum oriens] (SO). The apical dendrites of the pyramidal neurons are
split into the radiatum layer [Stratum radiatum] (SR) and the lacunosum-moleculare
layer [Stratum lacunosum-moleculare] (SLM). SLu is located between the SP and SR
layers. The pyramidal layer comprises large pyramidal neurons: the dendrites are
aligned toward the radiatum layer and the axon positioned to the oriens layer. The axons
unite in the alveus and unify in the fimbria. Finally, they form the fornix, which is the
main efferent tract of the hippocampus (Figure 1.2.4). The fornix passes via the
thalamus. The mouse hippocampus also has mostly excitatory projections to the
amygdala. Another crucial efferent from the hippocampus is directed toward the
prefrontal cortex, specifically targeting the cingulate, prelimbic, and infralimbic cortices.
An efferent to the nucleus accumbens and hypothalamus exists. The hippocampus also

has an afferent from the nucleus reuniens (13).

SO
CA1 ~ gp
SR
SLM
--------- - CA2
HF,
SR
DG Hi 3
o CA3 SPg,

Figure 1.2.3: Coronal section through the mouse hippocampal formation, indicating the
different layers of the Cornu Ammonis (CA) and the Dentate Gyrus (DG). CA: From
external to internal, the stratum oriens (SO) with the axons of the pyramidal cells in the
stratum pyramidale (SP) are traced by the strata radiatum (SR) and lacunosum-
moleculare (SLM). The stratum lucidum (SL) is only present in the CA3 region. DG: the
stratum moleculare anchors the dendrites of the granule cells in the stratum granulare
(SG). The axons of the granule cells, the mossy fibers, leave the SG via the hilus (Hi) or

stratum multiforme (SM). Hippocampal fissure (HF) (11).
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cranial A Entorhinal cortex (EC)
B Subiculum
medial lateral C Cornu Ammonis (CA)
- D Dentate gyrus (DG)

E Fimbria hippocampi
F Cingulum (Cg)

G Fasciculus angularis
H Corpus callosum

K Schaffer collaterals

a Axon penetrating the Cg

b Afferent fibers from Cg to EC
¢ Perforant path (PP)

d Perforant fibers

e Superior perforant fibers

f Alveus

g Subicular cell

h CA1 pyramidal cells

i Schaffer collateral of CA1 cells
j Mossy fiber

r Alveus collaterals of CA1 cells

Figure 1.2.4: Trisynaptic loop: entorhinal cortex (A) has a projection to the dentate gyrus
(D) and CA regions (C) via the perforant path (c, d). The dentate gyrus projects via
mossy fibers (j) to CA3. CA3 projects to the CA1 region via Schaffer collaterals (K).
Efferent fibers of the hippocampal formation project back to the entorhinal cortex (A)
(13).

1.2.1 Morphology of hippocampal cells
CA1

Pyramidal cells of CA areas, granule cells in DG, and mossy cells of the hilus are
the principal cells of the hippocampus, forming a largely homogenous population. CA1

pyramidal cells are the most studied cells in the brain. The pyramidal cells have a
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pyramidal soma, a large caliber apical dendrite, and a number of small caliber basal
dendrites (Figure 1.2.5). Although the cell bodies of the pyramidal cells are localized in
the SP, dislocated pyramidal cells have been shown in the SR (14). The pyramidal cell
diameter is around 15 um and the surface area is 465 + 50 um?. The apical dendrites
expand in the SR, giving 9 to 30 side branches: the bifurcation ends in this layer and
makes a dendritic tuft in the SLM. From cell bodies, 2—8 basal dendrites come out and
bifurcate repeatedly and extend unto the alveus. The pyramidal cells have about 11.5—
17.5 mm dendritic length. The spine distribution on the dendritic area is heterogeneous.
Spine density is higher in the SO and SR and lower in the SLM (14). About 12,000 pm
dendrites in single pyramidal cells have around 30,600 excitatory and 17,000 inhibitory

synapses, with 40% located in the persomatic area and 20% in the SLM dendrites.

Proximal apical and basal SR and SO dendrites do not have spine or have
scattered spines: distal part of dendrites in these layers has tightly packed spines (68%
of dendritic tree). While the excitatory afferents end on dendritic spines, only dendritic
shafts get inhibitory projections. Distal SR and SO dendrites receive very low (~3%)
inhibitory inputs compared to proximal dendritic parts that have the most inhibitory inputs
(70—-100%). CA3 afferents project to SR and SO, whereas EC and other cortical
structures, such as the nucleus reuniens and amygdala, innervate distal apical dendrites
in the SLM (15).

CA3 and CA2

Morphologically, CA3 pyramidal cells share many similarities with CA1 pyramidal
cells, but key differences exist. First, the surface area of the CA3 cell body is 2—4 times
larger than that of the CA1 pyramidal cells. Second, the proximal dendrites of CA3 cells
have larger and more complex spines. Third, the apical dendrite bifurcation in CA3 cells
occurs much closer to the SP, with 2—3 apical dendrites emerging from the apical pole.
The complex spines receive synaptic inputs from mossy fibers. The soma and dendritic
surface without spines is 22,033-50,400 ym? (13).
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Figure 1.2.5: Mouse (C57BL/6) hippocampus (Cornu Ammonis). Golgi staining. A
pyramidal neuron is shown with the dendritic compartment (dendritic tree, apical

dendrite, and basal dendrites) and the perikaryon. Dendrites have dense dendritic
spines (13).
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The cell bodies of CA2 and CA3 pyramidal cells are almost the same size, and the
surface areas of their cross section are 2—-3 times of the CA1 pyramidal cells. CA2 and
CA3 pyramidal cells have 1-3 primary apical dendrites that usually split to make 4 or
more thick secondary apical dendrites. In contrast, CA1 pyramidal cells have 1-2
primary apical dendrites that do not bifurcate. CA3 and CA2 have 2-7 primary basal
dendrites relative to 1-5 in CA1. While the distal apical dendrites in CA3 generally
extend in a vertical direction, in CA1, the distal dendrites tend to extend horizontally
(16).

DG

The DG has three layers: molecular (ml) or cell-free layer, granule cell layer (gcl),

and polymorphic layer (pl) (Figure 1.2.6). The molecular layer is branched into:

The Mossy Cell

Figure 1.2.6: The dentate granule cell (gc) with an axonal arbor. Most synapses are
onto the dendrite of inhibitory interneurons in the polymorphic layer. Many of the
mossy fiber expansions in the polymorphic layer terminate in the proximal dendrite of
the mossy cells (mc). Mossy fiber project to CA3 The pyramidal basket cell (pbc) body
is located between the granule and polymorphic cell layers. The axon synapse with
granule cell bodies. The mossy cell (mc) axons develop a plexus in the polymorphic
layer and an ipsilateral projection to the inner molecular layer (the associational
pathway); the axon also projects contralaterally to the inner molecular layer, forming

the commissural pathway (17).
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three sublayers based on the laminar organization of inputs. The fibers of the perforant
path and other external inputs to the DG, dendrites of the granule cells, and a few
interneurons are located in the molecular layer. The granule cell layer comprises dense
granule cells. Some other neurons are placed at the boundary of the granule and
polymorphic cell layers, such as dentate pyramidal basket cells. No glial sheath exists
between the granule cells. The principal cells of the DG are granule cells with elliptical
cell bodies and cone-shaped apical dendrites in the molecular layer. The second type of
cell in the DG is mossy cells located in the polymorphic layer. Their cell bodies are large
and triangular or multipolar in shape. Proximal dendrites of mossy cells are covered by
huge complex spines. The distal dendrites of the mossy cells seem to have a less dense
spine than the hippocampal pyramidal cells. Mossy cells innervate granule cells and
GABAergic neurons (17).

Hippocampal interneurons-CA1

The pyramidal cells of CA1 predominantly receive GABAergic and glutamatergic
synaptic inputs. Local GABAergic inputs help in cell assembly formation by controlling
pyramidal cell activity. The local GABAergic interneurons tune the firing rate of
pyramidal cells and their spike timing, and synchronize their activity (18). Basket cells
target the somata and proximal dendrites; axo-axonic interneurons target the initial
segments of the axon, and they can potentially control the output of pyramidal cells.
However, 92% of GABAergic synapses in CA1 are located on the dendrites of pyramidal
cells rather than on the initial segments of the somata or axon. Interneurons innervating
dendrites of CA1 pyramidal cells are categorized into four cell groups: parvalbumin (PV),
cholecystokinin (CCK), axonal arborization density, and long-range projections. Overall,

the four cell groups have 12 distinct cell types (Figure 1.2.8) (18).

Unlike organized pyramidal cell bodies in the SP in CA1 and other hippocampal
subfields, interneuron bodies are spread all over the main subfields. The location of
interneuron somatodendritic arbors grants them integration with a more restricted
intrinsic and extrinsic afferent input collection compared to pyramidal cells. Interneurons
are the main provider of GABAergic synaptic input, utilizing CI™ influx or K* efflux via

GABAA or GABAB& receptor activation to transiently hyperpolarize or shunt the cell
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membrane away from the action potential threshold. They markedly contribute to the
adjustment of single-cell excitability while controlling the temporal window for synaptic
excitation and latter action potential beginning, thereby adjusting the timing of the
afferent and efferent information stream. Moreover, they restrain and synchronize both
local and distributed cortical circuits to boost oscillatory activity in wide frequency ranges
(19).

i to subiculum,
Glutamatergic inputs to dentate gyrus s .
(o)

COMEx dentate g.

?

10
11

| 9 \ 12
/\ CA3 ‘/s?;)?UIn
amygdala subiculum¥, gentate g." subic-

ulum

8. rad.retrohippoc.

1. O-LM 3. Schaffer collat. assoc. 6. ivy e
2. bistratified 4. apical dend. innervating 7. neurogliaform o trllamlna!r )
) 10. backprojection
5. PP-associated .
11. or. retrohippoc.
P Pyramidal cells 12. double projection

Figure 1.2.8: 12 types of GABAergic interneurons split up into four cell groups project
to CA1 pyramidal cell dendrites (orange). Abbreviations: str., stratum; lac. mol.,
lacunosum moleculare; pyr., pyramidale; or., oriens; g., gyrus; O-LM, oriens
lacunosum-moleculare; PP, perforant path; retrohippoc., retrohippocampal projecting
(18).
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The spiking of neurons is synchronized within anatomical layers of the brain, such
as the CA1 region of the hippocampus. This synchronized activity is reflected in network
oscillations observed in extracellular field potentials. The cellular mechanisms
underlying network oscillation and its maintenance are of primary interest, with
GABAergic interneurons identified as the main contributors to the synchrony of
pyramidal cell activity. Interneurons with synapses on the soma and axon initial
segments of pyramidal cells undoubtedly contribute to network oscillations. Gamma
oscillations (30—80 Hz) occur during various behavioral stages and are simultaneously
regulated by theta oscillations (4—12 Hz) (18).

1.3 Spatial Working Memory

1.3.1 Introduction

Working memory is defined as the ability to maintain a small amount of information
that is accessible for current activities. It plays a crucial role in decision making, staying
on track in conversations, navigation, and supporting creative thinking and problem
solving. Additionally, working memory helps in remembering tasks, updating information
about our surroundings throughout the day, and managing daily activities. Philosopher
John Locke (1690) proposed the main idea and mentioned ‘contemplation’ in contrast

with the ‘storehouse of ideas’ (20).

Hermann Ebbinghaus created the term ‘memory’ in 1880 and then William James
in 1890 distinguished the difference between primary and secondary memory. Currently,
the most accepted classification of memory includes short-term, long-term, and working
memories (21). The term working memory was used for the first time in brief by Miller,
Galanter, and Pribram (1960); however, the main theoretical progress was made by
Alan Baddeley and Graham Hitch (1974), and further work by Baddeley and colleagues
(20). After a series of experiments studying the role of memory in reasoning, learning,
and comprehension, Baddeley and Hitch (1974) proposed an alternative for short-term
memory (STM) and termed it working memory (22). Olton used the working memory
term for the performance of rats in the radial arm maze task; in this task, animals need

to remember the baited arms in several trials during a day in order to enhance the
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reward; this would be considered long-term memory (LTM) within the human context
(23).

This section seeks to review the crucial working memory models proposed by

leading neuroscientists and psychologists and the models’ cons and pros.
1.3.2 Working memory models

By the 1960s, the categorization of memory into two or more types had been
widely accepted, which led to the development of various memory models. Among
these, Atkinson and Shiffrin (1968) proposed the most influential model, known as the
“‘modal model.” This model presumes three separate memory types (Figure 1.3.1). The
shortest of these was a series of sensory memory systems that may be considered parts
of perceptual processing. These comprised visual sensory memory (Sperling 1960), also
called iconic memory, and its identical sensory acoustic storage system (Crowder and
Morton 1969), named echoic memory by Neisser (1967). Other sensory inputs were also
reckoned to contain some form of transient storage. Information was thought to pass
from a parallel array of sensory memory systems to a solo short-term store. This worked
as a working memory of the small data storing potential or the short-term store (STS).
STS can retain and change information. It was presumed to encode information into
LTM and later retrieve it. The small information capacity STS system therefore had an
interplay with a long-term store (LTS). Thus, long-term learning also relies on LTS and
STS (24).

The model faced two problems. The first issue was the assumption that merely
maintaining information in STM would guarantee long-term learning. In other words, it
suggested that simply holding information in STM was sufficient for transferring it to
LTM, and that the longer information remained in STM, the higher the likelihood of it
being transferred to LTM, resulting in better learning. This idea was rejected because
the degree of learning largely depends on the depth of processing. Therefore, encoding
information based on its emotional tone or meaning is far more effective for learning
than focusing on superficial aspects, such as verbal sound or mere perception. The

second problem with this model is that information should be quickly lost without an
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adequate STM, leading to impaired learning. In addition, patients with impaired STM
should be severely cognitively handicapped, and LTM should also be impaired if this

system operates as working memory (23,24).

Short-Term Store

Retrieval Strategies

Sensory (STS)
Registers Temporary
Visual Working memory Long-Term
stia Store (LTM)
Environmental [, o e .
) . i Control processes: |
input Auditory | :
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Figure 1.3.1: The modal model proposed by Atkinson and Shiffrin (1968). Information
passes from the environment to a series of sensory registers and then into a short-term
store. Short-term stores play an essential role in maintaining the current of information

toward and out of the long-term store.

In 1974, Baddeley and Hitch proposed a three-component model; this comprises
an attentional control system, the central executive system, supported by two short-term
storage systems, one for visual data called visuo-spatial sketchpad and the other for

verbal acoustic data called phonological loop. All three have a finite size (Figure 1.3.2).
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The central executive is supposed to comprise a finite supply of universal processing
size (23,24).

Baddeley's proposed model is modified and shows that information flows from LTM
to the loop and vice versa. An essential difference is made between working memory
and LTM. Working memory is depicted as a series of fluid systems that need only

transient activation, and LTM indicates more enduring crystalized skills and knowledge.

Central executive
Visuo-spatial Phonological

Sketch pad loop
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-

Y
A

F 3
A 4
A 4

Figure 1.3.2: The working memory model proposed by Baddeley and Hitch. This model
includes an attentional control system and two temporary stores. The components
interact and are connected to both perception and LTM. Adapted from Baddeley et al.
(2010) (23).

A new component, called the episodic buffer, was added to the model. It acts as a
bridge between working memory, LTM, and perception, integrating information across
these systems. It has a limited size like most buffer stores (25). The episodic buffer
holds multidimensional episodes or pieces, which may integrate visual and auditory
information, probably with smell and taste (Figure 1.3.3) (23).
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1.3.3 Spatial working memory in animals

The capability to assess working memory in nonhuman animals would be highly
fruitful for examining models of disorders known to affect working memory in humans,
such as schizophrenia, dementia, and developmental disorders like attention deficit
hyperactivity disorder. Olton et al. (1979) proposed that measuring working memory is
feasible in rodents using win-shift spatial learning tasks. The term ‘working memory’ was
used in David Olton and Werner Honig's experiments in 1970. Olton et al. (1979)

proposed that spatial working memory could be differentiated

Central

executive

Visuo-spatial Episodic Phonological

A

Sketch-pad buffer loop

: Episodic
Visual Language

Long-term

semantics

Figure 1.3.3: Multicomponent model advancement. It includes a connection to long-term

memory and the episodic buffer as a fourth component.

as a distinct process from spatial reference memory. They proposed that spatial working
memory requires the ability to retain trial-specific information for a limited period,

allowing flexible responses to spatial stimuli. In contrast, spatial reference memory
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involves the ability to learn a consistent response to a stimulus based on a fixed

relationship between the stimulus and the outcome (26).

Olton and Samuelson designed the radial arm maze, a classic task for evaluating
memory in rodents (Figure 1.3.4). The maze contains eight arms with a central platform.
Food rewards are placed at the end of each arm. They observed that rats learned to visit
each arm and get back the food reward from their arms without re-entering a previously
baited arm. Trained rats usually visited more than seven correct arms before an error
occurred. The authors excluded the possibility that the rats visited arms in a specific
order, used odor marking to choose the arm, or relied on other types of cues. Based on
these findings, Olton defined working memory as a memory that enables the animal to

recall which arms were baited in a session (27).
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Figure 1.3.4: (A) Radial arm maze with 8 arms. (B) Increasing the delay between the

fourth arm choice and the remaining arm choices results in a performance decline (27).

This memory becomes irrelevant the next day, as all arms are visited again.
Working memory is described as the representation of cues during a delay period when

the cues are no longer present, allowing for later decision-making and responses (27).
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Another principal maze task to evaluate the spatial working memory is delayed
alternation, which highlights the rats’ propensity to choose alternate arms of the maze or
locations when they are in the apparatus again. This is an STM task since the animal
should remember the initial choice to elect the alternative arm. The T-maze is probably

the most popular version of the delayed alternation problem (Figure 1.3.5) (27).

Olton asserted that optimal performance on the T-maze requires recalling
information about the sample arm during the interval between the end of the sample
phase and the beginning of the choice phase. Lesions of the hippocampus deeply

change performance

Sample trial —~——» Delay b Choice trial

sood™ .
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Figure 1.3.5: T-maze delayed alternation task. On the first sample run, the rat/mouse is
placed on the main stem area and allowed to enter one of the arms. The animal may
then be removed from the maze for a delayed duration. After the delay, the animal is
returned to the main stem and will choose the other arm in most cases. A sample trial

could be a forced trial in which the animal needs to turn to one arm. In this case, it is

called the forced alternation task (11).
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on both T-maze alternation and shift, nonmatching-to-place behavior in the radial arm
maze. Lesions to the entire hippocampus typically result in animals performing at a
chance level. However, determining whether the lesions specifically impair spatial
working memory, disrupt the ability to form or use a spatial representation, or affect both

processes remains challenging (26).

1.4 Cellular Mechanisms of Working Memory

1.4.1 Neuromodulation-cholinergic system

Introduction

Small stores of neurons in the brain stem, pontine nucleus, and basal forebrain
comprise the neuromodulatory system in mammals: the stores could be thousands of
neurons in rodents and tens of thousands in humans and could markedly influence
cognitive functions. The neuromodulatory system comprises cholinergic, dopaminergic,
serotonergic, and noradrenergic projections to various brain regions, all of which are
involved in rewards, novelty, risks, endeavor, and social collaboration. These
subsystems make a foundation for higher cognitive tasks such as goal-directed
behavior, decision-making, emotion, and attention. These originate from the interplay
between the neuromodulatory system and brain regions such as the hippocampus,

frontal cortex, sensory cortex, striatum, and anterior cingulate (Figure 1.4.1.1) (24).

This section will focus on the cholinergic system due to its key role in memory and

learning and its cholinergic neuron projections to the hippocampus.
Receptors

The cholinergic system is located in the basal forebrain and comprises nerve cells
that employ acetylcholine (ACh) for activation or release when a nerve impulse
propagates (28,29). This system plays many cognitive roles, including memory,
attention, and emotions. ACh is produced in cholinergic cells containing
acetyltransferase enzymes. It is metabolized and degraded by acetylcholinesterase to
choline and acetic acid. These choline molecules are later used for ACh synthesis (28).

The two ACh receptor types are nicotinic (subtypes: N1, N2, N3, N4, and subunits: a, £,
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0, Y subunits for every subtype) and muscarinic receptors (M1, M2, M4, M4, M5). The a7
NAChR is an essential receptor in hippocampal memory. The hippocampus expresses
almost all nAChR subtypes and highly expresses the a7 nAChR pre- and post-
synaptically. Receptor allocation is greatly conserved across species (30). The nicotinic
receptor shapes ligand-gated ion channels in the membrane, with its activation resulting
in cation influx. The muscarinic receptors shape G protein-coupled channels. Among the

five muscarinic receptor subtypes, M1, M2, and M4 are more dominant (28).
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Figure 1.4.1.1: Four main neuromodulatory systems and their relation to each other.
Their role in disease is also highlighted in different colors related to the corresponding
neuromodulatory system. Serotonergic: blue, cholinergic: red, noradrenergic: green,

dopaminergic: purple. Gray arrows indicate recurrent connections (29).

The cholinergic network has been involved in the cognitive function in normal and
disease conditions. It began when Dr. Alois Alzheimer (1906) discussed the symptoms

and neuropathology of the disease that carries his name today. Non-neuronal cells,
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including peripheral macrophages, microglia, and astrocytes, also react to ACh. These
non-neuronal cells affect short-term and long-term synaptic plasticity and function; via
these mechanisms, they can help enhance or impair cognition. ACh might affect
hippocampal function through the central and peripheral immune systems. ACh disrupts
hippocampal astrocytes and consequently controls hippocampal neuron firing (30).
Hasselmo proposed that high ACh levels promote encoding by stopping improper
activations (31). The release of ACh from the septohippocampal pathway leads to the
gradual inhibition of dentate granule cells by activating astrocytes. The nAChR
antagonist can hamper astrocyte activation, which implies that astrocytes react
particularly to basal forebrain projections via a7 nAChR. Activation of a7 nAChR on
astrocytes triggers glutamate release, which in turn inhibits the activation of dentate
granule cells via hilar inhibitory interneurons (32,33). This reduced firing rate leads to a
decrease in the firing rate of CA3 pyramidal cells, preventing the involvement of past
associations in the encoding process. Moreover, microglia play a crucial role in
hippocampal memory through the release of brain-derived neurotrophic factor (BDNF)
(30).

Circuits of the cholinergic system and roles in cognition

Three main regions in the brain with cholinergic neurons are the brain stem
(inhibiting thalamus), striatum (cholinergic interneurons suppressing dopamine release),
and basal forebrain (medial septum, vertical limb of the diagonal band, horizontal limb of
the diagonal band, and nucleus basalis) (30,34). The circuits play a crucial role in
cognitive function of the hippocampus, amygdala, olfactory bulb, prefrontal cortical, and
ventral tegmental area projections to the striatum. All regions of the hippocampus
receive cholinergic neurons input from the medial septum and vertical limb of the
diagonal band of the broca (MS/VDB) (30,34).

The primary function of ACh is in memory consolidation based on sleep—wake
cycle research. Hasselmo et al. (2012) proposed that memories are retrieved when
recurrent connections are powerful due to lower ACh levels. During slow-wave sleep,
attenuated ACh levels in the hippocampus result in recurrent activity rise, easing

memory consolidation, whereas ACh levels are increased in rapid eye movement (REM)
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sleep or awake subjects. This leads to ACh level elevation, increasing cortical input to

the hippocampus and enhancing memory encoding (Figure 1.4.1.2) (29).

Modulator | Waking | Slow-Wave | REM sleep
Sleep

ACh

Figure 1.4.1.2: Acetylcholine levels change during waking, slow-wave sleep, and REM
sleep in cortical structures. Histogram bars show ACH levels relative to the waking state.

The ACh was measured by microdialysis.

Depletion of cholinergic inputs in the hippocampus and prefrontal cortex (PFC)
impairs working memory systems. Cholinergic depletion after basal forebrain lesions
impairs primate spatial working memory. Moreover, administering local scopolamine in
the perirhinal cortex reduces learning of trace fear conditioning tasks. Interestingly,
blocking muscarinic receptors does not affect performance of STM tasks, for instance
digit span (35). This suggests that familiar stimuli might strengthen synaptic
connections; cholinergic modulation in working memory seems more pivotal for novel

stimuli than familiar ones (35).
1.4.2 Persistent firing
Introduction

Working memory is a system that retains and manages information for many
seconds through the planning and execution of several cognitive tasks. Working
memory employs frontoparietal and other surrounding brain regions (36,37). Initially, the
neuronal basis of working memory was believed to be the persistent activity (persistent
firing) of a specific neuronal population (36). However, recent advances have introduced

new perspectives on the possible mechanisms of working memory, including
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synchronized oscillations and changes in synaptic plasticity. These ideas suggest that
short-term synaptic facilitation, precise tuning of recurrent excitation and inhibition, and

intrinsic network dynamics are key components of working memory function (36,37).

Persistent firing

Persistent firing/spiking/activity is the consecutive action potential even with
disappearing of the stimulus. Persistent firing is believed to be the key mechanism
involved in bridging the temporal gap (delay) of working memory-dependent tasks (38—
40). The mechanism is verified in the in vivo study of prefrontal neurons in the early
seventies; these neurons showed escalated firing in the delay period of the working
memory task (38). Traditionally, in landmark studies, monkeys were presented with a
temporary stimulus and trained to recall and indicate that stimulus after a delay period,
even when the stimulus was no longer present. Electrophysiological recordings from
monkeys' PFCs showed sustained and increased firing rates during the delay period,

which is controlled by the identity of previously shown stimulus (Figure 1.4.2.1) (41).
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Figure 1.4.2.1: Mean firing rate of two neurons in five delayed responses during
voluntary activity (20 sec), during cue, and during delay period (30 sec). A: Neuron in

the prefrontal cortex. B: Neuron in the medialis dorsalis (MD) (41).
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During the delay period, 65% of PFC units and 58% of the medialis dorsalis units
showed increased firing frequency compared to frequent intertrial times (42). Some units
exhibited higher spiking only in the cue presentation, some only during the delay time,
and some in both periods. The increased firing rate was preceded by an inhibitory phase
during the cue period. This was the most remarkable in neurons showing the highest
spiking (Figure 1.4.2.2 & 1.4.2.3) (41). Further studies reported similar delay period
activity in the temporal cortex, parietal cortex, auditory cortex, visual cortex,
somatosensory cortex, presupplementary motor area, and medial promotor cortex. In
rodents, increased activity during the delay period has been reported, similar to
monkeys, but fewer cells were active during this period compared to monkeys. In
contrast, most of these cells in rodents fire within specific time windows, which
collectively cover the delay period, resulting in a sequential firing pattern that represents

upcoming behavior (43).
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Figure 1.4.2.2: Firing raster plot of a prefrontal cortex neuron in five continuous trials
with 32, 32, 32, 67, and 65 seconds delay period (41).

Furthermore, in vitro studies have reported persistent firing in different brain
regions. Egorov et al. (2002) reported persistent firing in layer V of an EC single neuron.
Layer V of the EC connects the hippocampus to other cortical areas. The maintained
firing rate could be elevated or reduced based on a special input way. The activity is
related to cholinergic muscarinic receptors and depends on Ca?* sensitive cationic
current (Figure 1.4.2.4) (44). M1 muscarinic receptors or metabotropic glutamate
receptors in medial EC were activated by a short stimulus; this results in triggering a

non-selective cationic current (/can) and persistent firing (45).
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Persistent activity was observed in the postsubiculum, where a brief 200-ms
stimulus was enough to induce sustained firing. Additionally, persistent firing has been
demonstrated in other brain regions, such as the medial vestibular nucleus, nucleus
prepositus hypoglossi, and area | neurons in the brainstem (45). In vitro slice recording
results of hippocampus CA3 pyramidal cells and perirhinal cortex revealed persistent
firing in the presence of the cholinergic agonist carbachol (CCh). In CA1 interneurons,
persistent firing can be induced by several stimulations of the axon’s distal end. In DG
semilunar granular cells, persistent firing can be triggered via perforant path stimulation.
However, the muscarinic receptor antagonist atropine did not alter persistent firing,

suggesting a distinct mechanism compared to other studies (46,47).

ACh also modulates persistent spiking in the in vitro slice preparation of rat medial
EC. Increased entorhinal and hippocampal spikes have been observed in both humans
and monkeys, indicating that ACh, in response to distinct stimuli, may play a key role in
regulating persistent firing (35). Persistent firing is proposed as a mechanism for working

memory. Cholinergic agonist application such as carbachol
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Figure 1.4.2.3: Neurons with persistent activity responding to cue position in task (270°)

recorded from monkey caudal area (arcuate sulcus) of the principal sulcus (48).
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Figure 1.4.2.4: Muscarinic dependent persistent firing. Left: persistent firing in the
presence of a cholinergic agonist (carbachol). Right: Lack of persistent spiking in the

presence of cholinergic antagonist (atropine) (44).

in bath and injecting depolarizing current lead to persistent firing that persists after
ending depolarizing stimulus (35). A likely mechanism for maintained activity is cortical
glutamatergic input release following stimulus disappearance during a task. This causes
calcium-induced firing in the medial EC and gives feedback on cholinergic axons.
Activating muscarinic receptors triggers a nonspecific cation current (lcan) and results in

self-maintained persistent activity due to calcium influx (35).

Transient receptor potential channels (TRPCs) may be involved in persistent firing
in layer V of the medial EC, as evidenced by the suppression of both plateau potentials
and persistent firing via generic nonselective cation channel blockers and TRPC

blockers (49). The next section will review TRPCs from different aspects.
TRPCs

TRPCs form a superfamily of cation-permeable channels. The founding member of
this superfamily was identified as a Drosophila gene product essential for visual
transduction, a phospholipase C-dependent process in the fruit fly. The title “transient
receptor potential’ originates from the transient response to light of the flies having a
mutant in the trp locus. Moreover, trp mutants show a defect in light-induced Ca?* influx.
Based on similarities to the Drosophila TRP and TRPL protein sequences, the
complementary DNA (cDNA) of 28 mammalian TRP-related proteins has been cloned

using various methods in recent years. A diverse group of TRP-related proteins is
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conserved across species, including flies, worms, fish, and tunicates (Table 1.4.2.5)
(50).

TRP subfamilies  Fly Worm  Sea squirt Fish Mouse  Human
TRPC 3 3 8 8 7 6

TRPV 2 5 2 4 6 6
TRPM 1 4 2 6 8 8

TRPA 4 2 4 1 1 1

TRPN 1 1 1

TRPP 4 1 9 2 3 3
TRPML 1 1 1 3 3

Total 16 17 27 25 28 27

Table 1.4.2.5: The seven subfamily of TRP genes. TRPC2 seems to be a pseudogene

in humans, explaining why the human TRPC family contains six members (50).

Although crystal structures for TRP proteins remain unidentified, all TRP protein
sequences include a minimum six predicted transmembrane domains (6TM) and hence
look like voltage-gated k* channels in the general transmembrane architecture (Figure
1.4.2.6) (50).

TRPC expression

TRPCs are nonselective cation channels that comprise seven subfamilies
(TRPC1-TRPC7). They are activated through phospholipase C-coupled receptors,
resulting in an influx of Na* and Ca?* into the cell. This influx depolarizes the membrane
potential and initiates a Ca?*-dependent intracellular signaling cascade. TRPCs can be
split into three subgroups: TRPC1, TRPC4, and TRPCS5 (first), TRPC3, TRPCG, and
TRPC7 (second), and TRPC2 (third). The first subgroup is expressed in different areas
of the hippocampus (Figure 1.4.2.7) (51), including the pyramidal layer of the
hippocampal CA1-CA3 regions, the DG granule layer. Heterologous co-expression
experiments show that this subgroup exhibits an intra-subgroup interaction, although
some studies have reported a heterologous interplay between TRPC1 and all other
TRPC families plus TRPp2 and TRPV4.
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Figure 1.4.2.6: A TRP protein includes six domains (S1-S6), predicted to cross the cell
membrane, and a pore loop in the extracellular linker isolating the fifth and sixth
transmembrane domains. Lanthanum ions (La3+) and 2-aminodiethyldiphenyl borate (2-
APB) often block these channels, but not specifically (top). Four TRP proteins are
thought to form homo-oligomeric and hetero-oligomeric channel structures (bottom) (11).

Other studies have reported the formation of TRPC1 heteromultimers with TRPC4,
TRPCS5, TRPC3, and TRPCG6 in the embryonic brain. Nevertheless, these reports are
masked due to the lack of subtype-specific antibodies and strict negative controls as

produced by the specific target-knockout mice (51).

TRPC4 is expressed in various organs and tissues, including the endothelium,
kidney, retina, testis, and adrenal gland. The mechanisms by which it is activated may
differ across these cell systems. In the nervous system, a functional role is shown in a
special type of synaptic terminal of the thalamic network called F2 terminals. F2
terminals branch from the dendrites of local GABAergic interneurons and are located in
a synaptic triadic positioning in a glomerular neuropil of the dorsal lateral geniculate

nucleus. The release of y -aminobutyric acid (GABA) from F2 terminals is controlled by
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Figure 1.4.2.7: Left, TRPC4 expression in mouse coronal section. Red color shows
higher expression compared to other regions. CA1 has a higher TRPC4 expression in
comparison with other hippocampal areas. Right, TRPC4 expression in mouse sagittal
section (52,53).

extrathalamic input systems functioning on metabotropic receptors: this release happens

in a Ca?*-dependent way (42).
TRPC activation and regulatory proteins

TRPCs are activated via Gg-coupled receptors, such as the group 1 mGIuR and
muscarinic ACh receptors. Gg/phospholipase C signaling activates TRPC 4 and TRPC
5, releasing Ca?* from intracellular stores, or initiating vesicular translocation to the
membrane (54). The Gqg-receptor-mediated activation of phospholipase C (PLC) triggers
inositol triphosphate (IP3), which attaches to the IP3 receptor on the endoplasmic
reticulum and consequently releases the Ca?*. A structural change opens a TRPC link to
IP3, which binds to the C-terminal at the end of the S6 subdomain TRPC via the
Calmodulin/ IPs receptor binding domain (Figure 1.4.2.8 and Figure 1.4.2.9) (54).

Furthermore, PLCPB or PLCy (or both) activation is needed to stimulate recombinant
channels formed by TRPC4. While notable inconsistencies remain regarding the exact
mechanism of channel activation downstream of PLC, ionic currents attributed to
TRPC4 in mouse aortic endothelial cells (MAECs) and adrenal cells appear to be

stimulated by the release of intracellular Ca?* stores (55).
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A well-known regulatory mechanism of TRPC activity is phosphorylation and
dephosphorylation. Protein kinase C was reported to block the activity of TRPC3,
TRPC4, TRPC5, and TRPC6. TRPC6 activity is also controlled by calmodulin kinase |l
(CaMK I)-dependent phosphorylation. Whether the kinase directly phosphorylates the
channel remains unclear. Src kinases may be needed for TRPC3 and TRPC6 activation
by the M3 muscarinic receptor and epidermal growth factor (EGF) receptor. Myosin light
chain kinase is required for TRPCS5 activation. Tyrosine phosphorylation controls the
EGF-intervened translocation of TRPC4 and TRPCS5 to the plasma membrane (PM)

(56).
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Figure 1.4.2.8: Topology and domain organization of TRPC4 (57).
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Figure 1.4.2.9: TRPC4 contains four ankyrin repeats in the N-terminus and TRP, CRIB,
and PDZ domains in the C-terminus. The channel is activated by intracellular Ca2+
release from the endoplasmic reticulum (ER), triggered by Gg-coupled receptor
activation, IP3 binding to IP3R, and vesicular translocation. The channel is inhibited by
Protein Kinase C (PKC) and potentiated by La3+ (11).

TRPCs play a central role in Ca?* signaling. Similar to other Ca?* transporters,
regulatory feedback loops mediated by Ca?* are expected to intervene in their functions.
Calmodulin (CaM), a Ca?*-binding protein, is the key transporter of the cellular Ca?*
signal. Al mammalian TRPCs encompass at least one CaM binding site at their C-
terminal. The CaM binding site of TRPCs overlaps with the IP3R binding site. It seems
IP3R and CaM compete to attach this site. While IP3R binding activates Ca?* release,
CaM binding triggers TRPC inhibition. Another indirect controlling mechanism by CaM is
the protein enkurin. Enkurin attaches CaM, phosphatidylinositol-3-kinase (PI3K) and
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TRPC1, TRPC2, and TRPCS5; therefore, it may work as an adaptor for other CaM-
controlled proteins with TRPCs (56).

Roles of TRPCs in synaptic transmission

TRPCs are involved in various neuronal functions, including neuronal excitability,
excitotoxicity, neurogenesis, and neurite growth. The role of TRPC1, TRPC4, and

TRPCS5 in synaptic transmission and neurotransmitter release remains unclear (51).

TRPC1 has been reported by Broker-Lai et al. (2017) to generate slow excitatory
postsynaptic potential (EPSP) in cerebellar Purkinje cells, as demonstrated through
interference with an anti-TRPC1 antibody. In infant TRPC5” mice, synaptic plasticity
was reduced at afferents to the amygdala, although this effect was not observed in older
TRPC57 mice. A decrease in GABA release was observed in TRPC1/4”- double
knockout mice, indicated by reduced inhibitory postsynaptic currents (IPSCs) in

mitral/tufted cells of the olfactory bulb (51).

In TRPC1/4/57 mice, the action potential-elicited EPSC amplitude drastically
declined in hippocampal neurons, with alterations of synapse density and miniature
EPSC (mEPSC) frequency in neuronal culture (51). Furthermore, a recent study
reported graded changes in synaptic plasticity at glutamatergic synapses corresponding
to alterations in TRPC5 expression. Further study revealed a TRPC-dependent increase
and prolongation of the intraterminal Ca?* signal, which speeds up the quantity of vesicle
reloading, and supports short-term enhancement of synaptic signaling. Thus, TRPC-

mediated mechanisms markedly alter short-term synaptic plasticity (58).
Roles of the TRPCs in persistent firing

Persistent activity (or persistent firing) has been explained in several brain regions
engaged in learning processes, including the amygdala, EC, hippocampus, and PFC.
Persistent firing in the hippocampus helps working memory and associative learning. It
originates from burst-induced maintained depolarization, which reaches the firing
threshold (59). Depolarization occurs because an activity-dependent stimulation of Ca?*
initiates a nonselective cationic current (CAN) (59). Activation of the CAN current can

induce stable depolarization from the baseline voltage (plateau), which may persist for
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several minutes beyond the initial stimulus. If the firing threshold is reached, this leads to
persistent firing. Plateau persistent firing is induced by a brief depolarizing current
injection in the presence of muscarinic receptor agonists or glutamatergic agonists (60).
TRPCs are the primary candidates for involvement in CAN current activation. CAN
channels are believed to function downstream of glutamate receptors, generating

plateau potentials and increasing burst spiking (61).

Under in vitro conditions, persistent firing can be stimulated by a short depolarizing
current using muscarinic or metabotropic glutamatergic agonist or by cholinergic afferent
stimulation (59,62—64). Activation of anterior cingulate cortex (ACC) layer Il/lll neurons
via muscarinic receptors or mGIuRS5 triggers persistent firing, which requires
phospholipase C (PLC)-coupled TRPC-like cation conductance (65). Moreover, burst
firing of numerous neurons could result in seizures. TRPC4 and TRPC1 may be key
players in the mGluR-induced depolarizing plateau potential in the CA1 region, as their
elimination results in impaired working memory (59). While Zhang et al. (2011)
suggested that TRPCs play a key role in maintaining persistent firing in medial EC layer
V (49), a study demonstrated non-involvement of TRPC family in persistent firing in layer
V medial EC. The study was done using two different TRPC knockout mice (TRPC1,
TRPC47, TRPC5™ or all TRPC families) (66).

Studies have revealed a decline in TBS-induced long-term potentiation (LTP) in
TRPC1” mice, which suggests that TRPC1 exerts its effect on TBS-induced LTP after
its activation via mGIuR5. The residual LTP observed in brain slices from TRPC17 mice
could not be further reduced by mGIluR antagonists. Despite this, strong tetanization
(HFS) of Schaffer collaterals was shown to be normal in TRPC1/4”-, TRPC1”, and
TRPC1/4/57-. Genetic removal of TRPC?7 resulted in the interruption of HFS-induced
LTP at CA3 recurrent collateral synapses and at Schaffer collaterals to CA1 synapses.
This could help to start epileptiform bursts and seizures, respectively. HFS-induced LTP
is decreased in TRPC5- unlike TRPC1/4/57 at Schaffer collaterals-CA1 synapses.
TRPM4 has also been shown to be a crucial player in the LTP of Schaffer collaterals to
CA1 synapses. TRPM4 is Ca?* sensitive but Ca?* impermeable, and it forms a feed-

forward loop, which leads to postsynaptic depolarization. It is required to completely
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activate NMDAR through LTP induction. Moreover, mGIuR-LTD is weakened in TRPC1-

I and it corresponds to a modification of the reversal spatial task (59).

However, fMRI and neuronal recordings have demonstrated that escalated
persistent activity could not distinguish the delay period of working memory unlike
prosperous behavior. In addition, persistent firing has high metabolic demands and is
easily disrupted by additional inputs, making it less effective at holding more than one
memory simultaneously (37,67). Recently, additional mechanisms for working memory
have been proposed that do not rely on persistent activity. Instead, these mechanisms
suggest that short-term alterations in synaptic properties may be sufficient to retain
information. The rhythmicity of neural activity during working memory is now considered
the key factor for maintaining information rather than the rate of persistent activity. The
frequency, amplitude, and phase of neural oscillations have been shown to vary in
response to stimuli and task demands, suggesting that multiple mechanisms may
contribute to the representation of working memory. These findings are not inconsistent
with the idea that information can also be stored through persistent neuron firing. In fact,

persistent firing measurements strongly predict behavior in working memory tasks (68).
1.4.3 Hippocampal oscillations

Introduction

Brain oscillations are known to be beneficial tools for solving neural mechanisms
involved in the shaping of a memory mark (69). Local field potentials (LFP) in the theta
(4—8 Hz) and gamma (25-140 Hz) frequency ranges have crucial mechanistic functions
in memory. It comprises retaining events and the sequence of them, evaluation of
novelty, plasticity induction in the encoding period, as well as consolidation and retrieval
(70). Brain oscillations create time windows for neuron firing and facilitate synaptic
plasticity. This process is achieved through the synchronization and desynchronization
of neural groups (71). Jensen et al. asserted the pivotal role of theta-gamma oscillations
in forming a multi-item buffer to encode sequences via LTP (72). Brain oscillations
mainly depict perceptual and cognitive procedures during encoding. Moreover, these

procedures could or could not be useful for memory based on how the retrieval is
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performed. Thus, various frequency ranges might be associated with successful

memory formation in several manners (69).

Two views exist regarding how information is encoded in the nervous system. The
nervous system comprises neurons, which function as individual computing units, and
these neurons interact reciprocally by transmitting distinct packets of information along
their axons. Another view suggests that the nervous system operates on more
comprehensive principles, with numerous cells working in harmony, possibly reflected in
synchronous neuronal activity or rhythmic electroencephalographic (EEG) patterns. The
general view is that the hippocampus employs both strategies. Accumulating evidence
suggests that pyramidal cells in the hippocampus encode specific locations within an
environment by significantly increasing firing rates. However, that piece of the code for
locations engages the timing of cell firing linked to a clock wave shown by theta wave in
EEG and related interneurons and those groups of pyramidal cells can function as group
(1). This section addresses the main brain oscillations, hippocampus oscillation network,

and what information is depicted in hippocampal electrical activity.
Hippocampal network oscillations

Hippocampal networks depict rhythmic oscillations in different frequency ranges in
a behavior-associated way. Three types of hippocampal oscillatory activities have been
reported in freely moving rats. Theta (5—-10 Hz) and gamma (30-100 Hz) frequency
oscillation rhythms are shown in rats during exploration and REM sleep (73). The
frequency range has been defined differently in various studies. Theta and gamma
usually coincide but can happen independently. Gamma and theta rhythms in the
neocortex have been suggested to form a pivotal mechanism of cognitive tasks, such as
feature recognition, associative learning, content-sensitive and context-sensitive
processing of sensory information. Furthermore, periodic population bursts, sharp wave
ripples (SWR; 100-300 Hz), exist in the CA3—CA1-subiculum-EC throughout awake
immobility, slow wave sleep (SWS), and consummatory behaviors (Figure 1.4.3.1) (73).
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Theta oscillation

Theta oscillations show the “on-line” state of the hippocampus. The extracellular
currents in theta waves are produced primarily by CA3 (Schaffer) collaterals, entorhinal
input and voltage-dependent Ca?* currents in pyramidal cell dendrites. Theta oscillations
are postulated to be essential for transient coding/decoding of active neuronal groups

and modification of synaptic weights. The largest amplitude of theta is in str. lacunosum-
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Figure 1.4.3.1: Hippocampal network oscillations. A: Theta- and gamma-related
modulation in the dentate gyrus during exploration. B: Sharp wave ripples in the CA1

area during slow wave sleep (73).

moleculare of hippocampal CA1. The amplitude and phase of theta waves vary with
depth changes but remain highly similar within the same layers along the hippocampus's
longitudinal axis. Apart from the hippocampus, theta oscillations are present in the
subicular complex, EC, perirhinal cortex, cingulate cortex, and amygdala. These
structures are the major current generators of theta; however, none of these cortical

structures can produce theta oscillations by themselves (74).

Hippocampal theta comprises two parts, which can be identified based on
behavioral correlates and pharmacology. One is sensitive to drugs targeting cholinergic
synapses, such as cholinergic antagonists (atropine and scopolamine), cholinergic
agonists (carbachol), and anticholinesterase (eserine). This element is called attentional
theta (a-theta) or atropine-sensitive theta. The second element of theta is not influenced

by cholinergic drugs and corresponds to translational movement (t-theta). Some
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evidence suggests that it relies on serotonin and glutamate. Hippocampal theta phase

and amplitude changes in various parts (1).

The generation of theta oscillations in rodents involves the interaction of various
brain structures. The hippocampus seems to function as a network of coupled theta
oscillators, arranged in sequences along the septotemporal axis, producing moving
septotemporal waves. Nevertheless, hippocampal oscillators are controlled by inputs
external to the hippocampus. Both superficial and deep pyramidal cells fire in theta
oscillation during active exploration but only deep pyramidal cells choose to fire at the
peak of theta during REM sleep (Figure 1.4.3.2). The coherence of theta oscillation and
the link between theta power and moving speed decline across the septotemporal axis
(75).

Origin of theta oscillation

Multiple subcortical areas are considered pivotal for the generation of the theta
rhythm. Inward projections from these areas release neurotransmitters that may permit
the appearance of network oscillation in the hippocampus and related formations
(“permissive action”) or might give a coherent, theta frequency output (“pacemaker”
function). The inactivation or lesion of neurons in the medial septum-diagonal band of
Broca (MS-DBB) eliminates theta oscillation in all cortical targets, leading to its
identification as the final generator of theta rhythm. The second key nucleus involved in
generating theta rhythm is the supramammillary area, which is bilaterally connected to
the MS-DBB. Whether the MS-DBB and supramammillary nucleus function as true

pacemakers or rely on hippocampal and entorhinal feedback remains unclear (74).

Hippocampal theta oscillations are followed by a high cholinergic tone in behaving
rats. The hippocampal activity is separated from the resting state, distinguished by SWR
(large irregular activity). This alteration is provoked and maintained by medial septum
pacemaker activity via direct cholinergic projections to the hippocampus. There are

three different populations of projecting cells in the MS identified by
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DG Mossy fibers
CA3

Figure 1.4.3.2: Hippocampal network controlling theta oscillation. Excitatory (black) and
inhibitory (red) inputs associated with the generation of theta oscillation. The medial
septum (MS) supplies rhythmic inhibitory to CA1 basket cells (red) and the basket cells
in turn send rhythmic perisomatic inhibition to CA1 pyramidal cells (blue). The entorhinal
cortex (EC) sends rhythmic excitatory inputs at theta frequency via a perforant path to
the granule cells of the dentate gyrus (DG) and to the apical dendrites of CA1 and CA3
pyramidal cells (11).

cholinergic, GABAergic, or glutamatergic neurotransmission. Only glutamatergic and
GABAergic cells showed pacemaker characteristics. MS cells fire in the negative peak
of the theta signal recorded in the CA1 pyramidal layer; moreover, their firing is stopped
during SWR. The MS parvalbumin-expressing interneurons projecting to hippocampal
basket cells can control hippocampal activity and its feedback to the medial and lateral
septum (Figure 1.4.3.3) (75). Glutamatergic MS-DBB neurons elicit fast depolarization
that could stimulate spiking in hippocampal pyramidal cells; they can give a strong
synchronizing input and likely help hippocampal theta oscillations if these
depolarizations are rhythmic. The hippocampal theta rhythm can result from many

reciprocally intrinsic and extrinsic theta generators functioning harmonically (76).

48



—  Supramammillary | ¢ :
> nucleus l :
Diagonal band > :
e Brncs Hippocampus
\ b > 4 PV neurons
_ ' : :
| /% ge AN _ : Entorhinal
eta oscillation ) : cortex
- 4 PV neurons

Medial
. GaBhergic SEPtUM
£25 neurons H
4,,C-\\Glutamalerg|c ; g .
(@ neurons : Excitatory :
(perforant path)| :

Cholnergic
neurons

Disinhibitory circuit

Figure 1.4.3.3: Theta oscillation generation circuit between MS_DBB and
supramammillary nucleus and hippocampus and entorhinal cortex. Arrows show

projections between the regions, and dashed lines represent disinhibitory network

involved in theta generation (11).

Theta and entorhinal cortex

The main cholinergic projections to the hippocampal formation come from MS-
DBB. Analogous input of medial septal nucleus and EC to hippocampal theta oscillation

have been studied by applying lesions and pharmacological manipulations.

Lesions in the medial septum and diagonal band eliminate both the a-theta and t-
theta types of theta oscillations. However, lesions in the EC abolish the t-theta while
preserving the a-theta. Para-chlorophenylalanine (PCPA) or reserpine chronic
administration decreases serotonin and tends to terminate t-theta. Ketamine (NMDA
receptor blocker) injection also removes t-theta. Therefore, glutamatergic projections

from the EC to the distal dendrites of CA3 and CA1 are likely responsible for this
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component of theta. This explains why t-theta passes through the EC to the
hippocampus. In contrast, a-theta requires direct cholinergic inputs from MS-DBB to the

hippocampus via interneurons activation (1).

Hippocampus neurons exhibit entrainment to the theta rhythm, known as phase
precession. This phase precession is believed to function as a temporal code that
organizes the spikes of neurons with overlapping place fields into different sub-theta
timescales. These timescales align with the working range of spike timing-dependent
plasticity (STDP). Rate and temporal codes have been demonstrated to be separable
and assumed to code alone for various variables in the hippocampus. While theta-
modulated inputs are engaged in temporal code generation, nontheta-modulated inputs
may help the rate code in the hippocampus. MEC inputs from visuospatial regions
(primary, lateral, and medial visual cortical areas plus cingulate, retrosplenial and
posterior parietal cortices) are stronger than those from LEC. Similarly, MEC neurons
encode spatial information, while LEC neurons exhibit less or no spatial precision than
MEC (77).

Functions of theta

Theta is a universal synchronizing mechanism. It locks the whole hippocampal
formation into a universal operating mode and aligns every hippocampal area activity
with regard to other areas. Hippocampal theta oscillation is synchronized and coherent
in vast regions of hippocampus formation; this indicates that if two cells have firing
patterns locked to the hippocampus theta cycle, they have organized temporal
relevance to each other; it does not matter if they are in two different areas of the
hippocampus. Theta also works as a periodic clock for hippocampal spike timing. The
relation of a pyramidal cell to the existing theta phase is not fixed but can change from

one cycle to the next one (12).

Several studies have proposed likely engagement of theta oscillation in synaptic
plasticity. In vitro and in vivo studies have suggested that LTP induction is ideal when
there is a 200-ms time interval between stimuli and only the second stimuli trigger
potentiation. Backpropagating spikes to synapse-activated dendrites is crucial for
increasing synaptic weights. Carbachol can boost the somatodendritic propagation of
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action potentials via muscarinic receptor activation. LTP may be induced by triggering
Ca?* spikes through large-amplitude fast spikes. The associated large depolarization
from Ca?* spikes can, in turn, activate NMDA receptors. In vivo, theta-related somatic
hyperpolarization may provide the silent periods necessary for the occurrence of
complex spike bursts. Through theta oscillation, repeated pairing of distal dendritic
depolarization by the entorhinal input and trisynaptically active CA3 recurrent/Schaffer
collaterals to CA3 and CA1 pyramidal cells may lead to synaptic changes in the
intrahippocampal association pathway. The occurrence of repeated trains on the
negative peak of the theta will result in depotentiation. Thus, the theta cycle is pivotal for
the timing of the dendritic excitatory inputs for strengthening or weakening the synapses.
Buzsaki et al. proposed that theta oscillation mounts and separates neuronal ensembles
(74).

Beta oscillations

The hippocampus exhibits oscillations between 15 and 35 Hz, which is known as
beta oscillations (78). In addition, the hippocampus shows oscillations ranging from 20
to 40 Hz when the animal is processing odor input information (78). Beta oscillations are
involved in environmental novelty and object location (79-81). NMDA and AMPA
receptors modulate beta oscillation generation in the CA1 hippocampal region (79,81).
Notably, the mean firing rate of pyramidal cells in CA1 increased in response to beta-

band population oscillations (82).
Gamma oscillations

Berger (1929) used the Greek letters alpha and beta to name oscillations below 12
Hz and faster than 12 Hz for the first time. Later, Jasper and Andrew (1938) called
oscillations between 35 and 45 Hz gamma waves. Thereafter, Das and Gastaut (1955)
used cognitive rhythm or 40 Hz oscillation for that frequency range. Walter Freeman

(Bressler & Freeman 1980) papers made the gamma oscillation phrase renowned (83).

Gamma oscillation was first observed in the cat amygdala by Lesse in 1995 and
has since been demonstrated in various brain regions across both animals and humans.

Gamma oscillations range between 20 and 100 Hz and are thought to synchronize
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components of complex representations across different areas of the neocortex.
Gamma waves have been reported in the dentate and entorhinal cortex and CA regions.
They might be linked to visual and olfactory system oscillations (40 Hz). Cholinergic
antagonists and septal lesions reduce gamma activity in rats. Physostigmine, a
parasympathomimetic drug that triggers a-theta, increases the number of gamma
waves, although this effect does not appear in immobile rats. Seizures cause a rapid
increase in beta or gamma oscillations, which can be suppressed by cholinergic

antagonists, regardless of the animal's current behavior (1).
Gamma origin

Hippocampal gamma oscillations have two origins: the first is the EC and the
second is internal to the hippocampus. Entorhinal gamma wave frequency range is fast
at around 90 Hz; high frequency gamma (~80 Hz) has been shown in the hippocampus.
Nevertheless, a slower gamma wave (~40 Hz) is more visible in the animals with EC
lesions; this slow gamma wave fits with the current profile related to the Schaffer
collateral/commissural pathway from CA3 to CA1. These studies show that hippocampal
gamma oscillations have many sources; this increases the chance that alterations in
gamma frequency in CA1 depict synchronization change with fast gamma in EC and
slow gamma in CA3. Gamma oscillations in CA1 have two distinguished frequency
elements; one frequency range is slow gamma (25-50 HZ) and the second is fast
gamma range (65-140Hz) (84).

Two principal mechanisms have been proposed as key players in producing and
maintaining gamma oscillation. The pyramidal-interneuron network gamma (PING)
model assumes that excitation of pyramidal cells leads to local connected interneuron
firing. Then, this feedback inhibits pyramidal neurons, and it stops when the inhibition
disappears. The second suggested mechanism is the interneuron network gamma
(ING). The tonic and synchronized firing of interneurons by themselves makes them fire
at their favored frequency. This causes rhythmic inhibition of the entire network. Hence,
the gamma cycle length depends on the interspike interval of the interneurons. The
application of carbachol (acetylcholine receptor agonist) or kainite in CA3 or mEC slices

results in gamma oscillation generation; both are generated via the PING mechanism

52



(Figure 1.4.3.4). Gamma oscillations require GABAA receptors or AMPA/kainate
receptors and NMDA receptors; blockade of either of these receptors eliminates gamma

oscillations (85).

Various studies have shown the pivotal role of fast-spiking basket neurons in
gamma oscillations. Basket cells have some characteristic specifications compared to
other interneuron families; the first is a low spike threshold. The second is the capability
to fire fast without exhaustion. Third, a narrow spike is given by a high density of
Kv3.1/3.2 channels. Fourth is a resonance at gamma frequency in response to random

excitatory conductance inputs.
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Figure 1.4.3.4: Two different mechanisms of gamma oscillation generation. Left panel:

gamma oscillation is generated by a feedback network between PV-positive basket cells
(PV). Tonic excitatory current is the primary source for interneuron activation in the ING
mechanism. Pyramidal cells (P) are synchronized by the interneuron network but are not
included in gamma rhythm generation. Right panel: In the PING mechanism, gamma
oscillation depends on interneuron and pyramidal cell interaction via a recurrent
network. Monosynaptic excitation (phasic) of interneuron by glutamate-mediated
currents coming from pyramidal cells is an essential part of interneuron activation in

PING. Thus, pyramidal neurons are key players in the gamma oscillation mechanism

(11).
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The participation of other interneuron types in gamma oscillation remains unclear.
While chandelier cells (axo-axonic cells) are less likely to be cardinal in interneuron—
interneuron (I-1) models, they project to principal cells. The somatostatin-containing O-
LM interneurons connect to the distal dendrites, with their resonance frequency in the
theta range. CCK interneurons are not essential in gamma oscillation maintenance.
Hippocampal CA1-bistratified neurons present a powerful phase locking of spikes to
gamma oscillation compared to PV basket cells. While phase locking may originate from
the CA3 output, the IPSPs generated in pyramidal cell dendrites may not transition to
the soma. The other types interneurons appear to support slower oscillations and, by
regulating basket cells, likely play a key role in forming cross-frequency coupling

between slower oscillations and gamma rhythms (83).

Functions of gamma

Gamma oscillation is thought to participate in cognition. Abnormal gamma waves
have been reported in various cognitive disorders such as Alzheimer’s disease and
Fragile X syndrome. Gamma oscillations play a crucial role in multiple brain areas: in the
hippocampus, this process contributes to attentional selection and memory functions. As
hippocampal fast gamma rhythms are coupled with medial entorhinal fast gamma input,
fast gamma may contribute to the transfer of current sensory information. This suggests
that hippocampal fast gamma plays a role in the exploration of novel object—place
pairing. Notably, hippocampal place cells can depict recent and current locations during
fast gamma. Furthermore, fast gamma dominates slow gamma when mice visit external
cues to navigate to a goal area (86). A remarkable correlation exists between trajectory
length and the type of gamma oscillation in relation to the number of gamma cycles
during a theta cycle. While the number of fast gamma cycles is positively related to path
length, that of slow gamma cycles remains unchanged with trajectory length during theta
cycles. The number of slow gamma cycles remains unchanged if the sequences of

locations are shown within slow gamma cycles (87).

Although fast gamma power increases when rats receive stimuli signaling the start
of a trial in a spatial alternation task, fast gamma may not reflect a memory-encoding
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element (88). Yamamoto et al. reported that fast gamma is related to working memory
but not memory encoding in mice doing a delayed nonmatching-to-place task (DNMTP).
Another likely hypothesis is that slow gamma contributes to memory retrieval from CA3.
Recent studies on place cell group activity suggest that slow gamma facilitates the
activation of previously stored representations of spatial order, highlighting its role in

supporting memory retrieval (88).

Slow gamma coupling has been reported by Carr et al. (2012) to increase between
CA1 and CA3 during SWR in immobile awake rats . CA1 and CA3 become phase-
locked to the same gamma rhythm, and the gamma phase accounts for the reactivation
of neurons in both areas. Moreover, higher gamma coupling in awake SWR is linked
with a high fidelity replay of past experience. The results suggest that gamma waves
control the temporal structure of spiking during SWR in the hippocampal circuit. Gamma
synchrony increases during quiescence but is lower than that of the awake state.
Consequently, spiking is less regulated by gamma oscillation during quiescent SWRs.
Gamma oscillations ameliorate information transmission in cortical circuits. They are
present during theta oscillation but can be seen during SWRs when the animal is

immobile. In addition, CA3 gamma weakly synchronizes CA1 spiking during theta (89).

Studies have suggested that hippocampal gamma oscillations assist in memory
encoding (90). A later study in monkeys showed that coherence between hippocampal
spiking activity and local field potentials was higher in gamma frequency during
encoding of stimuli, which were well identified later. Colgin et al. (2010) proposed that
fast gamma synchronization between CA1 and MEC layer Ill based on the connection
between hippocampal gamma oscillation and memory encoding might help memory
encoding. A likely mechanism for memory encoding is the timing of the primary
depolarization (via depolarizing input by fast gamma) and following spiking on the next
excitatory phase of fast gamma, which would result in STDP-induced LTP. This
indicates that high gamma waves are perfect for information transmission of ongoing

experience from the EC to the hippocampus throughout memory encoding (90,91).

Numerous studies have proposed gamma oscillations as a crucial element of

working memory. The power of gamma oscillation rises by escalating the working
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memory load in epileptic individuals. Another study reported theta-gamma coupling in
the hippocampus through the delay period of working memory tasks. Working memory
depends on different brain areas, such as the hippocampus and PFC. A study on
monkeys showed prefrontal neuron synchronization at a gamma frequency range (~30
Hz) during the maintenance phase of working memory tasks. In addition, the
hippocampus and PFC show an increase in theta coherence during working memory

tasks, with prefrontal neurons phase-locked to hippocampal theta oscillations (90).

In addition, the gamma phase of TroPyr (trough-firing pyramidal cells in gamma
cycles) and RisPyr (rising phase-firing pyramidal cells in gamma oscillations) changes
differently through a theta cycle. This could be associated with various gamma
differences depicted by spikes during fast and slow gamma oscillations. Nevertheless,
the reported results do not support this hypothesis. Despite a reported negative
correlation between fast and slow gamma power, a positive relationship was observed
between the firing rates of single cells during slow and fast gamma rhythms. The results
suggest that place cells are active to the same extent through either fast or slow gamma

oscillations and not electively during fast or slow gamma (87).

In addition, gamma oscillations play a role in determining which cells should fire.
Consequently, a representation is formed that is active in a gamma cycle (92). A study
suggests that selecting which cells should fire is crucial, and the mechanism operates as
a winner-take-all process driven by feedback inhibition, which primarily relies on gamma
oscillations (93). The study findings revealed that if the cell suprathreshold excitation (E)
is within the E% of the cell that obtains maximum excitation, cells will fire (E%-max). The
gradual decrease in inhibition creates a gradient, effectively "searching" for the neuron
with the highest excitation. The first cell to begin firing will then trigger feedback
inhibition (93). This mechanism may be crucial in shaping the place cells in the
hippocampus. According to the E% max mechanism, neurons that are excited a little
more than other neurons will be selected. These neurons are winners in a proportionally
small area of the environment (93). Therefore, firing in networks could not have
originated from neuron excitation but from a competitive circuit computation. This

suggests that the traditional textbook explanation, where excitation determines firing
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(with firing being a single cell property and firing rate defined by how far excitation

exceeds the threshold), does not apply in a network with feedback inhibition (93).
LIA, SIA and Ripples

Large irregular amplitude activity (LIA) and small irregular amplitude activity (SIA)
are two non-rhythmical activities in the hippocampus. LIA co-occurs with ripples (100—
200 Hz). The LIA has a more random template, and it is identified by sharp waves that
show the spike and oscillation of the epileptiform region. High-frequency ripples occur
on the LIA sharp waves. However, SIA encompasses a wide spectrum of high
frequencies, and it occurs sporadically. LIA can be seen during quiet sitting, eating,
drinking, grooming, and SWS. SIA does not occur often and can be seen in awake rats
when the movement is suddenly stopped, transition from rest to alertness, and periods
of SWS after REM events (Figure 1.4.3.5) (1).

The LIA may depict a neural correlate of memory consolidation. Each sharp wave
lasts 50 to 100 ms and the maximum amplitude can reach 1 mV or more in the SR.
Sharp waves occur across CA1 in the dorsal hippocampus. Buzsaki and colleagues
proposed that sharp waves originate in CA3, with CA1 sharp waves representing the
accumulation of extracellular EPSPs from Schaffer collaterals, which are generated by
the synchronous firing of CA3 pyramidal cells. During the negative peak of the sharp
wave, a high frequency oscillation (120-200 Hz) exists in which the peak amplitude
happens in the CA1 pyramidal layer. Through ripple, all theta interneurons and 1 in 10 of
the complex—spike pyramidal cells fire. Sharp waves are also present at the same time
in the EC deep layers (5 and 6) and subiculum. Sharp wave ripples (SPW-R) rates
declined following vicarious trial and error (VTE) episodes, and VTE episodes

decreased following increased SPW-R rates (1,94).

Sharp waves and ripples usually coexist in local field potentials (LFP). SPW-R
replays previous experiences for memory consolidation or future actions and decisions.
SPW-Rs are phase-locked with a power peak in a slow gamma frequency.
Nevertheless, whether the same CA1 network is involved in ripple and slow gamma
oscillation remains unknown. Oliva et al. recognized three spectral elements using
laminar recording. First, slow element or sharp-wave (~5-15 HZ), evoked by a
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depolarizing valley from CA3 to CA1 apical dendrites, is most distinguished in the SR.
Second, the ripple (130-200 Hz) has the maximum power in the CA1 pyramidal layer.
The third element is the slow gamma range (~20—-40 Hz). The gamma power and

frequency correspond with SPW-R duration.
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Figure 1.4.3.5: Top trace. LIA during quiet sitting. Bottom (trace 1), LIA and ripples.
Bottom (trace 2—4), filtered recording. Trace 3 shows ripples, and trace 4 presents sharp
waves. Trace 2 shows bursts of action potentials in hippocampal interneurons (small

spikes) and principal cells (large spikes) (1).

Entorhinal Layer 2/3 neurons are active about 50 ms before the beginning of the
long CA1 SPW-Rs in the awake animal. Nonetheless, the firing probability of entorhinal
layer 2/3 in non-REM sleep is negatively correlated with CA1 SPW-R duration (95).

Recent studies have reported that SPW-R and theta mechanisms support memory
in delayed spontaneous alternation tasks. For instance, rodents usually stay immobile in
the delay area of a spontaneous alternation task, linked with hippocampal SPW-Rs.
Furthermore, when SPW-Rs are artificially disturbed or prolonged, working memory

performance decreases or improves, respectively (96). Awake replays may occur in both
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the forward and reverse directions. Forward replay is more common in trajectory
anticipation when the consultation between spatial working memory and the future path
is vital. Reverse replay can be seen when the animal has reached the goal area. The

results suggest an actively managed retrieval system linked to current behavior (97).

Sleep SPW-R replay is part of system consolidation. Memory consolidation during
sleep is believed to require the reactivation of neural templates formed during
wakefulness, facilitating synaptic changes in hippocampal-neocortical circuits.
Hippocampal sleep SPW-R replay occurs during the SWS period. Several reports have
shown a link between sleep SPW-R and memory using a spatial memory task. SPW-R
sequences in the sleeping condition mainly replay in a forward direction, keeping the

temporal order of the animal’s real experience (97).
Function of Nested Theta-Gamma (Theta-gamma Coupling) in Memory

Some shapes of STM seem to be maintained by neurons that keep firing after they
are activated by a short input. Hebb and others suggested that this firing is maintained
by resonance of electrical activity in the neuronal circuit. Lisman et al. (1995) proposed
an alternative mechanism: firing is maintained by a rise in membrane excitability, which
is renewed on every cycle of network oscillation. They showed that a simple oscillatory
network that combines this might store numerous STMs. A psychophysical experiment
depicted that humans can keep 7 £ 2 STMs. Different memories may be stored in high-
frequency oscillation (40 Hz) sub-rhythms of a low-frequency oscillation (5-12 Hz). The
likelihood of this mechanism became stronger with recent evidence from the cortex and
hippocampus. The observation showed that around seven high-frequency sub-rhythms
are nested in a low-frequency wave. Lisman et al. (1995) proposed afterdepolarization
as a putative mechanism that leads to a transient increase in excitability to store
information in between cycles of theta frequency (5-12 HZ) (Figure 1.4.3.6; 1.4.3.7)
(98).

Success in memory performance requires 30—-100 Hz gamma coupled to a specific
phase of the theta. Recent studies show that theta-gamma coupling might accelerate
information transfer from the EC to the hippocampus. Triggering gamma-controlled
neuronal groups in the special theta phase enables the circuit to make a stronger output
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through firing neurons in a short period. Colgin (2015) proposed that this mechanism
could help memory encoding or retrieval based on the gamma oscillation frequency
employed. Theta-gamma coupling might permit the entorhinal-hippocampal circuit to
manage the order of the events through each theta oscillation (Figure 1.4.3.8) (99).

Theta-gamma phase amplitude coupling is an outstanding property of

ivens)
b

Theta

Current Biology
Figure 1.4.3.6: Theta and gamma nesting in working memory. Theta and gamma
coupling allow numerous memories to be stored in the same network (top). Several
memories (3 rectangle cubes) are indicated by different active neurons (red) that fire in
various gamma cycles of the theta phase. Therefore, each memory has its own theta
phase (100).

LFP activity for goal directed behaviors. The highest phase-amplitude coupling seems to
occur when animals need to make a decision and behavioral choice. Phase coding may
be the mechanism occurring in the hippocampus to depict locations and units in working

memory (101).

A link exists between theta modulation of gamma oscillations and phase
precession. Place cell firing in different theta phases represents distinct information
processing. Gamma oscillation can split sensory and memory processing into discrete

phases of theta. Moreover, the asymmetry of theta waves depicts
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Current Opinion in Neurobiology

Figure 1.4.3.7: A drawing showing theta-gamma coupling between MEC and CA1. The
arrows show the phase of theta in which gamma oscillation can be seen. Left: The
aligned theta-gamma in MEC and CA1 can be observed in the high theta-gamma power
coupling in CA1. Neurons are firing as soon as after about 80 Hz gamma oscillations.
Right: Misaligned theta-gamma would result in information transfer between the areas
(99).

the power superiority between high gamma and low gamma. A low gamma condition is

related to future coding and high gamma with encoding of the current place (31).

Furthermore, hippocampus CA1 is coupled with fast gamma (60—100 Hz) inputs
from the medial EC. Yamamoto et al. (2014) reported that high gamma synchrony from
medial entorhinal to dorsal CA1 is related to successful performance in spatial working
memory (102). A hippocampus CA1 spatial exhibition may be linked to external cues or
to a retained sequence of neuron groups based on the spontaneously chosen
behavioral plan. Deleting NMDA receptors in mice forebrain caused oscillation activity
related to place cell map maintenance to change, highlighting the role of oscillations in

choosing behaviorally proper computations (102).

Theta-low gamma coupling also has functional importance. During learning, low
gamma (30—60 Hz)-theta cross frequency coupling increases and remains high during

training in rat's CA3 area; the rate of the coupling is correlated with performance
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Figure 1.4.3.8: An example of theta-gamma modulation recorded from the hippocampus
CA1 in awake mice. Left: Strong modulation of high gamma and theta in control awake
(aWk) mice. Right: Weak modulation of theta-gamma in amyloid precursor protein
(APP) knockout mice (APP-KO). APP is involved in the pathophysiology of Alzheimer’s
disease (101).

improvement in learning sessions (31). A study in humans revealed that coupling
between 45 Hz gamma oscillations and the theta phase increased when individuals
successfully recalled previously shown words in a word recognition test. Later, solid
studies were shown in rodents. The coupling between the theta phase and 40 Hz
gamma amplitude was enhanced when animals learned the task. Another study
reported a strong phase lock of 20—40 Hz oscillation to the theta phase in CA1 when
animals learned odor—place association. A study in a delayed spatial alternation task

revealed 30—-45 Hz gamma power increase at the decision-making point (99).

Persistent firing has an oscillatory nature and the theta (4-8 Hz) and gamma (30—
100 Hz) frequencies are related to it (100). Rutishauser et al. (2010) and Fuentemilla et
al. (2010) showed that oscillation sites rely on the specific information stored in humans.
Moreover, the firing of single neurons occurs at a distinct phase of the theta waves. Both

studies present a link between oscillatory mechanisms and prosperous memory
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remembering. Theta oscillations and a second higher frequency oscillation (gamma, 30—
100 HZ) enable numerous memories to fire through theta cycle while keeping the
memories segregated and sequenced. Single memories are stored by the spatial order
of neurons, which fire during gamma cycles accompanied by theta; several memories
are activated in various phases of gamma. Memory size is restricted by the number of

gamma cycles in the theta cycle (100).

A study on rats showed that firing with early theta phase indicates close positions
on the forthcoming maze. Firing with the rising theta phase shows close future positions
in the maze arm. Therefore, the theta and gamma allow the fast remembering of the
anticipated maze segments. Several studies show the pivotal role theta-gamma nesting

plays in working memory, and it signals working memory performance (100).

1.5 Involved circuits in novelty signal

The hippocampus plays an essential role in encoding memories related to new
experiences and environments (79,103,104). New memories must be encoded when a
remarkable difference exists between old and new experiences (105). Thus, novelty
detection originates from a discrepancy between the parts of the confronted stimulus
and context (106). Forming novel memories needs to be retained in cell assemblies in
the hippocampus, which is distinct from previously encoded experience (105). The DG is
involved in novelty detection and communicating this information to other downstream
regions. However, studies suggest that the DG is also involved in detecting differences
between contexts, regardless of whether they are novel or familiar (105). Other brain
regions are involved in novelty and memory-shaped circuits with different hippocampal
regions; the supramammillary nucleus (SuM) in the hypothalamus sends contextual
novelty information to the DG (107). Moreover, the locus coeruleus projects to the DG,
CA3, and CA1 (108).

Two feasible hypotheses about the source of the novelty signal are as follows: the
first, ventral mossy cells (vMC) function as relays that transfer the novelty signal from

various regions. The second, novelty signal is produced in ventral mossy cells from
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different presynaptic inputs carrying the old and current situation (108). Ventral MC
excitatory projection to granule cells is required to gain contextual memory in novel
environments (108). In addition, SuM input signals to the dorsal DG are essential for

contextual memory (108).
1.5.1 Role of CA1 beta oscillations

The hippocampal CA1 area plays a crucial role in novelty, and the activity varies
unlike CA3 (104). CA1 place cells’ firing rate increases in the presence of novel objects
in new locations or moving familiar objects to different locations (79,104). CA1 may
transmit the existence of novelty instead of sending what is new, and fast plasticity
allows new memories to be combined with previously acquired memories (104).
Regarding LFPs, distinct oscillatory conditions in CA1 have shown behavioral correlate
to theta, gamma, and ripple oscillations; however, beta oscillations’ functions are less
investigated (80). Beta frequency oscillation power differs between novel and familiar
environments (79). NMDA receptors in CA3 are pivotal for novelty-generated oscillations
(79). Beta oscillation power reduces with time during exploration in a novel context
(79,81,109). In addition, ACh release is associated with novelty, which is linked to beta
oscillations (109,110). Beta oscillations in a novel context synchronize interneurons and
create a narrow temporal window for pyramidal cells to fire about Y cycle (79), creating

an optimal state for synaptic change (79).
1.6 Aim of the thesis

The involved mechanisms of working memory, such as neuromodulation,
persistent firing, hippocampal oscillations, and long-term synaptic potentiation (LTP), are
all processes that occur within the hippocampus. Our focus on TRPC4 stems from its
role in supporting persistent firing in individual neurons. The role of persistent firing and
other involved mechanisms through TRPC4 in working memory and in vivo persistent
firing have not been fully explored. However, TRPC involvement in working memory has
been reported by Broker-Lai et al. (2017) (51). Underlying changes in neural activity
responsive to working memory deficits remain to be understood. First, TRPCs support

persistent firing in individual cells in vitro. However, it still remains unclear whether
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TRPC supports persistent firing in vivo and if working memory impairment involves
change in in vivo persistent firing. Second, the roles of TRPCs in other mechanisms of
working memory, such as oscillations, remain to be studied in vivo during working
memory. In fact, the role of TRPCs in hippocampal oscillations in awake animals
remains largely unknown. Thus, this thesis explores the role of TRPC4 in working
memory to understand the specific cellular and molecular mechanisms, focusing on

persistent firing and oscillatory activities.
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Chapter 2 Materials and Methods

2.1 Developing shRNA-TRPC4KD and Scramble

The project was started by developing an shRNA virus to knock down the TRPC4
in CA1. Oligos for TRPC4 were designed based on Puram et al.'s (2011) paper and
ordered from SIGMA-ALDRICH (Figure 2.1.1, Table 2.1.1, technical datasheet) (111).
Adeno-associated virus (AAV2) as a vector and U6 as a promotor were used for this

project. The following protocol was used for stock primer hydration:

1. Resuspending oligos to 100 uM/L or pmol/ul.

Oligoes tube marked from 380 to 387.

Calculated amount of ddH20 was added.

Samples were rotated for 10 seconds.

To each tube, 42.5 yl ddH20 was added.

T4 buffer 10X (5 ul) was added.

1 ul of oligos were transferred (1 pl sense and 1 ul anti sense) to tubes.
5 ul of ligase was added to each tube.

Tubes were transferred to a heat block at 37°C for 30 minutes.
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Tubes were transferred to a heat block at 95°C for 5 minutes.
Second, annealing oligos was done in the following steps:

1. 49 pl ddH20 was added to each tube.

1. 5.66 yl ddH20 was added to the PCR tubes.
2. 2 pl diluted oligo was added to the tubes.

Oligo Name Oligo # Len|Pur sm-luw me {pgionfop fug  [nmal ﬁm Dimer|2ndry chl““,'o"’lh 3)

L e 8810579740-000010{61 |DST ouzbluas 832 [317 [135 |4280 [228 |[se11 |No |Strong 377 [228  |GATCCGGTGGAATCTAATGGACTTTTTCAAGAGAAMGTCCATTAGAT
=] 7CCACCTTTTITG

[88105?9'/40-0000)0]01 IDST ]00?5!\8784 lﬁ??[:ﬂo IH 3 1350£ 1187 15C57 [ND IS:rong 1344 118'3 AATTCARARRAGGTGGAATCTAATGGAC
TTAGATTCCACC

lE‘BlD‘)TQMDGDCID30|G| IDST |DDZ§]|BT!§HIEF§[3?3 }E"] lZHDb [‘ﬁ(l ]58\5 ]NC- ]S:long Iﬂd? I'.ﬁg C CGE
CTGACC

|as:cs?9mo.cmma]6| ]DST lu 025]|5f56 ls&a [J! 5 ]‘H 4 13597 I:91 ]5961 INc lSilu‘g [409 ]'9* AATTCARARAAGGTCAGACTTGAACAGGCAATCTCTTGAATTGCCTGT
TCAAGTCTGACCG

Table 2.1.1: Ordered oligo sequence and technical data from SIGMA-ALDRICH
2. 1 pl oligo was added to each tube.

Third, ligation of vector and oligos was done in the following steps:
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3. 0.348 pl vector was added (calculated using nanodrop).
4. 1 pl buffer was added (T4 ligation buffer NEB).
5. 1 pl enzyme was added (T4 ligase NEB).
6. Tubes were rotated.
7. Tubes were transferred to a thermocycler (defined program).
UG promoter R
s e m—— —=—

| R
TRPC4_shRNA

PAAV_UG6_TRPC4 shRNA_GFP
5250 bp

Figure 2.1.1: Linear backbone design of AAV_U6_TRPC4_shRNA_GFP virus

Fourth, transformation was done in the following steps:

5 ul of ligation tubes were transferred to the new tubes.

100 pul of each bacteria tube (NEB stable) was transferred to other marked tubes.
Tubes were kept in ice for 20 minutes.

Tubes were transferred to a heat block at 42°C for 1 minute.

Tubes were transferred to ice again for two minutes.

900 pl culture media were transferred to the tubes.

The tubes were transferred to a heat block at 37°C, shaking at 350 RPM for 60

minutes.
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8. The tubes were centrifuged at 13000 RPM for one minute.

9. Inside the laminar hood, 900 ul of tubes were removed and the remaining were
mixed.

a) The remaining were transferred to Petri dish culture media, and a plastic loop
was spread.

b) The Petri dishes were incubated overnight at 37°C.
Fifth, checking culture media revealed bacterial colonies in all 4 petri dishes.
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Sixth,

1.
1.

preparing mini-prep:

Plates were transferred from the fridge to the incubator at 37°C for 15 minutes.
20 mini-prep tubes were prepared for five plates, and 2.5 ml of ampicillin culture
media were transferred to the tubes.

4*5 table was drowned behind the culture media, and using a wooden toothpick,
the colonies were transferred to the center of the cells in the table. The wooden

toothpick was placed in the mini-prep tubes.

. The Petri dishes were transferred to an incubator and the four-culture media to a

fridge.
The mini-prep tubes were transferred to a shaker incubator at 37°C and 250
RPM.

Qiagen miniprep kit 250 (QIA prepsin) was used in this step.

Culture test on all cells in the table was positive.
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10.
11.
12.
13.
14.
15.
16.

Culture tubes were transferred to 2 ml tubes.
The liquid inside the tubes was discarded.
Eppendorf syringes were filled with 300 pl resuspension buffer.
A 300 pl lysis buffer was added to the syringes.
The tubes were reversed 10 times to mix them.
400 I neutralization buffer was added to the syringes.
The syringes were centrifuged at 13,000 RPM for 10 minutes.
500 pl Supernatants were transferred to spin column at first step and then 200 pl
supernatants were transferred.
The tubes were centrifuged at 13,000 RPM for 1 minute.
500 pl PB buffer was added to the tubes.
The tubes were centrifuged at 13,000 RPM for 1 minute.
The tubes' residue was completely discarded on a paper towel.
A 700 ul PE buffer was added to the tubes.
The tubes were centrifuged at 13,000 RPM for 1 minute.
The tubes' residue was completely discarded on a paper towel.
The tubes were centrifuged at 13,000 RPM for 2 minutes.
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17.
18.

19.
20.
21.
22.
23.
24.
25.
26.

The tubes were transferred to a heat block at 70°C.

The top part of the filter tubes (spin column) was transferred to new Eppendorf
tubes.

The tubes were left for 1 minute to dry.

25 pl heated ddH20 (70°C) was added to the center of the column (membrane).
The tubes were left for 1 minute.

The tubes were centrifuged at 13,000 RPM for 2 minutes.

25 pl Heated ddH20 (70°C) was added.

The tubes were left for 1 minute.

The tubes were centrifuged at 13,000 RPM for 2 minutes.

Samples were checked using Nanodrop (nucleic acid program). The blank

sample was water.

Seventh, digestion test and gel electrophoresis were done in the following steps:

1.
2.

Random samples were chosen from each DNA mini-prep sample.

In each tube, there were 5 ul DNA sample, 2 ul fast digest green, 0.1 yl ECOR |,
and 0.1 pl Agel. This was for the samples and digestion control.

For the undigested control, 5 pl control digest, 2 yl FDG without ECOR I, and
Agel.

Samples were centrifuged.

5. In 10 tubes, 12.8 pl ddH20 was added for digest and 13 uyl ddH20 was added for

S

9.

undigested tube.

4 ul fast digest was added to digest (D) and undigested (UD) tubes.
2 ul fast digest was added to the sample tubes.

10 pl V110 were added to the UD tube.

10 pl V110 were added to the D tube.

10. 5 pl mini-prep was added to the tubes.

11.
12.

0.1 yl ECOR | enzyme was added to the sample and D tubes.

0.1 pl Agel enzyme was added to the sample and D tubes.

13. The tubes were centrifuged and transferred to a heat block at 37°C for 60

minutes.
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Eighth, agarose gel preparation was done in the following steps:

1.

Agarose gel was prepared using 1g agarose powder in 100 ml Tris acetate-EDTA
buffer (1X TAE- buffer).

. An Erlenmeyer flask (agarose gel mixture) was transferred to a microwave for 2

minutes.

3. 1 ul SYBR green was added (SYBR safe DNA gel stain).

4. The solution was mixed slowly.

5. Atfter filling the gel in the well and putting two combs, 10 pl ladder was added to

the wells (Quick loader 1kb DNA #N0552G).

6. 20 ul sample, UD and D were added.

7. The gel was run at 110 mV for 30 minutes.

8. Atfter finishing gel electrophoresis, the gel was placed in a reader plate and read

Ninth,

using UV light and a camera.

maxiprep was done in the following steps:

. 1L Erlenmeyer was filled with 250 ml LB media.

A colony using toothpick was transferred to Erlenmeyer and then it was

transferred to a shaking incubator running at 37°C 250 RPM.

3. 40 falcon tubes (50 ml) were filled with Erlenmeyer.

4. Samples were centrifuged at 4°C, 4000 RPM for 20 minutes.

5. Samples were sent for sequencing. To do this, primers were diluted (1:5) and

then samples and ddH20 were added to tubes.
12 ml resuspension buffer was added to tubes and mixed by pipetting and then

12 ml transferred to the next falcon.

7. A 12 ml column preparation solution was added to all vacuum tubes.

9.

10.
11.

Vacuum was started, and 12 ml lysis buffer was added to falcon tubes. The tubes
were reversed 10 times.

After 5 minutes, 12 ml of the neutralized solution was added.

The mix was transferred to a column and vacuuming was started.

9 ml binding buffer was added to the falcons and then transferred to a small

column and vacuumed.
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12. 12 ml wash solutions 1 and 2 were added accordingly. A 20 timer was started.
13. The columns were transferred to 50 ml falcon tubes.

14. 3 ml endotoxin-free water was added to tubes.

15. The falcons were centrifuged at 3000 RPM for 5 minutes at 4°C.

16. 300 pl sodium acetate buffer solution and 2100 pl 2-propanol were added.

17. The falcons were centrifuged at 4000 RPM for 60 minutes at 4°C.

18. The liquid was discarded, and 1.5 ml 70% ETOH was added.

19. The falcons were centrifuged at 4000 RPM for 20 minutes at 4°C.

20. Ethanol was discarded, and the tubes were left to dry for 15 minutes.
Tenth, transfection was done in the following steps:

. 7 million plate cells were prepared 2 days before.
. Cells were checked for confluency 3 times in different areas.
. Victor was added according to the calculation sheet.

. DJ was added according to the calculation sheet.

1
2
3
4
5. Helpers were added according to the calculation sheet.
6. 220 ul PEl was added and was shaken on vortex.

7. 5 ml fresh DMEM media was added and was shaken on vortex.

8. The samples were incubated for 15 minutes.

9. 3 ml of mixture was added to the plates.

10. The plates were moved in 8 shapes slowly.

11. The plates were incubated at 37°C for 48 hours.

12. Media was changed after 6—8 hours with 20 ml fresh Iscove’s media with 5%

FBS.
Eleventh, harvesting was done following transfection in the following steps:

Transfection was checked under a fluorescence microscope.
Petri dishes were vacuumed, and 10 ml of PBS 1X was added to the wall.
20 ml PS1X was added and washed with pipette tip.

Washed solutions were transferred to 50 ml falcon tubes.

o~ 0w N o=

The falcons were centrifuged at 1000 RPM for 10 minutes at 4°C.
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Twelfth, purification was done in the following steps:

1.
2.

© N o O b~ o

10.
11.
12.
13.
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.
24.

5 ml buffer A was added.

Falcon tubes were transferred to a water bath at 37°C for 5 minutes and then
transferred to dry ice for 5 minutes. This procedure was repeated three times. In
the second and third times, a 3-minute water bath was applied.

1 pl benzonase nuclease was added to the tubes.

The tubes were incubated for 60 minutes in a water bath at 37°C.

The tubes were centrifuged at 4000 RPM for 30 minutes at 4°C.

After preparing the heparin column, the pump was run with water, then buffer A.
After centrifuging, supernatants were removed from the filter (0.22 p Falcon filter).
The filtered falcon tube was added to the pump, and speed was decreased after
5 minutes and 30 seconds; next, unbound falcon was collected.

The pumps were turned off and the solution changed to wash buffer 1 (WB1).
WB1 was collected after 6 minutes.

The pumps were turned off and the solution changed to wash buffer 2 (WB2).
WB2 was collected after 6 minutes.

The pumps were turned off and the solution changed to elution.

The solution was changed to 50 ml Milli-Q water and the column was removed.
20 ml ETOH 20% was passed from the pump.

Filter falcons were filled with 4 ml PBS and centrifuged at 2000 RPM for 2
minutes at 4°C.

PBS was discarded, and 3 ml elution was added to the tube.

The tube was centrifuged at 2000 RPM for 12 minutes at 4°C.

The tube was discarded, and the remaining elution was added.

The tube was centrifuged at 2000 RPM for 2 minutes at 4°C.

The previous remaining was transferred to flow 2 marked falcon.

3 ml PBS was added and centrifuged at 2000 RPM for 25 minutes at 4°C.

2 ml PBS was added and centrifuged at 2000 RPM for 20 minutes at 4°C.

The concentrated volume was transferred to a tube.
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25. A 0.22 u Falcon filter and a syringe filled with 5 ml PBS were prepared and then
piston pressed up to 1 ml.

26. The sample was filled in a 1 ml syringe and the piston was pressed to get the
filtered sample in a new tube.

27. The prepared sample was aliquoted in 0.5 ml tubes and stored in an —80 freezer.

After purification, the titers were checked using g-PCR (using Tagman probes) and
making different dilutions. The Titer for TRPC4_AAV_U6_shRNA2_GFP was 4.03 x
102, and for AAV_U6_scramble_GFP was 3.56 x 102,

As a final step, primary hippocampal cell cultures (PLL,200,000) were infected with
TRPC4 and scramble virus to verify the effect of virus and TRPC4 knockdown. RTg-
PCR was performed to check TRPC4 mRNA expression.

2.2 Animal housing

Animal research permission (TVA) was acquired from the animal committee of
Sachsen-Anhanlt (LANDESVERWALTUNGSAMT, Az. 42502-2-1388 DZNE, 203.m-
42502-2- 1665 DZNE). For the experiments, 12 weeks (3 months old) C57BL/6JCrl mice
were ordered from the animal house about 1 week before starting the experiments and
transferred to the animal room at DZNE. The animals were housed together in plastic
cages with closed circuit temperature-controlled ventilation and 12/12-hour light and
dark phase. Mice had ad libitum access to food pellets and water. All cages, water
bottles, and environment enrichment toys (running wheel) were cleaned, washed, and

autoclaved before use for the animals.
2.3 Virus Injection and Surgery

Mice were weighed and anesthetized using ketamine and xylazine cocktail prepared in
sterile tubes (ketamine 20 mg/ml + xylazine 2.5 mg/ml, 0.1ml/20 gr). Around 10 min after
anesthetic injection, the head was fixed in the stereotaxy (Stoelting, standard stereotaxy,
equipped with a standard arm and a high precision arm) using ear bars and nose clamp.
The mouse head was checked for tilting and proper fixation. The head hair was totally

removed and scrubbed using Betadine (Povidone-iodine) and Ethanol 70%.
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A small incision was made using a scalpel, and the tissues were retracted gently. The
skull position was checked to be horizontally level without tilting to the left or right.
Bregma point was used as reference, and the injection sites were marked according to
coordinates from Paxinous atlas (AP: -2.1, ML + 1.7, DV: 1.1 and AP: -2.7, ML £ 2.5,
DV: 1.5). The marked points were drilled with a 0.7 mm drill tip. Using a Hamilton neuro
syringe (1701, 33g needle) and stereotaxic syringe pump (CHEMYX, NANOJET) to
control injection speed and volume, the virus (TRPC4_AAV_U6_shRNA2_ GFP or
AAV_UG6_scramble_GFP) was withdrawn after thawing the tube. The needle was slowly
lowered to the target site. The injection speed was 100 nl/min, and 1 ul was injected at
each site. The needle remained at the injection site for 3—5 minutes before retracting the

needle from the injection site.

Next, the skin was closed using veterinary surgery glue. Painkiller was added to
100 ml of water bottle and a paper sign attached to the bottle, pointing that painkiller is
in the water (Metamizole, 200 mg/kg). Moreover, following surgery, a subcutaneous
painkiller was injected (Carprofen, 5 mg/kg). The animal was moved to a new cage with
a free running wheel, and food pellets were added to the cage. Two new soft paper
tissues were placed in the cage for bedding. Mice were controlled for recovery for a few
hours in the surgery room and then transferred to the animal room. They were checked

every day (for 3 days) for recovery and pain management.

Microdrive implants for in vivo electrophysiology were implanted on the right
hemisphere and lateral to the virus injection site (AP: -2.1, ML £ 1.8, DV: 0.6). Four
anchor screws and one ground screw were affixed to the skull. The implant was fixed
with acrylic dental cement. To verify the target sites, post-mortem histology was

performed after finishing all experiments.

2.4 Behavior

2.4.1. Spatial working memory task

Mice were handled for three days and then habituated in the T-maze apparatus
(OHARA Ltd., Japan) for three more days right before starting the main experiment. To

motivate mice for the reward, they were food deprived with the start of handling, and the
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reward pellets were introduced to them before starting the main experiment. The
animal's weight was maintained between 85% and 90% body weight before food

deprivation.

After handling, T-maze habituation was performed for 3 days. The experiment was
started 4 weeks after injection and continued for 10 days; each day comprised 10 trials
(10 sample + 10 choice phases, overall 10 trials). Each trial started with a sample trial
(forced trial). The T-maze software randomly assigns the left or right door to open. The
start door will be open, and the mouse should go to the open arm and receive the
reward. Following it, the animal returns to the start area and waits for 30 seconds (delay
time). In the choice trial, after a delay time, both left and right arms will be open and the
mouse should choose the opposite baited arm in the sample trial. The choice trial delay
was 30 seconds, and to start the new trial, the delay was 45 seconds. After each
experiment, the maze floor was cleaned with 10 percent ethanol and the walls with
water. All experiments were performed in the light phase of the mice (Figure 2.4.1.1 &
Figure 2.4.1.2).

Figure 2.4.1.1: T-maze apparatus with software-controlled automated doors. Left:
Mouse starts the sample trial with one open door (randomly chosen by software) and
receives the reward at the red-colored reward area. Right: After returning to the start
area via wayback stems, mouse waits for 30 seconds and then the door will be opened.
At the end of the main stem, close to the bifurcation, the mouse should choose the

opposite arm based on the baited arm in the sample trial.
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Figure 2.4.1.2: Timeline of behavioral tasks and in vivo electrophysiological recording.
The timeline illustrates the sequence of experimental procedures performed on 12-
week-old mice. Initially, the mice underwent surgery for virus injection and tetrode
implantation. After a recovery period of 7—10 days, screening for electrophysiological
recording commenced. Once the CA1 pyramidal layer was identified, the mice were
habituated to the T-maze, followed by initiation of the T-maze task, which was
conducted for 10 days. (11).

2.4.2. Novel environment and linear track

Four weeks postsurgery, the animals had become used to the reward pellets,
which were introduced during the habituation phase prior to the initiation of the
behavioral experiment. The animals were then exposed to a linear track (LT, measuring
70 cm in length and 10 cm in width) for the first time, allowing for an examination of their

behavior in a novel context (see Figure 2.4.2.1).
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Figure 2.4.2.1: Experimental sequence for novel environment task and in vivo
electrophysiological monitoring. The experimental sequence is depicted for 12-week-
old mice, beginning with surgery for virus injection and tetrode placement. Following a
7-10-day postsurgical recovery interval, mice were subjected to electrophysiological
screening to pinpoint the CA1 pyramidal layer. Upon successful localization, in vivo
electrophysiological recordings were obtained from the CA1 region as the mice are

introduced in a novel environment task (11).

2.5 Building Tetrodes and In vivo Electrophysiology Recording

Tetrodes were made using 12.5 ym Tungsten wire (California Fine Wire Co.). Next,
Microdrive (AXONA) containing a single bundle of eight tetrodes (32 channels) was gold
plated using nanoZ (White Matter LLC, USA) in gold solution to reduce the impedance
to 150 kQ.

Around 7-10 days after the surgery and after handling the animals, turning the
screw and the screening of the neural activity to reach the CA1 pyramidal layer were

started, and the tetrodes were lowered every day based on the screening results. For
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the screening, an open field apparatus (30 x 30 cm, shielded and grounded) was used,
and the signal was referenced and filtered between 400 and 8000 Hz. The data were
recorded for 20 minutes to allow the animal to cover the whole arena. Next, the recorded
data were clustered using Klustakwik, and the separated cells were checked to see if
there were place cells and to also identify pyramidal cells and interneurons. At the end
of each day, the screw was turned 1/4 of full turn on early days to lower the tetrodes,
and with advancing the tetrodes, the screw turns were reduced to 1/8 and 1/16 of full
turn to move the tetrodes slowly. Seeing place cells based on place field map,
autocorrelation, firing frequency, and waveform characteristics was the criteria for

reaching the pyramidal layer; at this step, turning the screw was stopped.

Before starting T-maze, electrophysiological recordings were performed in a linear
track (LT) for 20 minutes. Next, T-maze habituation was started when tetrodes were very
close to the pyramidal layer or they were in the layer. The habituation took 3—4 days.
Then, electrophysiological recording and behavioral experiments were conducted
together. The same T-maze protocol was applied for in vivo electrophysiology recording

experiments.

Single unit activity and LFP were recorded using an in vivo electrophysiology setup
(AXONA Ltd). In the main experiment days, data were recorded in raw mode with a
sampling rate of 48000 Hz. The recorded raw data were then processed in Matlab
software (MathWorks). Next, single unit data were band-passed (400-8000 Hz),
referenced, and spikes were detected. The processed data were then clustered using
KlustaKwik. Next, using Klusters software, manual clustering was performed. LFP data
were band-pass filtered (2000 Hz) and then down-sampled to 2000 Hz and analyzed
using a custom written script and Chronux toolbox. The power spectrums were
calculated and averaged for the entire session. Moreover, T-maze data were divided
into different segments using a custom-written script (Figure 2.5.1). The power
spectrums were calculated and averaged for each segment based on correct and
incorrect choices. The rest of the single unit and LFP analysis were done using the
segmented data. Statistical analysis of the results was done using Matlab and SPSS
(IBM).
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Figure 2.5.1: T-maze segments. T-maze data were divided into 6 different segments,
including ST, S, GL, and WB. For the power spectrum density analysis, all three

segments in the main stem were used.

Next, using a custom Matlab script, a data store for each session was created for
further analysis of LFP and a single unit. Chronoux, the CMBH toolbox, and custom

Matlab script were used to analyze LFP and cell classification and phase precession.
2.5.1 Power spectrum

The power spectral density (PSD) of the signal was calculated using Welch's
method, a popular approach in spectral analysis. Welch's method was implemented in
Matlab through the pwelch function. The pwelch function divides the signal into
overlapping segments, windows each segment with a specified window function, and
then computes the periodogram for each segment. The average of these periodograms
forms the estimate of the PSD.

The pwelch function takes several parameters, including the input signal, the
window size, the overlap between windows, and the number of FFT points. In this study,
the sampling rate was 2000, with the frequency range set at 1-200 Hz. The resulting
power spectrum provided a detailed view of the signal's power distribution over

frequency, which was crucial for our subsequent analyses.
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2.5.2 Theta-gamma coupling (Modulation index)

As mentioned before, theta-gamma coupling has been proposed as one of the
working memory mechanisms. To calculate the theta-gamma coupling, the modulation
index (MI) was calculated using a Matlab script developed previously based on Tort et
al. (2010), which is described below. The MI could identify phase—amplitude coupling
between two different frequency ranges: “phase modulating” (fp) and “amplitude-

modulated” (fa) frequency bands (72).

The raw signal, Xru(t), is defined as an unfiltered signal, such as LFP. The Ml is
computed based on a phase-amplitude distribution generated through the following

procedure:

1) Initially, Xraw(t) undergoes filtration at the specified frequency ranges (fp and fa);

the derived filtered signals are Xfp(t) and Xr (0.

2) The phase time series of XfP(t) (referred to as CDfP(t)) is acquired through the
conventional Hilbert transform of Xfp(t). Similarly, the Hilbert transform is utilized on
XfA(t) to extract the amplitude envelope time series of XfA(t) (referred to as AfA ®).
Subsequently, a composite time series (CDfP(t), AfA(t)) is formulated to represent the

amplitude of the fa oscillation corresponding to each phase of the fp rhythm.

3) Following this, the phases cbfp(t) are categorized into bins, and the average of
AfA across each phase bin is computed. The average AfA value at phase bin j is

denoted as (AfA)q,fP(j).

4) Lastly, the mean amplitude <AfA)d’fp is standardized by dividing each bin value by
the total sum across the bins.

(AfA)(Dfp 6))
Ilgzl(AfAhan (k)

P(j) =
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The quantity N represents the count of phase bins. Note that the normalized
amplitude P exhibits properties akin to those of a discrete probability density function

(pdf); specifically, P(j) is nonnegative for all j and the sum of P(j) for all bins equals 1.

P(j) > OV

Z;P(}') =1

Despite P not being derived from a random variable, unlike the conventional pdf
definition, | shall denote this function resembling a distribution as the "amplitude
distribution." The phase—amplitude diagram is constructed by graphing P against the

phase bin.

If no synchronization exists between the phase and amplitude of the frequencies
(fr and fa) being analyzed, the amplitude distribution P across phase intervals will be
uniform. In other words, the amplitude of fa is consistent across all phases of the fp
oscillation. The presence of phase—amplitude coupling is indicated by the departure of
the amplitude distribution P from uniformity in a phase—amplitude graph. To quantify this
deviation, a measure was introduced based on the Kullback—Leibler (KL) distance, a
statistical tool commonly used to assess differences between distributions (Kullback and
Leibler, 1951) (112). The adaptation made in this study constrained the distribution
distance measure to a range between 0 and 1. The MI proposed by Tort et al. (2010) in
this context is a constant multiplied by the KL distance of P from the uniform distribution.
Mathematically, the KL distance of a discrete distribution P from another distribution Q is
formally defined as follows:
P(i))

Dk, (P,Q) = P(j) 108( .
; Q()

The KL distance exhibits the characteristic that Dy, (P, Q) is always = 0, and
Dk (P, Q) equals zero only when P is equal to Q, indicating identical distributions.
Notably, the KL distance formula resembles the definition of Shannon entropy (H) for a

distribution P, which is expressed as follows:
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Dk (P,Q) = 0

D, (P,Q) =0
H(P) = ) P()10glP()]
j=1

The KL distance is connected to the Shannon entropy through the following

mathematical expression:
Dy, (P,U) = log(N) — H(P)

The uniform distribution denoted as U is considered. Observe that the entropy
value is maximum (log(N)), a condition met specifically by the uniform distribution when
all bins j have P(j) = 1/N. Consequently, as H(P) <log(N), the Ml is calculated by dividing
the KL distance between the observed amplitude distribution (P) and the uniform

distribution (U) by log(N). Therefore, the Ml is calculated using the following formula:

_ D (P, U)
log(N)

Hence, in cases where the average amplitude is evenly spread across all phases
(i.e., P = U, indicating the absence of phase—amplitude coupling), the Ml is equal to 0.
The Ml increases as the phase distribution deviates further from uniformity, a
relationship that can be deduced through the KL distance. A maximum Ml of 1 is
achieved when the phase distribution is like a Dirac-like distribution, where P(k) = 1 for a
specific bin k and P(j) = 0 for all other bins j. This scenario would signify an oscillation fa

that is confined to a single-phase bin of fp and is absent in all other phase bins.
2.5.3 Spatial information

Spatial information is a quantitative analysis of the place fields. Spatial information
refers to the degree to which the activity of a cell can be utilized to forecast the location
of an animal. Skaggs et al. (1993) introduced a method for estimating the information
rate I(R|X) concerning the relationship between firing rate R and position X (113).

Cacucci et al. (2007) also used the same equation to calculate spatial information (114).
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The information-rate formula is obtained by viewing a neuron as a "channel" in the
information-theoretic context. Here, the input is the rat's spatial location, and the output
is the spike train. In a brief time interval, the spike train can be considered a binary
random variable, where the only potential outcomes are either spiking once or not
spiking at all. The likelihood of spiking is influenced by spatial position. The occurrence
of spiking can be denoted by a stochastic variable S, which takes a value of 1 when the
cell spikes and 0 when it does not. If the surroundings are divided into distinct and non-
overlapping sections, the spatial position can be described by an integer-based
stochastic variable X, which indicates the index of the bin currently being occupied. In
the field of information theory, the information transmitted by a discrete random variable
X regarding another discrete random variable Y, which is equivalent to the mutual

information of X and Y, is determined as follows:

p(yilx;)
IY1X) = ) p(yilxj)log, ———==p(x;)
Z]: g p(y) "

In this context, x; and y; represent the potential values of X and Y, respectively,

while p() denotes probability. If A; signifies the average firing rate when the rat is

located in bin j, then the likelihood of a spike occurring within a short time interval At is:
P(S=1|X =j) = LAt
Furthermore, the total likelihood of a spike occurring is as follows:
P(S=1) = At

where
A= Z 4ip;,
j

with p; = P(X = J).

After substituting these terms into the equation for I1(Y|X) as mentioned above, the
process involves applying basic algebraic operations, utilizing power series expansions
of logarithmic functions, and retaining terms of lower order to obtain a discrete

approximation of the equation.
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2.6 Histology

Mice were anesthetized with ketamine and xylazine cocktail and transcardially
perfused with cold PBS (4°C, 15 ml) and then with cold paraformaldehyde 4% (PFA,
PH~7.4, 50 ml). Brains were removed and postfixed in PFA 4% at 4°C for 24 hours.
After applying the cryoprotective protocol (1 day in sucrose 10%, 3 days in sucrose
30%), samples were embedded in cubic molds filled with O.C.T and then snap frozen.
Next, the samples were transferred to a -80°C freezer for storage. The fixed samples
were sectioned (hippocampus area) using a cryostat, and the slides were covered and
mounted with mounting media. The brain section images were taken with a confocal
(Zeiss, Axiolmager M2) and mainly with fluorescence (Keyence, BZ-X710) microscope
using 2.5x, 5x, and 40x objectives for virus expression in both experimental groups and

for tetrodes trace in the hippocampus CA1 area.
2.7 Data analysis

Behavioral performance results were analyzed using Matlab (MathWorks) and
SPSS (GEE, repeated measure ANOVA). Before analysis, data were checked for
distribution and homogeneity tests. Statistical analysis of the electrophysiology results
was done using Matlab and SPSS (IBM).

PSD between the groups was analyzed using an independent t-test. To compare
sample and choice sessions in each group, and sample and choice sessions in correct
and incorrect sessions as well, the Kruskal-Wallis test was used. Moreover, the
Kruskal-Wallis test was employed to analyze correct and incorrect performance in
sample and choice sessions. Dunn's post hoc tests were conducted between every pair
of groups. Since multiple tests are being performed, the p-value was adjusted using the

Bonferroni method.

The Mann—-Whitney test was conducted for Ml analysis between the groups. Linear
regression was used to analyze Ml in different segments of the T-maze for incorrect
and correct choices. Linear regression was used for the correlation between MI and

behavioral performance in each group.
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For phase precession analysis, an independent t-test for the rho variable and
circular statistics (median test) was used for phase analysis of all cells. For phase
precession-positive cells, Wilcoxon signed rank was conducted for rho and slope
comparison. The Watson—Williams test was used to analyze phase change between the
groups in phase precession cells. Start area, main stem, and goal area rho and slope
were analyzed using an independent t-test. The spike phase was analyzed using

circular statistics (circular mean test).

Significance level a<0.05 (* p <0.05, **p <0.01, ***p <0.001) was used for all
statistical analysis. Results are depicted as means + SEM or median for nonparametric

data analysis.

| wrote the script for different T-maze segment data analysis. The main functions
were used from CMBHOME and the Chronux toolbox. The persistent firing analysis

script was written by Antonio Reboreda.
2.8 Analysis Using Machine Learning

Building upon other analysis for oscillation PSD difference and cell activity
properties, machine learning techniques were employed using the Machine Learning
Toolbox with an Optimizable K-Nearest Neighbors (KNN). Optimizable KNN is a variant
of the classic KNN algorithm that introduces additional parameters and techniques to
enhance its performance and adaptability. In the standard KNN algorithm, predictions
are made based on the majority class (for classification) or the average value (for
regression) of the 'k' nearest neighbors of a given data point, where 'k’ is a user-defined
constant. However, this approach can be limited by its sensitivity to the choice of 'k' and

the presence of noise or irrelevant features in the data.

Optimizable KNN addresses these limitations by incorporating optimization
techniques into the model. One common approach is to use cross-validation to find the
optimal value of 'k' that minimizes the prediction error. Additionally, optimizable KNN
may employ feature selection or extraction methods to identify the most relevant
features, reducing dimensionality and improving both the efficiency and accuracy of the

algorithm. Another aspect of optimization in KNN involves the use of different distance
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metrics. While the Euclidean distance is commonly used, optimizable KNN may explore
other metrics such as Chebyshev, Correlation, City block, Cosine distance,
Mahalanobis, Hamming, Jaccard, Minkowski, and Spearman distance. This can lead to
better separation of classes or more accurate regression predictions. Furthermore,
optimizable KNN can benefit from advanced weighting schemes, where the influence of
each neighbor on the prediction is weighted based on its distance to the target data
point. This can help mitigate the impact of less relevant neighbors and improve the

overall performance of the model.

In summary, an optimizable KNN enhances the classic KNN algorithm by
incorporating optimization techniques for parameter selection, feature engineering,
distance metric learning, and neighbor weighting. These improvements make
optimizable KNN a more robust and effective tool for both classification and regression

tasks, particularly in complex datasets with high dimensionality or noise.
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Chapter 3 Results

3.1 Development of TRPC4 shRNA Virus and Verification

In this study, | used the TRPC4 shRNA virus to study the role of TRPC4 in spatial
working memory. After developing the virus for this purpose, which was mentioned in
the method section, the effect of the shRNA virus on TRPC4 expression was verified in
primary hippocampal cell culture (PLL, 200000) using RT-qPCR. The cell cultures were
divided into three groups (Control, Scramble, and TRPC4) and infected using scramble
and TRPC4KD shRNA. The cell cultures were incubated at 37°C for 14 days. After 14
days, cells were collected and RNA was isolated from cells, and RT-gPCR was done to
assess the TRPC4 expression in the groups. Gel electrophoresis was performed to
confirm RNA extraction. A significant difference was observed in TRPC4 expression
between TRPC4-14 and the two groups, Scramble-14 and Control-14 (CTRL) (ANOVA
with Sidak post-hoc, p = 0.003 and p = 0.042, respectively) (Figure 3.1.1). This result
shows that TRPC4 expression decreased in the TRPC4 group compared to the

scramble and control groups, confirming the knockdown effect of TRPC4 shRNA.
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Figure 3.1.1: Fold change in TRPC4 expression in primary hippocampal cell cultures.
TRPC4 expression was verified using RT-qPCR on day 14 (n = 5 for control, n = 5 for
scramble, n = 5 for TRPC4KD; *=p<0.05, **=p<0.01).
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3.2 Behavioral Performance of TRPC4-KD Mice

To study behavioral impairment of TRPC4 knockdown, a hippocampus-dependent
T-maze task was used to assess the spatial working memory performance. "Scramble"
represents the group with scramble shRNA virus (control) and “TRPC4KD” represents
the group with TRPC4 shRNA virus injection (experiment). Rats and mice like to
alternate for the novel goal arm. Alternating represents the motivation of an animal to
explore the environment and locate food (115). The spatial working memory task
(DNMTP) was started 4 weeks after bilateral virus injection. Seven mice were assigned
to each behavioral group. For electrophysiological experiments, seven mice per group
were assigned, and one mouse was excluded from scramble (ephys groups). For purely
studying the effect of TRPC4 knockdown on behavior, | did only the behavioral T-maze
task as the first step. Next, electrophysiological recording was started after observing
working memory impairment in the pure behavioral groups. Then, behavioral results of
microdrive-implanted animals were added with pure behavioral results. The time course
of the percentage of the correct trials illustrates that the control animals (scramble) learn
to alternate in choice phases and improve their performance compared to the first day of
trial. In contrast, the TRPC4KD group performance was lower and failed to improve. The
scramble group had significantly higher performance than the TRPC4 group. A
significant difference existed between groups on days four, six, eight, and ten (Figure
3.2.1).
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Figure 3.2.1: Mean correct performance of scramble and TRPC4KD. Left: Mean
performance of the groups per day (day one mean £+ SEM = 58.571 + 5.832, day ten
mean £ SEM = 80.0 + 3.030, n = 7 for scramble; day one mean + SEM = 65.714 £
5.832, day ten mean + SEM = 65.714 + 3.030, n = 7 for TRPC4KD). Group mean
comparison (two-way ANOVA, p<0.001). Single-day comparison four, six, eight, and ten
(Bonferroni, p=0.024, P=0.006, p<0.001, p=0.003 respectively). Day one and ten
comparison (one-way ANOVA, p = 0.008 for scramble, p = 1.000 for TRPC4KD). Right:
Mean performance the groups (mean + SEM = 77.0 £ 2.247, n = 7 for scramble, mean %
SEM =59.7 £ 3.815, n = 7 for TRPC4KD). * SCR: Scramble group.

Moreover, behavioral data of microdrive-implanted animals for in vivo recording
were added to pure behavioral data (Figure 3.2.2). The scramble group demonstrated
significantly higher performance than the TRPC4KD group (ANOVA, p<0.001) (Figure
3.2.2). Comparison of days between groups showed significant differences on days two,
three, four, six, seven, eight, nine, and ten (Figure 3.2.2).
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Figure 3.2.2: Mean correct performance of scramble and TRPC4KD. Left: Mean
performance of the groups per day (two-way ANOVA, Bonferroni, p<0.001 between
the groups, p=0.030 for day two, p<0.001 for day three, p=0.010 for day four, p=0.010
for day six, p=0.006 for day seven, p=0.003 for day eight, p=0.002 for day nine,
p<0.001 for day ten). Right: Mean performance of the groups (mean + SEM = 81 +
1.07, n = 13 for scramble, mean + SEM = 64.0 £ 1.41, n = 14 for TRPC4KD).

The spatial working memory task performance was evaluated over the first two
days for both groups. The aim was to study task paradigm learning. In the scramble
group, a notably improved performance was observed by the end of the first day, which
was successfully retained on the second day (panels A and B of Figure 3.2.3).
Conversely, the TRPC4KD group exhibited a more erratic, zigzag pattern of learning,
with performance dropping on the subsequent day (panels C and D of figure 3.2.3). This
difference in learning patterns between the groups highlights the potential impact of
TRPC4KD on spatial working memory processes. It also demonstrates the learning of
the task paradigm in scramble.
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Figure 3.2.3: First two days of the spatial working memory task performance in both
groups. A & B: Improvement in performance by the end of the first day and retention of
the task paradigm on the second day in the scramble group. C & D: TRPC4KD group
showing a zigzag pattern of learning with a drop in performance on the next day (n = 13
for the scramble, n = 14 for the TRPC4KD).
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3.3 LFP Analysis

3.3.1 Power spectrum density analysis

LFP represents the postsynaptic activity of local neurons. As mentioned in Chapter
One, LFP could correlate with memory processes and different behaviors. Oscillations
including theta (6—12), beta (15—-29 Hz), low gamma (30-55 Hz), and high gamma (65—
100 Hz) are correlated with memory functions such as encoding, consolidation, and
retrieval. Thus, LFP analysis could provide insights into brain oscillations in an
interested region related to the animal’s current engaged task and its performance. LFP
and single unit data were recorded simultaneously during a spatial working memory task
(T-maze, DNMTP). To measure the PSD mean in the groups, all trial means were

calculated separately.
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Figure 3.3.1-A: Local field potential (LFP) and a band-pass filtered LFP showing

various oscillatory patterns such as theta (6—12 Hz), beta (15-29 Hz), low gamma (30—
55 Hz), high gamma (65-100 Hz), and high-frequency oscillations (100-150 Hz).

The mean power spectrum comparison between groups showed no differences
for theta, beta, low gamma, and high gamma frequency (Figure 3.3.1 & 3.3.2). Notably,

the power spectrum depends on various factors, such as the experimental group, signal
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amplitude, and animal movements. Next, to study in detail the power spectrum change
in the T-maze segments, the recorded electrophysiology data were divided into

segments including start (ST), main stem (S), and goal area (GL).

Furthermore, LFP data were filtered based on the main group (scramble or

TRPC4kd), T-maze segments, trial performance (correct or incorrect ), and session type
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Figure 3.3.2: Power spectrum (0-200 Hz) mean of LFP in scramble and TRP4kd groups
recorded from the CA1 layer of mice. Power spectrum density between groups was
analyzed using the area under the curve for each specific frequency range. Theta: 7-12
Hz, Beta: 15-29 Hz, Low gamma: 30-55 Hz, High gamma: 65-100 Hz, High frequency
oscillation (HFO): 100-150 Hz. No significant differences were observed in oscillation
bands between the groups (Mann—-Whitney Exact (2-tailed), p=0.534 for theta area; t-
test two-sided, p=0.563 for beta area; t-test two-sided p, p=0.915 for low gamma area; t-
test two-sided, p=0.547 for high gamma area; t-test two-sided, p=0.0666 for HFO area;
scramble n = 6; TRPC4KD, n = 7). The shaded area represents + 1 SEM. ns: not
statistically significant

(sample or choice). The LFP data of all sorted groups underwent statistical analysis
utilizing the Kruskal-Wallis test followed by Dunn's post hoc test for group comparisons.
The results revealed a statistically significant difference between the groups (p < 0.001,

total n=57764). However, upon conducting Dunn's post hoc pairwise group comparison

93



for each oscillation band, no significant differences were observed between the groups
within individual frequency bands. This suggests that while an overall significant
distinction existed among the groups based on the LFP data, the specific oscillation
bands did not display significant variations when comparing the groups individually.
These findings highlight the nuanced nature of the group differences across different
frequency oscillations, emphasizing the importance of comprehensive statistical
analyses in elucidating distinct patterns within complex neural data (Figures 3.3.3, 3.3.4,
3.3.5, 3.3.6, 3.3.7, and 3.3.8). Despite statistical analysis, the beta oscillation difference
between the main groups was noticeable (Figures 3.3.6, 3.3.7, and 3.3.8). Beta
oscillations are involved in novelty and elevated in exploration, but locomotion has no
effect on it (72). The change in beta oscillation power may be related to the exploration

of the animal.

Building upon the previous analysis, machine learning techniques were employed
using the Machine Learning Toolbox with an optimizable KNN. Specifically, PSD data of
beta oscillations during the stem (sample and choice phases) were leveraged to predict
the main groups, distinguishing between the "scramble" and "TRPC4kd" groups. The
power spectrum of beta oscillations was calculated for all trials. The area under the
curve for beta oscillations, trial phase (sample or choice), and performance (correct or
incorrect) were used as features for training the machine learning model. Data from a
total of 13 mice were used, and sample sizes were adjusted to ensure equal
representation in each group. The main groups (scramble and TRPC4KD) served as
predictors in the trained model. Notably, a subset comprising 15 percent of the data was
reserved for testing purposes. The predictive model achieved an impressive accuracy
rate of 84.3%, indicating a robust capability to differentiate between the two main groups
based on the beta oscillation patterns (Figures 3.3.9 and 3.3.10 left). This outcome
underscores a significant distinction in beta oscillations between the "scramble" and
"TRPC4kd" groups, suggesting that these neural frequency patterns play a pivotal role in
characterizing and potentially distinguishing the underlying neural mechanisms
associated with each group. The ROC curves (Figure 3.3.10 left) are depicted with two
operating points, each with an area under the curve (AUC) value of 0.9045. This AUC
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value is a measure of the model's ability to discriminate between the two classes, with a
value closer to 1 indicating a more accurate model. The ROC curve plots the true
positive rate (TPR) against the false positive rate (FPR) at various threshold settings.
The TPR (Figures 3.3.9 and 3.3.10 left) represents the proportion of actual positives that
are correctly identified, while the FPR represents the proportion of actual negatives that
are incorrectly identified as positive. The first operating point (class) has a TPR of 90.7%
and an FPR of 9.3%, while the second operating point has a TPR of 77.8% and an FPR
of 22.2%. These points suggest that the model is more sensitive to the positive class at
the first operating point, potentially making it a better choice if the priority is to minimize

false negatives.

In summary, the ROC curves illustrate the trade-off between the model's sensitivity
and specificity, providing a visual representation of the model's performance across
different thresholds. The AUC values of 0.9045 for both operating points indicate that
the model has good discriminative power. The successful prediction rate of 84.3%
underscores the discriminative power of beta oscillation patterns in elucidating the
differences between the "scramble" and "TRPC4kd" groups. This high prediction
accuracy indicates a robust relationship between the beta oscillations observed in the

CA1 area at the stem and the experimental groups under investigation.

To verify the accuracy of the trained network, the response feature was
randomized 1000 times, and the trained network was used to test the accuracy of
randomized data (Figure 3.3.10 right). Furthermore, the distribution of accuracy from
randomized data was compared to the main accuracy of the network (sample T-test,
(p<0.001)). The statistical analysis reveals a significant difference in prediction accuracy
compared to the prediction accuracy of randomized data, confirming the trained network

performance.

Beta oscillations are associated with the synchronization of neural activity and
communication between brain regions involved in memory tasks. In the context of
working memory, beta oscillations are believed to facilitate the maintenance and

manipulation of information over short time intervals (116). Studies have suggested that
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the coupling of hippocampal beta oscillations with other brain regions supports the

encoding and retrieval of information in memory-guided decision-making (117).
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Figure 3.3.3: Power spectrum (0—200 Hz) of LFP recorded from CA1 of mice in T-maze
segments comparing sample and choice phases. The black divider lines on the X-axis
show divided frequency bands. A: left: Power spectrum in the ST segment between
sample and choice phases for scramble. Right: Power spectrum in the ST segment
between the sample and choice phases for TRPC4kd. B: left: Main stem power
spectrum between sample and choice phases in scramble. Right: Main stem power
spectrum between the sample and choice phases in TRPC4kd. C: left: Goal area power
spectrum between sample and choice phases in scramble. Right: Goal area power
spectrum between the sample and choice phases in TRPC4kd. n = 590 for scramble
and n = 696 for TRPC4KD in each defined frequency range. The dashed lines
represents = 1 SEM. ns: not statistically significant.
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Figure 3.3.4: Power spectrum (0-200 Hz) of LFP recorded from CA1 of mice in T-maze
segments comparing sample correct and choice correct phases. The black divider lines
on the X-axis show divided frequency bands. A: left: Power spectrum in the ST segment
between the sample correct and choice correct phases for scramble. Right: Power
spectrum in the ST segment between the sample correct and choice correct phases for
TRPC4kd. B: left: Main stem power spectrum between the sample correct and choice
correct for scramble. Right: Main stem power spectrum between the sample correct and
choice correct phases in TRPC4kd. C: left: Goal area power spectrum between the
sample correct and choice correct phases in scramble. Right: Goal area power spectrum
between the sample correct and choice correct phases in TRPC4kd. n = 500 for
scramble and n = 478 for TRPC4KD in each defined frequency range. The dashed lines
represents £ 1 SEM. ns: not statistically significant.
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Figure 3.3.5: Power spectrum (0-200 Hz) of LFP recorded from CA1 of mice in T-maze
segments comparing sample incorrect and choice incorrect phases. The black divider
lines on the X-axis show divided frequency bands. A: left: Power spectrum in the ST
segment between the sample incorrect and choice incorrect phases for scramble.
Right: Power spectrum in the ST segment between the sample incorrect and choice
incorrect phases for TRPC4kd. B: left: Main stem power spectrum between the sample
incorrect and choice incorrect phases for scramble. Right: Main stem power spectrum
between the sample incorrect and choice incorrect phases in TRPC4kd. C: left: Goal
area power spectrum between the sample incorrect and choice incorrect phases in
scramble. Right: Goal area power spectrum between the sample incorrect and choice
incorrect phases in TRPC4kd. n = 90 for scramble and n = 218 for TRPC4KD in each
defined frequency range. The dashed lines represents + 1 SEM. ns: not statistically
significant.
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Figure 3.3.6: Power spectrum (0-200 Hz) of LFP recorded from CA1 of mice in T-maze

ST (start) segment comparing sample correct versus sample incorrect and choice

correct versus choice incorrect phases. The black divider lines on the X-axis show

divided frequency bands. A-top & bottom: power spectrum comparison between the

sample correct versus sample incorrect for scramble (top) and power spectrum

comparison between the choice correct versus choice incorrect for scramble (bottom).

B- top & bottom: power spectrum comparison between the sample correct versus

sample incorrect for scramble (top) and power spectrum comparison between the

choice correct versus choice incorrect for scramble (bottom). n = 500 for correct

scramble trials, n = 90 for incorrect scramble trials, n = 478 for correct TRPC4KD trials,

and n = 218 for incorrect TRPC4KD trials in each defined frequency range.
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Figure 3.3.7: Power spectrum (0—200 Hz) of LFP recorded from CA1 of mice in T-maze
S (stem) segment comparing the sample correct versus sample incorrect and choice
correct versus choice incorrect phases. The black divider lines on the X-axis show
divided frequency bands. A-top & bottom: power spectrum comparison between the
sample correct versus sample incorrect for scramble (top) and power spectrum
comparison between the choice correct versus choice incorrect for scramble (bottom).
B- top & bottom: power spectrum comparison between the sample correct versus
sample incorrect for scramble (top) and power spectrum comparison between the
choice correct versus choice incorrect for scramble (bottom). n = 500 for correct
scrambile trials, n = 90 for incorrect scramble trials, n = 478 for correct TRPC4KD trials,

and n = 218 for incorrect TRPC4KD trials in each defined frequency range.
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Figure 3.3.8: Power spectrum (0—200 Hz) of LFP recorded from CA1 of mice in T-

maze GL (goal) segment comparing the sample correct versus sample incorrect and
choice correct versus choice incorrect phases. The black divider lines on the X-axis
show divided frequency bands. A-top & bottom: power spectrum comparison
between the sample correct versus sample incorrect for scramble (top) and power
spectrum comparison between the choice correct versus choice incorrect for
scramble (bottom). B- top & bottom: power spectrum comparison between the
sample correct versus sample incorrect for scramble (top) and power spectrum
comparison between the choice correct versus choice incorrect for scramble (bottom).
n = 500 for correct scramble trials, n = 90 for incorrect scramble trials, n = 478 for
correct TRPC4KD trials, and n = 218 for incorrect TRPC4KD trials in each defined
frequency range.
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Figure 3.3.9: Confusion matrix for the experimental group prediction (scramble or
TRPC4KD) based on beta oscillations. Data were classified using a weighted KNN.
Top: The columns show the predicted classes and rows show the true classes.
Variable one represents the scramble, and number two represents TRPC4KD. Blue
color shows true groups versus orange depicting incorrect predicted groups.
Bottom: Percentage calculation for true and predicted observations calculated
using the top figure. Bottom-Right: True positive rates (TPR) and false negative

rate (FNR) values for each group.
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Figure 3.3.10: Left: The receiver operating characteristic (ROC) curves for the
model's two operating points, highlighting the area under the curve (AUC) as a
measure of the model's discrimination ability. The blue line shows the true positive
rate (TPR) versus the orange line depicting the false positive rate (FPR). Right:
Prediction accuracy of 1000 randomized prediction feature obtained from a trained
network (Optimizable KNN) compared to obtained original accuracy 84.3% (sample
T-test, (p<0.001).

3.3.2 Theta-gamma coupling (Modulation Index)

In Section 1.4.3, the role of theta and gamma oscillations in information processing was
highlighted. As mentioned before, theta-gamma coupling has been proposed as one of
the working memory mechanisms. To measure this coupling, the M|l was calculated
using a Matlab script developed previously based on the description in Chapter 2.5.2.
The MI could identify phase—amplitude coupling between two different frequency
ranges: “phase modulating” (fr) and “amplitude- modulated” (fa) frequency bands. Theta-
gamma coupling change could also be visually controlled by plotting filtered LFP data
(Figures 3.3.2.1 and 3.3.2.2).
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Figure 3.3.2.1: An example from the scramble filtered LFP showing the comparison of
low gamma and high gamma amplitudes relative to theta phases. The arrows indicate

the peak amplitudes of gamma oscillations within each theta cycle.
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Figure 3.3.2.2: An example from the TRPC4KD filtered LFP demonstrating the
comparison of low gamma and high gamma amplitudes relative to theta phases. The
arrows indicate the peak amplitudes of gamma oscillations within each theta cycle. Low

gamma and high gamma phases markedly differed from those of scramble.
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MI was computed across all datasets and averaged for each group. Significantly higher
MI values were observed between theta phase and high gamma frequency (65—-100 Hz)
in the scramble group compared to TRPC4KD. Furthermore, Ml values were lower in the
low gamma oscillations band (30-55 Hz) for TRPC4KD compared to Scramble (Figure
3.3.2.3). These results suggest a pronounced impairment in theta-gamma coupling
within the TRPC4KD group, potentially elucidating the decline in working memory

performance seen in this group when compared to the scramble.
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Figure 3.3.2.3: Averages compared between the scramble and TRPC4KD. A: The
Scramble group exhibited a high MI within the high gamma frequency range. B: The
TRPC4KD group displayed lower Ml than the scramble (Mann-Whitney U Exact (2-
tailed), p < 0.001, n = 60 for scramble and n = 70 for TRPC4KD).
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The subsequent step involved plotting the theta-gamma power-phase analysis to
determine the theta phases where gamma oscillations exhibited higher power. The
theta-gamma power phase was averaged for each group, revealing that the scramble
group displayed elevated power in both low gamma and high gamma frequencies during
specific theta phases. In contrast, TRPC4KD showed no distinct theta phase-locked
gamma power during the spatial working memory task (Figure 3.3.2.4). This power
phase analysis further supports our Ml findings, indicating a relationship between
gamma power and specific theta phases regarding TRPC4KD. Additionally, the most
potent gamma oscillation power occurred at different theta oscillation phases compared

to the scramble.
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Figure 3.3.2.4: Average theta-gamma power-phase analysis results for the groups. A-
top: Average power-phase analysis for the scramble group. A-bottom: Average power-
phase analysis for TRPC4KD. B: Histogram showing the count of low gamma oscillation
power during theta phase for the scramble (top) and TRPC4KD (bottom) groups. C:
Histogram displaying the count of high gamma oscillation power during theta phase for

the scramble (top) and TRPC4KD (bottom) groups, respectively.

The MI was computed in the Start (ST) and Goal (GL) regions to evaluate

potential discrepancies between the sample, and choice phases in correct and incorrect
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trials individually, employing the Kruskal-Wallis test, followed by post hoc Dunn’s test
with Bonferroni adjustment (Figure 3.3.2.5-8). The objective of this analysis was to
emphasize the pivotal phase of theta-gamma coupling during working memory tasks. No
significant variances were detected in the high gamma, and HFO frequency bands for
the scramble in the start and goal areas (Figure 3.3.2.5-6). Only low gamma oscillations
demonstrated a significant difference between the sample and choice phases in start
and goal area for correct trials (Figure 3.3.2.5-6, p=0.002 for start area and p<0.001 for
goal area). These findings suggest a lack of substantial associations between Ml in high
gamma frequency across segments, and task performance within the examined task
phases. Low gamma MI change in correct trials may indicate a CA3 input role in task

performance.
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Figure 3.3.2.5: Ml average in three frequency ranges in correct (first three column) and
incorrect (second three column) of the sample and choice phases (left side of each
figure vs right side of each figure) in the scramble group. Ml in start (ST) correct trials
showed no significant difference. There was a significant difference in the start (ST)
incorrect trial Ml in high gamma oscillations (e). n = 510 for correct and n = 90 for

incorrect scramble ST. ns: not significant. *: mean. horizontal line: median
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Figure 3.3.2.6: MI average of three oscillations bands in correct (first three column) and

incorrect (second three column) of the sample and choice phases (left side of each

figure vs right side of each figure) in the scramble group. Ml in goal (GL) correct and

incorrect trials showed no significant difference. n = 510 for correct and n = 90 for

incorrect scramble GL. ns: not significant. *: mean horizontal line: median

Despite the overall decrease in Ml in TRPC4KD, no significant alterations were

observed in the ST and GL for both correct and incorrect trials (Figure 3.3.2.7-8). Like

the scramble condition, no significant changes were noted in the low gamma, high

gamma, and HFO frequency bands for TRPC4KD in the start and goal regions. The

outcomes in the start and goal areas reveal a decline in theta-gamma coupling within

the T-maze segments, particularly in the high gamma oscillation bands, mirroring trends

seen in the comodulogram plots (Figure 3.3.2.3). These results indicate a general

decrease in Ml without significant associations with specific segments or trial phases.
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and choice phases (left side of each figure vs right side of each figure) in the TRPC4KD
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Furthermore, Ml data were analyzed based on the animal trajectory (sample ST to the
sample GL, sample GL to choice ST, and choice ST to choice GL) and trial performance
(correct or incorrect). The aim was to determine whether MI changes occurred in
different segments and the possible correlation with working memory involvement. No
difference was observed between Mls in T-maze segments during the sample and
choice phases in both groups (Figure 3.3.2.9). Interestingly, pairwise comparisons of
high gamma MI between the scramble and TRPC4kd groups unveiled significant

disparities in both trial phases within the ST and GL segments (Figure 3.3.2.10). These
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findings could elucidate the link between theta-gamma coupling and the relative working

memory performance observed in these distinct groups.

A correlation analysis was conducted to assess the relationship between
performance and the MI in both the scramble and TRPC4KD groups (Figure 3.3.2.11).
The results indicate a correlation between animal performance and Ml in both groups (R
square change = 0.150, adjusted R2 = 0.144, p < 0.150). The goal was to assess
whether a link exists between theta-gamma coupling and working memory performance.
The analysis showed a correlation between task performance and Ml for both groups
and overall performance and Ml as well. This indicates that theta-gamma coupling plays

an essential role in working memory function and consequently affects performance.

gample | Choice gample | Choice s'iample | Choice gample | Choice §amp|e | Choice gample | Choice
4.5 ns 4.5 ns 45 ns 45 ns 45 ns 45 ns
— — — — — —
4 4| 4 4 4 ‘ 4

w
(S}
w
w”
w
3
b
$)
w
[$)
w
[é)

= 3r & = B = 3 =3 A a3 B =3
E £ i = s t 1 ! E
E25 §2.5- | 525 €25 | §2.5 ézs
o (=)}
= L
g 2 5 2| [ 2 2 g 2 5 2 Q .
- s I -l I I
15 O 15| 1 15- @ 15 15/ & 15
1 1| 1 1 1 1
05 - 05f 05 05 0.5 0.5
P 0 0 0 0 0

0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2
TRPC4kd correct GL ~ TRPC4kd correct GL ~ TRPC4kd correct GL TRPC4kd wrong GL TRPC4kd wrong GL TRPC4kd wrong GL

Figure 3.3.2.8: Ml average in correct/incorrect sample and choice phases (left side of
each figure vs right side of each figure) in the TRPC4KD group. Ml HFO oscillations in
goal (GL) correct phases showed a significant difference (linear regression, p=0.003).
n = 478 for correct and n = 218 for incorrect TRPC4KD GL. *: mean horizontal line:
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Figure 3.3.2.9: The average MI within the high gamma oscillation range is compared
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values in correct trials were contrasted with those in incorrect trials and other
temporally relevant segments within the Start (ST) and Goal (GL) regions. n = 510 for
correct and n = 90 for incorrect scramble sample/choice ST/GL. n = 478 for correct
and n = 218 for incorrect TRPC4KD sample/choice ST/GL. ns: no significance

observed in the comparisons made.
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Figure 3.3.2.10: The average MI in the high gamma oscillation range for pairwise
comparison between scramble and TRPC4KD groups along the animal trajectory in the
T-maze. A pairwise post-hoc Dunn test revealed significant differences between each
pair of identical scramble and TRPC4KD groups within the ST and GL areas during both
sample and choice phases, as well as correct and incorrect performances (Kruskal—
Wallis test followed by post-hoc Dunn’s test, with significance levels denoted as a: p <
0.0001, b: p <0.0001, c: p<0.0001, e: p<0.0001, f: p<0.0001, g: p<0.0001, and h: p
< 0.0001, respectively; n = 510 correct and n = 90 incorrect scramble. n = 478 for
correct and n = 218 for incorrect TRPC4KD ).
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Figure 3.3.2.11: A correlation analysis showing the relationship between performance
and Ml in both the scramble and TRPC4KD groups (R square change=0.150,
p<0.001, n=130). The gray and red lines represent the correlation for the scramble
and TRPC4KD groups (R?=0.021, p=0.271, n=60 for scramble, R>=0.052, p<0.001,
n=70 for TRPC4KD) respectively, while the blue line illustrates the overall correlation

for both groups.

3.3.3 Ml and its relationship with speed

In the discussion of MI findings, the relationship between the performance of the
animals and their running speed was investigated by employing partial correlation to
discern the impact of speed on the high gamma amplitude and its subsequent effect on
the Ml measurements. The partial correlation analysis indicated a positive correlation
between performance and running speed while controlling for theta and high gamma
amplitude, specifically for the scramble condition on the entire T-maze (Table 3.3.3.1
top; r(26) = 0.156, p = 0.429). When the same analysis was conducted for the
TRPC4KD group, a significant positive correlation between performance and speed was
observed, controlling for high gamma and theta amplitude (Table 3.3.3.1 bottom; r(31) =
0.434, p = 0.012). This suggests that the experimental group showed a stronger
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correlation between running speed and performance than the control group. Additionally,
this correlation implies that, despite the higher speed in the experimental group, the
theta-gamma coupling analysis was not influenced by theta and gamma amplitude and,

thus, not by speed.

Correlations-scramble

Control Variables e Mean_Speed
Mean_Theta1l Performance Correlation 1,000 0,156
& Mean_HG1 Significance (2-tailed) 0,429
df 0 26
Mean_Speed Correlation 0,156 1,000
Significance (2-tailed) 0,429
df 26 0
Correlations-TRPC4KD
Control Variables Performance Mean_Speed
Mean_Theta2 & Performance Correlation 1,000 0,434
Mean_HG2 Significance (2-tailed) 0,012
df 0 31
Mean_Speed Correlation 0,434 1,000
Significance (2-tailed) 0,012
df 31 0

Table 3.3.3.1: The results of partial correlation analyses examining the relationships
between performance with running speed, theta and high gamma amplitudes. The
partial correlation coefficients (r) and their associated p-values are presented for each
pair of variables, including running speed, theta amplitude, and high gamma amplitude.
Top: Partial correlation for the scramble group (n = 30). Bottom: Partial correlation for
TRPC4KD (n = 35). The analysis controls for potential confounding factors to isolate the

unique contribution of each variable to performance.

Notably, Ml is inherently insensitive to the absolute amplitude of gamma
oscillations when evaluating phase—amplitude coupling (118). This characteristic is
particularly advantageous, as it ensures that the MI quantifies the strength of coupling
independent of the overall signal magnitude. This property of Ml is crucial for the current
analysis, as it allows me to focus on the coupling dynamics without the potential biases

that could be introduced by variations in signal amplitude.
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3.4 Single Unit Analysis

3.4.1 Spatial information

Following the clustering process, single-unit data were manually inspected and
curated using Klusters software (Lynn Hazan). Putative pyramidal cells were initially
filtered based on their firing frequency, with only cells exhibiting a firing rate of above 1
Hz (Figure 3.4.1.2-3) or 0.1 Hz (Figure 3.4.1.4-5) and less than 5 Hz included in the
analysis. Subsequently, the cells were segregated according to their respective
experimental groups. After the outliers were removed, spatial information was computed
and subsequently smoothed to investigate potential differences in place cell activity
between the groups. Spatial information quantifies the extent to which pyramidal cells
exhibit location-specific firing. Moreover, firing rates of the cells were calculated for both
groups (Figures 3.4.1.1 & 3.4.1.2 & 3.4.1.4). A significant difference in spatial
information was observed between the two groups, whereas no significant difference
was detected in firing rates (Figure 3.4.1.3, Mann—Whitney U test, p < 0.001). However,
when the cells were filtered in the range of 0.1-5 Hz, a significant difference in firing
rates was detected as well (Figures 3.4.1.5, Mann—Whitney U test, p < 0.001). These
findings highlight the impact of TRPC4 knockdown on the spatial information of
pyramidal cells in the TRPC4KD group, as well as on firing rates when using different

cell filtering criteria.

max: 28Hz mean: 4.3Hz
" L max: 5.1Hz mean: 2Hz

>

21.1cm 21cm

Figure 3.4.1.1: An example of a rate map and spatial information. Warmer colors show
a higher rate of activity in the location Left: Rate map of place cell in scramble. Right:
Rate map of a place cell in TRPC4KD.
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Figure 3.4.1.2: Scatter plots illustrating the relationship between spatial information and
mean firing rate (Hz) for cells in control and experimental group (cells filtered above 1
Hz). Both plots indicate an inverse correlation, where cells with higher spatial
information tend to have lower firing frequencies within the typical range of pyramidal

cell activity. Left panel: Scramble group. Right panel: TRPC4KD group.
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Figure 3.4.1.3: Histograms comparing the spatial information (left panel) and firing
rates (right panel) of pyramidal cells between the scramble and TRPC4KD. Left: A
significant difference in spatial information was observed between the scramble and
TRPC4KD groups (Mann—Whitney U test, p < 0.001, n=271 for scramble, n=281 for
TRPC4KD). Right: No significant difference in firing rates was detected between the
groups (Mann—-Whitney U test, p = 0.554, n=271 for scramble, n=281).
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Figure 3.4.1.4: Scatter plots illustrating the relationship between spatial information and
mean firing rate (Hz) for cells in control and experimental group (cells filtered above 0.1
Hz). Both plots indicate an inverse correlation, where cells with higher spatial
information tend to have lower firing frequencies within the typical range of pyramidal
cell activity. Left panel: Scramble group. Right panel: TRPC4KD group.
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Figure 3.4.1.5: Histograms comparing the spatial information (left panel) and firing
rates (right panel) of pyramidal cells between the scramble and TRPC4KD. Left: A
significant difference in spatial information was observed between the scramble and
TRPC4KD groups (Mann—Whitney U test, p < 0.001, n=677 for scramble, n=569 for
TRPC4KD). Right: Significant difference in firing rates was detected between the
groups (Mann—-Whitney U test, p < 0.001, n=677 for scramble, n=569 for TRPC4KD).
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3.4.2 Phase precession

Phase precession was defined as the correlation between theta phase of spikes
and the position or time inside the firing field. Phase precession encodes behavior-
dependent variables beyond just position, such as goal location. The theta phase of
spike changes and shifts from early phases to the trough of theta when the animal
enters the place field. The correlation between spike and theta phase (rho) and the
slope of the correlation will show whether a cell has phase precession or not. To
measure phase precession, the rho (circular-linear regression coefficient between theta
phase and spike) was calculated (Figure 3.4.2.1). The theta phases were filtered
according to three main locations in the T-maze, including the start, main stem, and goal
(phase precession in a specific location). Only spike phase histograms of entire T-maze
were plotted to give an overall view of the mean phase in scramble compared to
TRPC4KD (Figure 3.4.2.2). Spikes theta phases differed between groups. The mean
direction was 204.3° in scramble and 294.7° in TRPC4KD. Phase precession cells were
chosen based on linear-circular correlation p value significance. The phase precession
cell phase (291.8°) in TRPC4KD was different from scramble (230.1°) (Figure 3.4.2.3).
Different firing phases may indicate impairment in phase precession and subsequently
may affect other procedures involved, such as LTP/LTD and STDP.
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Figure 3.4.2.1: An example of phase precession calculation. A: LFP data B: Bandpass

filtered theta oscillation and overlapped vertical lines represent spike time in theta
oscillation. C: Calculated theta phase. D: Scatter plot of the pass index and theta phase

in phase precession. The red line shows the correlation and slope. E: Density map theta

phase versus pass index in phase precession. F: rate map of the related cell.
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Figure 3.4.2.2: Theta phase of all spikes in both groups. The mean direction of the

spike theta phase in scramble differed from that of the TRPC4KD (circular median test,
p=0.0).
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Figure 3.4.2.3: Theta phase of the spikes in the phase precession cells in both

groups. The mean direction of spike theta phase in scramble differed from that of the
TRPC4KD (Watson-Williams test, p=0.0001).
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Figure 3.4.2.4: Examples of phase precession cells illustrating the relationship
between spike theta phases and pass index (animal position) in T-maze, showing a
negative correlation. Each point represents the theta phase of a spike event relative to
the animal's position (pass index) as it navigates the maze. The red line represents
the linear-circular correlation between spike theta phases and the pass index in T-

maze.
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The slope, rho, and theta phase were calculated using spiking dataset and LFP for
whole T-maze (Figure 3.4.2.4-5). Rho depicted a non significant difference between the

two groups (Figure 3.4.2.5).
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Figure 3.4.2.5: The rho histogram for phase precession cells in the T-maze. The rho
histogram of phase precession cells in both groups in T-maze (Independent t-test,
p=0.51139, n=60 for scramble, n=57 for TRPC4KD).

The slope of the correlation between spiking and theta phase is negative when a
significant correlation exists. Spiking starts at the earliest phase of theta and shifts to the
trough of theta when the firing rate is at peak (119).

Theta phase of pyramidal cells in the main stem

We then investigated whether the theta phase of neuronal spiking differed between
control and KD groups across different areas of the T-maze. However, analyzing phase
precession accurately is challenging when the maze is subdivided into sections, as this
can truncate place fields. Therefore, | focused solely on the theta phase of spiking in the
following sections. The main stem is one of the most important location in this task,
since the animal needs to make a decision at the end of the stem. A histogram of spike
theta phase was plotted to examine potential changes in phase for cells in both groups
(Figure 3.4.2.6). The mean phase differed between the groups. However, no significant
difference existed in phase precession cells. Comparing the overall phase histogram

with phase precession cells illustrates that phase precession cell activity was very close
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to the trough of theta in scramble and even in TRPC4KD, but the mean resultant length
was smaller in TRPC4KD, depicting a more uniform phase distribution than scramble

directional distribution.
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Figure 3.4.2.6: Histogram of spike phases in the main stem Top: Histogram of all cell’s
spike’s phase in the main stem. There was a significant difference between the mean
phase of TRPC4KD with scramble (circular mtest, h=1). Bottom: Histogram of phase
precession cell spike’s phase in the main stem. There was no significant difference
between the mean phase of TRPC4KD with scramble (circular median test, p= 0.9943;
mean resultant length, r=0.4476 for scramble; mean resultant length, r=0.1231 for
TRPC4KD).
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Start and goal area spikes in the theta phase

Phase precession was calculated for cells active in the start or goal areas to
compare any differences in phase precession with the main stem between the groups.
In the start area, no difference existed in the spike theta phase of phase precession

cells. However, the mean phase of all cells differed between the groups (Figure 3.4.2.7).
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Figure 3.4.2.7: Spike theta phase histogram in the starting area. Top: Spike theta
phase histogram of all cells. Mean phase comparison showed a significant difference
(circular mtest, h=1). Bottom: Spike theta phase histogram of phase precession cells.

No significant difference existed between the groups (Watson Williams test, p=0.4080).
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Similar to the start area, spike phase was plotted for all cells and phase precession
cells in goal area (Figure 3.4.2.8). This indicates that the mean theta phase differed
across all segments between the groups. However, the theta phase of phase precession
cells in all segments shows no significant difference between the groups. Furthermore,
the results indicate that TRPC4 knockdown affected CA1 pyramidal cells without

specifically impacting phase precession cells.
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Figure 3.4.2.8: Spike theta phase histogram in the goal area. Top: Spike theta phase
histogram of all cells. The mean phase comparison showed a significant difference
(circular mean test, h=1). Bottom: Spike theta phase histogram of phase precession
cells. No significant difference existed between the groups (Watson-Williams test, p=
0.7631).
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3.4.3 Persistent firing

To investigate the existence of persistent firing as one of the mechanisms involved
in working memory during the delay period of the task, the firing rate of all recorded cells
was calculated (1 sec bins of delay/average frequency of whole trial). Firing rate was
calculated separately for the sample and choice phases when the animals were in the
start area. The Masuda et al. (2020) method was used to sort the cells (120). The ratio
of delay freq/ trial freq was calculated for each trial, and an overall average was
obtained for each trial type (sample, choice). Then, a randomized distribution was built
1000 times by scrambling the time intervals between spikes and calculating the same
ratio delay freq/trial freq for each iteration. The original value was compared to the
randomized distribution: if the value is above the top 10%, the cell is considered
activated; if the value is below the bottom 10%, the cell is labeled as suppressed;
between those two boundaries cells are considered nonresponsive; next, the z-scored
peak firing rates of the cells were calculated (Figure 3.4.3.1). The results showed that
scramble depicted a greater increase or decrease in the firing rate than TRPC4KD
(Figure 3.4.3.2). This shows a significant change in the firing properties of TRPC4KD
(Wilcoxon rank sum test, p<0.001) which may play a role in working memory impairment
(Figure 3.4.3.3). Moreover, raster plot examples with firing rate plotted show the spiking
patterns during the delay period (Figure 3.4.3.4 & Figure 3.4.3.5). The results show an
increase in firing rate, and raster plots verify the increase in firing rate during the delay

period.
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Figure 3.4.3.1: Z-scored peak firing rate of cells in delay period sorted based on firing
rate. The top 10 percent cells are shown in red at the top, and the bottom 10 percent
cells are shown in blue at the bottom. Left: Peak firing rate of cells for scramble. The
dashed line shows the delay time. Right: Peak firing rate of cells for TRPC4KD.
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Figure 3.4.3.2: Z-scored firing rate of top 10% cells in the delay phase in the start

segment for both groups. Black horizontal line: base line; Orange horizontal line:
analyzed duration;
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Figure 3.4.3.3: Z-score firing rate of the classified cells in the delay phase in the start
segment. Left: Top 10% cells z-scored firing rate comparison between the groups
(Wilcoxon rank sum test, p<0.001, n = 87 for scramble and n = 78 for TRPC4KD).
Right: Z-scored firing rate comparison of bottom 10% for scramble and TRPC4KD
(Wilcoxon rank sum test, p<0.001, n = 86 for scramble and n = 78 for TRPC4KD); Blue:
scramble; Red: TRPC4KD;
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Figure 3.4.3.4: Top: An example raster plot of the delay activated cell during delay

period for scramble. Bottom: Cell firing frequency during the delay period.
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Figure 3.4.3.5: Top: An example raster plot of the delay activated cell during delay
period for TRPC4KD. Bottom: Cell firing frequency during the delay period.
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Number of each classified cell type was calculated and normalized to determine if
the number of cells were changed from sample phase to choice phase (Figure 3.4.3.6).
In both groups, the number of cells decreased in the choice phase compared to sample
phase. However, the chi-square test result depicted no significant difference in scramble
(Figure 3.4.3.6 A and B). In contrast, delay activated and delay suppressed depicted a
decrease in TRPC4KD. The normalized count of cells in the choice phase showed a
significant difference compared to the sample phase in TRPC4KD (chi-square test, p=
0.0014) (Figure 3.4.4.7 C and D). This suggests that different cells were active in the
start area during the sample and choice phases, indicating that distinct circuits may be

involved in working memory.

Neuronal activity before delay, during delay, and after delay was analyzed and
plotted as a control to investigate if the delay activated cell phenomenon particularly
happened in the start area (Figure 3.4.3.7 A & B). As can be seen, the top 10 percent
neuronal activity in the return arm and main stem depicts a similar activity in both
scramble and TRPC4KD (Wilcoxon rank sum test, p=0.06260 for return arm, p=0.09471
for main stem). Despite this, the delay area demonstrated a significant increased activity
in scramble compared to TRPC4KD (Wilcoxon rank sum test, p<0.001). This indicates
that the difference in activated cells between the three segments of the T-maze was

highly specific to the delay area.
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Figure 3.4.3.6: Classification and count of start area cells across task phases in both
groups. A: Normalized count of cells in the sample phase of the task for the scramble
group. B: Normalized count of cells in the choice phase of the task for the scramble
group. A chi-square test was conducted to assess the relationship between cell
activity in the sample and choice phases, indicating no significant difference in cell
type counts between the phases. C: Normalized count of cells in the sample phase of
the task for the TRPC4KD group. D: Normalized count of cells in the choice phase of
the task for the TRPC4KD group. A chi-square test revealed a significant difference in
cell activity between the phases for the TRPC4KD group (p = 0.0014, n = 899 for
scramble sample/choice and n = 744 for TRPC4KD sample/choice).
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phase. A: Z-scored firing rate of two groups in choice phase in three different
segments of the T-maze. The blue line represents scramble and the red line shows
TRPC4KD. B: Z-scored firing rate of top 10 percent cells in return arm, start and main
stem of both groups in choice phase. Only the delay period (start) demonstrated a
significant difference between scramble and TRPC4KD (Wilcoxon rank sum test,
P<0.001, n = 87 for scramble and n = 78 for TRPC4KD). C: Z-scored firing rate of
bottom 10 percent cells in return arm, start and main stem of both groups in choice
phase. Like the top 10% cells in delay period (start), a significant difference can be
seen between scramble and TRPC4KD (Wilcoxon rank sum test, P<0.007, n = 86 for
scramble and n = 78 for TRPC4KD). ns: not significant
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3.5 Beta Oscillation Impairment in a Novel Environment

LFP power was measured to study the link and correlation between LFP and
encoding in novelty. The LFP data were recorded at the CA1 pyramidal cell layer in the
linear track for 20 minutes, and data were analyzed to compare the first and last five
minutes of the task. Time-frequency analysis was performed to investigate the power of
beta oscillations variation by time. A reduction in beta oscillation power can be seen in
the last five minutes of the task compared to the first five minutes for the scramble

(control) (Figure 3.5.1). Despite a decrease in beta oscillations for scramble, beta
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Figure 3.5.1: Time-frequency analysis of LFP. A,B: Example and average
spectrograms, respectively, from the scramble. C,D: Example and average
spectrograms, respectively, from the TRPC4 KD. Spectrograms of individual examples

(A,C) are normalized to the power at the first minute.
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oscillations demonstrated no reduction in power for TRPC4KD. Furthermore, to verify
such a decrease, the power of each oscillation band in the first and the last five minutes
of the task were compared (Figure 3.5.2 A-D). The analysis depicted that the theta
power was raised in the scramble but not in the TRPC4KD when the first and the last
five minutes were compared (paired t-test, p<0.001 for scramble and p=0.305 for
TRPC4KD) (Figure 3.5.2 E). A similar comparison depicted that the beta and low-
gamma power decreased in the scramble during the LT exposure, while the TRPC4KD
preserved the power at these bands (beta, paired t-test, p<0.05 for scramble, p=0.059
for TRPC4KD) (low-gamma, paired t-test, p<0.05 for scramble, p=0.134 for TRPC4KD)
(Figure 3.5.2. F and G). Unlike beta and low gamma, high gamma and HFO band power
showed no significant change in either group (high-gamma, paired t-test, p=0.630 for
scramble, p=0.419 for TRPC4 KD; HFO, paired t-test, p=0.371 for scramble, p=0.873 for
TRPC4 KD) (Figure 3.5.2 H and ). Finally, we analyzed the running speed of the mice in
the corresponding two five-minute sections (paired t-test, p<0.05 for the scramble,
p<0.05 for TRPC4 KD) (Figure 3.5.2 J). In both groups, a significant decrease in running
speed was observed, indicating that the lack of modulation in the TRPC4 KD group is
not purely due to different behavior compared to the scramble control group. These
results indicate that TRPC4KD impaired the modulation of theta, beta, and low-gamma

oscillations in the hippocampal CA1 area during novelty exposure.
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Figure 3.5.2: Comparison of the first and last 5 min of the LT task. A: Mean power
spectra in the first 5 min and last 5 min for the scramble group. B: Mean power spectra
in the first 5 min and last 5 min for the TRPC4 KD group. C and D: Rescaled power
spectra shown in A and B. E: Theta oscillations (paired t-test, p<0.001 for scramble and
p=0.305 for TRPC4 KD). F: Beta oscillations (paired t-test, p<0.05 for scramble, p=0.059
for TRPC4 KD). G: Low gamma oscillations (paired t-test, p<0.05 for scramble. p=0.134
for TRPC4 KD). H: High gamma oscillations (paired t-test, p=0.630 for scramble, p=0.419
for TRPC4 KD). I: High frequency oscillations (paired t-test, p=0.371 for scramble,
p=0.873 for TRPC4 KD). J: Mean of speed during the first five and last five min of the
task (paired t-test, p<0.05 for scramble, p<.05 for TRPC4 KD). In all panels, scramble:
n=6; TRPC4 KD, n=6.
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3.6 Histology

After finishing the experiments, the animals were perfused and brain samples were
sectioned as described in the methods chapter. Next, using a fluorescence microscope,
the expression of the virus was checked for all animals, and a map of expression in the
brain was prepared based on the correctly injected animals (Figure 3.6.1 and figure
3.6.2). The site of recording for implanted animals was controlled using a fluorescence

microscope (Figure 3.6.3).

Scramble TRPC4kd

FW - o T RRe

]

Figure 3.6.1: shRNA scramble and TRPC4KD virus expression in the groups in the
coronal plane highlighted in red. Left: scramble virus expression in coronal view.

Right: TRPC4KD expression in coronal view.
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Figure 3.6.2: shRNA expression in the mouse hippocampus coronal sections. Left:
Scramble virus expression in the hippocampus coronal section. Right: TRPC4 shRNA

expression in the hippocampus coronal section.

Figure 3.6.3: Microdrive implant control. The tetrode tip lesion is visible on the left

side of the figures Left: Tetrode recording site in scramble Right: Tetrode recording
site in TRPC4KD

A minor leakage of virus expression was observed in the DG, which might raise
concerns about its impact on the behavioral data. According to the TRPC4 RNA

expression map in mice from the Allen Institute (Figure 3.6.4), TRPC4 is predominantly
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expressed in the CA1 region, as indicated by the color intensity, compared to the DG.
This suggests that any potential leakage of the virus into the DG would have a minimal

impact on the results.

Figure 3.6.4: TRPC4 expression in mouse hippocampus coronal section; image
adopted from online Allen atlas. The average expression intensity ranges from blue

(low intensity) through green to red (high intensity) (53).
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Chapter 4 Discussion

4.1 Working Memory T-maze

The aim of this project was to study the role of TRPC4 in working memory and
whether it affects the working memory and through which mechanisms, such as
persistent firing, theta-gamma coupling, or a consortium of involved mechanisms. In the
present project, | demonstrate that CA1 hippocampal TRPC4 is involved in spatial
working memory performance. For this purpose, shRNA TRPC4 was developed to
knock down TRPC4 in the CA1 area. The effect of shRNA virus on TRPC4 expression
was verified using RT-qPCR in cell culture, reducing TRPC4 gene expression
successfully (Figure 3.1.1 & Figure 3.1.2). shRNA TRPC4 was then injected into both
hemisphere CA1 areas to study the effect of TRPC4 knockdown in CA1 in spatial
working memory. T-maze task utilizing the delayed non-matching to position (DNMTP)
protocol was used to assess working memory performance, which was reduced
significantly in TRPC4KD compared to scramble (Figure 3.2.1 & Figure 3.2.2). This

indicates the effect of TRPC4 knockdown on working memory impairment.

Next, the recorded electrophysiological data using implanted tetrodes were
analyzed to study the electrophysiological changes in LFP and single cell levels and find
out possible mechanisms involved in impairment in working memory. In the main stem of
the T-maze segments, a PSD analysis revealed higher power in the beta oscillation
band, as determined by machine learning classification (Figure 3.3.9). This finding
suggests a potential role for beta oscillations in the neural processes associated with
navigating the T-maze. In contrast, other oscillations, such as theta, low gamma, and
high gamma, did not exhibit any significant differences between the conditions. This
selective change in beta power and an increase in correct trials (Figure 3.3.7) may
indicate a specific effect of TRPC4 on LFPs.

Theta-gamma coupling was measured using the MI. Theta-gamma coupling is
proposed as one of the main mechanisms involved in working memory, with higher Ml
correlating with better performance. The data show a statistically significant correlation

between M| and working memory. The mean MI in scramble was higher in high gamma
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frequency compared to that of TRPC4KD (Figure 3.3.2.3). Moreover, power phase
analysis demonstrated a theta phase-specific increase in low gamma and high gamma
frequencies in scramble, while no theta phase-related elevation in low and high gamma
power was noted for TRPC4KD (Figure 3.3.2.4). In addition, Ml analysis in T-maze
segments according to trajectory order (including the start and goal area) and trial
performance (correct/incorrect) showed no change in Ml in high gamma frequency
(Figure 3.3.2.9). However, group comparison of high gamma oscillations in start and
goal segments in the sample and choice phases revealed a significant difference for
both correct and incorrect trials (Figure 3.3.2.10) (Kruskal-Wallis test followed by post-
hoc Dunn’s test, with significance levels denoted as a: p < 0.0001, b: p <0.0001, c: p <
0.0001, e: p < 0.0001, f: p<0.0001, g: p <0.0001, and h: p < 0.0001, respectively).
These results indicate that theta-gamma coupling was impaired in TRPC4KD, and it

influences the working memory function.

Single unit analysis was started by calculating spatial information for pyramidal
cells. Spatial information depicted significant differences between the groups (Figure
3.4.1.3). Moreover, the firing rate of the pyramidal cells showed no difference (1-5 Hz)
between scramble and TRPC4KD. Both effects may originate from TRPC4 knockdown
in TRPC4KD.

As the next step, the phase precession in the cells for entire T-maze was analyzed.
It is well known that place cells show phase precession with theta oscillation phase, and
it is related to time or location. However, the mechanism controlling phase precession is
unclear. The spike theta phase analysis (part of phase precession analysis) exhibits
differences in the mean theta phase of spikes between the groups (Figure 3.4.2.3). This
indicates a unidirectional distribution for TRPC4KD. The change in spike phase could
affect LTP/LTD and STDP, and this could consequently modulate memory function and

performance.

As the last step, the start area was chosen to study the existence of persistent
firing during the delay period of the task. Based on Masuda et al. (2020), the cells were
classified into delay activated, delay suppressed, and not modulated cells. Scramble

presented a greater increase or decrease in firing rate than TRPC4KD (Figure 3.4.3.1
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and Figure 3.4.3.2). After z-scoring the data, scramble showed a stronger firing rate than
TRPC4KD during delay in start segment, unlike in return arm or main stem (Figure
3.4.3.3, Figure 3.4.3.7). The firing rate change was not the same as previous persistent
firing works in the PFC. Persistent firing cells should show consistent firing during the
delay period, which was not the case in my delay period data. Hence, there was no
strong evidence supporting persistent activity during the delay period in the start area,
although the main challenge to interpret the results is that persistent activity needs to be
distinguished from place cell activity. Unlike other brain areas such as the PFC, in the
hippocampus, place cells are the active cells (may support persistent firing) engaged in
location-associated activity, providing an internal map that supports hippocampus-

dependent spatial memory tasks (121).

The working memory performance of TRPC4KD mice in the T-maze was impaired,
and they were unable to improve their performance compared to the scramble group
over the course of the experiment. The behavioral results illustrate that TRPC4KD
impairs working memory performance. The results were similar to the studies by Broker-
Lai and colleagues (51) on Trpc1/4/5”~ mice and Lepannetier and colleagues (122) on
Trpc1~~ mice. Another study reported spatial memory impairment in IL-10 KO mice.
They found that TRPC4 and TRPCS5 were decreased in the hippocampus (123).
Downregulation of TRPCG6 in the DG impaired spatial memory in Y-maze (124). In this
project, | used shRNA TRPC4KD instead of the general knockout mice used in studies
by Broker-Lai and colleagues (51), Lepannetier and colleagues (122), and Huo and
colleagues (123). The shRNA allows the local knockdown of the target gene expression
in the interested brain region. Moreover, in this study, the spatial working memory task
and in vivo electrophysiology recording were combined, whereas in the other studies, in

vivo electrophysiology recording was done in an open field or during sleep.

PSD analysis (Figure 3.3.9) revealed a difference in beta oscillation band power,
with such changes linked to memory functions and novelty. The power of beta
oscillations increases as spatial selectivity develops in place cells (81). These
oscillations can synchronize the firing of hippocampal neurons (81). Additionally, they

are associated with the activity of the mid-PFC and the posterior parietal cortex.
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Gamma frequency as a key player of theta-gamma modulation was the focus of
memory studies, and its role became clear and functional in different types of memory.
Notably, gamma power increases during the delay period of working memory in humans
(92). Moreover, studies on monkeys and humans reported elevated gamma power and
spike-gamma coherence in the hippocampus during successful encoding of a LTM task
(92). Gamma oscillations are produced by an ensemble of mechanisms and mainly rely
on fast spiking basket cells and gamma-aminobutyric acid (GABA)a, a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptor mediated excitation. Gamma
oscillations in CA1 are generally controlled by entorhinal input and CA3 (125).
Yamamoto et al. (2014) and Axmacher et al. (2010) (102) reported that high gamma
oscillations synchronized with mEC are required for succeeding in spatial working
memory tasks. A study on the hippocampus-PFC revealed that hippocampus gamma
input was required for successful cue encoding and memory performance (126,127).
Gamma power was elevated specifically in the main stem and the coherence between
CA1-CA3 as well (125). Another study proposed that gamma oscillations between two
connected areas were involved in information transfer (128). In contrast, a study on rats
reported that the gamma power during learning of item—context association tasks was
not correlated with performance (129). However, dual-site recording may be required to
distinguish the effects of entorhinal and CA3 inputs in CA1. Linking a specific frequency
range to behavior is challenging, yet the network activity in CA1 during the working
memory task reflects this relationship. Ample evidence supports the pivotal role of

gamma oscillations in working memory function.

Theta-gamma coupling has been demonstrated to be an essential mechanism in
retaining working memory information (92). The evidence came from Miller (1956)
showing that working memory has a limited capacity around 7 + 2 objects (130). The
theta-gamma proportion correlated with memory capacity (131).The gamma cycle might
be the key player in setting the working memory limit (98). Ml results corroborated those
of Lepannetier et al. (2018), although Ml was measured in REM sleep. Moreover, in my
study, a positive correlation existed between working memory performance and Mi

(Figure 3.3.2.11). A study on rats reported that theta-gamma comodulation could predict
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memory retrieval performance in episodic memory (132). Another study demonstrated a
positive correlation between Ml and memory performance (129). The key change in the
results is gamma oscillations, which affect theta-gamma coupling. Gamma oscillations in
CA1 are generally controlled by entorhinal input and CA3. Various studies in animals
and humans have related the hippocampus circuits to memory. Axmacher and et al.
(2010) (133) reported that theta—beta/gamma coupling markedly increased in the delay
period of the working memory task (133). Tort and colleagues (129) also reported that
theta-gamma interplay works as memory code. Sufficient studies have implicated theta-
gamma coupling as one of the mechanisms involved in working memory. The present
findings indicate that theta-gamma coupling diminished in the experimental group during
the spatial working memory task—a finding uncovered only this study, as no previous
TRPC studies have reported theta-gamma coupling impairment during working memory
tasks. The study findings indicate that TRPC4KD impairs working memory through

theta-gamma coupling and is also linked to performance.

Spatial information and phase precession represent the characteristics of the place
cells. Hippocampal phase precession is present in dorsal CA1 pyramidal neurons when
the animal is on a narrow track or less limited arenas (134). The main finding in the
phase precession results was different spike theta phase mean and mean vector lengths
between the groups. The scramble group demonstrated a directional distribution for
spikes representing a phase lock to theta. Moreover, high gamma power correlates with
theta phase, and this fits with spiking theta phase in the scramble group in all three main
segments. In contrast, the main stem spike phase did not reveal an omnidirectional
distribution or a high gamma power phase for TRPC4KD. However, the goal and start
area spike phase for TRPC4KD depicted directional distribution with an advanced theta
phase compared to the scramble group. Phase precession impairment using
cannabinoids was reported to diminish spatial memory in T-maze alternation task. This
illustrates that spatial memory is firstly related to the temporal organization of neurons
and could be segregated from spatial map stability (135). Phase precession is linked

and coupled with gamma oscillation, with changes in gamma oscillation affecting the
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spike theta phase (136). Overall, our results indicate different theta spikes between

groups in the main stem, which might originate from theta-gamma coupling.

Persistent firing analysis to determine whether sustained firing existed in the CA1
pyramidal cells during the delay period and whether this mechanism was affected by
TRPC4 knockdown revealed a change in the firing rate in the pyramidal cells in the start
area. The z-score plots revealed a difference between the groups. However, a question
arises regarding whether the persistent firing observed in the hippocampus represents
place cell activity in CA1, and whether the increase in firing rate is specifically linked to
place cells. Consistent with these results, Sabariego and colleagues (137) proposed that
persistent firing could not support working memory (137). In primates, sufficient reports
showed an increase in the firing rate related to stimulus in the dorsolateral PFC
(48,138). In rodents, persistent firing is reported in a few cells during the delay period.
Alternatively, the cells fire in a specific time window and form a sequence of firing by the
cells that covers the delay period (139). The mPFC cells demonstrated past and future
locations during the delay in spatial alternation tasks for rodents when the past and
future were twisted (140,141). Our results show an increase in the firing rate in the main
stem for the scramble group, but insufficient evidence exists to verify it as persistent

firing during the delay period.

Additionally, Sl analysis (Figure 3.4.1.5) demonstrated a change in firing rate
characteristics of the cells between the groups. This shows that the cells' intrinsic
properties might have changed, such as Ca?* transportation. Several studies have
reported changes in synaptic transmission via TRPC ko/kd (51,58,122). A previous
TRPC study reported Ca?* entry via the TRPC and a decrease in Schaffer collateral-
CA1 excitability (122). Another study illustrated a decline in synaptic transmission and
firing output in CA1 cells (51). The role of gamma oscillations and coherence between
CA1 and CA3 were mentioned in the main stem. Impairment in the spiking of the cells
by considering the role of cell firing in memory encoding and retrieval, phase precession,
and oscillations during spatial working memory tasks could lead to memory impairment.
This means that TRPC4KD could confine Ca?* transportation and could results in an

impairment in cell excitability and synaptic plasticity, resulting in gamma oscillations and
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phase precession functions in working memory. This results in impairment of memory
encoding and retrieval in the T-maze main stem. Furthermore, the mechanisms involved
in plasticity require intracellular Ca?* signaling. Time-dependent LTP (t-LTP) engages
postsynaptic Ca?* influx via NMDA receptors, which activate protein kinases (142). Thus,
calcium is a key player in inducing STDP. This indicates that extracellular calcium may
also play a role in forming STDP (142). Therefore, any factor affecting extracellular and
intracellular calcium will alter cell firing properties and thus plasticity. Decrease in
dendritic spines and postsynaptic density protein 95 (PSD-95) in the DG was
demonstrated in shRNA-TRPC6 mice (124). Notably, the present study did not measure
synaptic plasticity and Ca?* changes. The machine-learning results illustrated a change
in the beta oscillation power in the main stem between the groups. This indicates that
the cells' firing properties were affected and could originate from Ca?* transportation

alteration based on reported ample evidence.

These were the experiments using in vivo electrophysiology and shRNA
techniques, and the results obtained point to new questions that require new
experiments, which | recommend to be considered for future experiments. First,
incorporating different types of working memory tasks to study the effect of behavioral
impairment will be worthwhile. Single behavioral tasks may limit the interpretation of the
results. Similarly, in vivo electrophysiological recording in a second task would help to
analyze the dataset and may reveal new aspects of the impairment. Second, the
electrophysiology recording was done on the hippocampal CA1 region. Dual-site
recording will provide insights into network activity, especially in the medial EC region.
Using rats instead of mice may facilitate electrophysiological recordings from both
hemispheres, and the T-maze apparatus can be more easily modified for rats compared
to mice. A rescue experiment to return TRPC4 expression is useful to verify the
developed shRNA virus. For a better understanding of the mechanisms involved, in vitro
studies on slices to determine LTP and oscillation changes would aid in vivo result

interpretation.
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4.2 Novelty-LT

Recordings in the linear track (LT) were performed to investigate the modulation of
beta oscillations in a novel environment by TRPC4. The results indicated a significant
difference in beta and low gamma oscillations between the scramble and TRPC4KD
groups. Beta frequency oscillations decreased at the end of the task relative to the
beginning (Figure 3.5.1 and 3.5.2 A-D & F-G). These results corroborate previous
studies reporting an increase in beta oscillation power in novel environments (79—
81,109). An increase in the power of beta oscillation occurs with the development of
spatial selectivity in place cells (81). Beta oscillations can entrain the spiking activity of
hippocampal neurons (81). They are linked to the activity of the mid-PFC and PAR. This
suggests that beta oscillations serve as a communication mechanism between brain
regions involved in novelty detection (81). Thus, variations in beta oscillations may play
a role both within the hippocampus (intrahippocampally) and beyond the hippocampus

(extrahippocampally).

Accumulating evidence suggest increased ACh levels in the hippocampus during
exploration in a novel context (110,143). Moreover, beta and gamma oscillations were
induced by the increased tone of cholinergic receptor activation in hippocampal slice
preparations (144). Cholinergic activation of TRPCs is mediated via Gg- and Gi-protein-
coupled receptors. The results suggest that the cholinergic modulation of TRPC4 may
contribute to beta and gamma oscillation changes in a novel context. Beyond AMPA and
NMDA receptors, mGIuR | activation is involved in beta oscillation modulation (145,146).
Group | mGIuR also activates TRPCs through the same Gq and Gi pathways
(51,59,147). Our results indicate TRPC4 involvement in beta oscillation modulation.
Both cholinergic and group | mGIuR agonists lead to Ca?* influx and membrane
depolarization in hippocampal pyramidal cells (147). Thus, increased cellular activity
during beta oscillations both in vitro and in vivo (82) requires Ca?* influx. Furthermore,
memory encoding via synaptic plasticity is enhanced in a novel contexts, and Ca?* influx
is essential for that. Our results suggest that modulation of hippocampal oscillatory

activity in novel context via TRPC4s contributes to the encoding of a novel context.
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In conclusion, the present study provides neurophysiological evidence verifying the
crucial role of the rodent hippocampus in spatial working memory. The results highlight
the role of CA1 in working memory functions. Moreover, TRPC4 function is revealed in
the working memory and encoding novelty in the CA1 area. Gamma oscillations and
theta-gamma coupling were shown to diminish, resulting in working memory impairment.
Moreover, the acquired data from the linear track (as a novel environment)
demonstrated that beta oscillations in hippocampus CA1 were also modulated by TRPC.
These series of impairments diminish spatial working memory and modulate oscillations
related to a novel context. Furthermore, based on previous reports, TRPC4 blockage
using drugs or genetic manipulation should theoretically trigger Ca?* influx disruption
and synaptic plasticity via gamma oscillations. This is a key player, and it affects
neuronal activity, oscillations, and consequently synaptic plasticity. Our results indicate
that TRPC4 knockdown reduces theta-gamma coupling, contributes to beta oscillations
in the hippocampus, changes spike theta phase in the main stem, and firing rate
properties; therefore, it may also change plasticity. This could lead to behavioral
impairments in spatial working memory tasks, which are hippocampus-dependent and

also involved in encoding spatial memories in novel environments.
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Summary

Working memory is the ability to retain a small amount of information available for ongoing
activities. It is a pivotal hallmark of goal-directed behaviors. Hippocampal formation is one
of the pivotal regions in the brain involved in working memory and novelty encoding.
TRPC1-7 may be involved in working memory. This study investigated the role of TRPC4
in the hippocampal CA1 area in spatial working memory and LFP modulation in a novel
environment. An shRNA virus was developed to knock down TRPC4 in the CA1 area of
mice. Four weeks after virus injection, behavioral and electrophysiological data were
recorded in T-maze and linear tracks. The behavioral experiment showed a significant
decrease in spatial working memory performance. Theta-gamma coupling analysis
(modulation index, MI) revealed a significant reduction in theta-gamma coupling for
TRPC4KD compared to scramble. Moreover, Ml decreased in the delay period of the
incorrect trials compared to the correct trials for the scramble group. TRPC4KD single unit
analysis revealed a significant difference in cells' spatial information between the groups.
Although phase precession analysis showed no significant difference in rho and slope,
spike phases differed between the groups. Notably, gamma oscillation impairment could
diminish information transport in the working memory and pyramidal cell activity. The
change in the spike theta phase could have originated from gamma oscillations based on
previous reports showing gamma coupling with phase precession. Furthermore, LFP
analysis in a linear track demonstrated that beta oscillation is modulated via hippocampal
CA1 TRPC4. TRPCs have been implicated in Ca?* transportation and declining synaptic
transmission. Thus, TRPC4 knockdown could diminish neuronal activity and oscillations,
possibly disrupting synaptic plasticity. In conclusion, the current study presents
neurophysiological evidence verifying the crucial role of the rodent hippocampus in spatial
working memory and novelty through TRPC4. Theta-gamma coupling impairment in
TRPC4KD was observed exclusively in this study, as it has not been previously reported
in working memory tasks. The change in gamma oscillations may also affect plasticity.
This could result in behavioral impairment in spatial working memory tasks.
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