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Abstract

Noradrenaline plays a role in modulating behaviors and memory. Memory can have short
durations, or long durations. Long term memory, however, requires plastic changes for its
permanent storage. Evidence suggests that neocortical-hippocampal dialogue during sharp wave
ripples is essential for memory consolidation. Although studies suggest the importance of
noradrenaline in memory formation and memory consolidation at cellular and synaptic level, less
is known about the role of noradrenaline in system memory consolidation during neocortical-
hippocampal dialogue. I conducted wide-field optical imaging of the mouse neocortical
noradrenergic activity by recording fluorescent signal from GCaMP6s calcium sensors expressed
in noradrenergic terminals of locus coeruleus in neocortex, combined with hippocampal
electrophysiological recording. I found that neocortical noradrenaline deactivates around sleep and
awake sharp wave ripples, with no significant differences between neocortical regions. These
findings suggest either that noradrenaline is not necessary for hippocampal-neocortical memory
transfer or that such transfer is only possible in the absence of noradrenaline. I also found that
noradrenaline becomes active when the mice are aroused as indicated by pupil dilation. Parsimony

suggests that noradrenaline is active in arousal but not in memory consolidation.
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1. Introduction
Noradrenaline, also called norepinephrine, is both a neurotransmitter and a hormone which
its release throughout the brain plays an essential role in modulating countless behaviors, such as
sleep/awake regulation, attention and memory in cognitive tasks, and arousal and response to stress
(Schwarz & Luo, 2015). Albeit its widespread role, its function is yet incompletely understood.
In the following introduction I will first describe current knowledge about its function in memory
consolidation and behavioral modulation. I will then present the theory and the hypothesis that

would be investigated in this thesis.

1.1.Noradrenaline-Locus Coeruleus System

Cell bodies of noradrenergic neurons are located in seven distinct nuclei in pons and medulla
oblongata which are labeled A1-A7, among which the area A6 is the largest nucleus, called locus
coeruleus (Szabadi, 2013). Locus coeruleus is the main source of norepinephrine (NE) to the
neocortex and hippocampus (Benarroch, 2018), areas that I have particularly looked at in this

study.

1.1.1.  Locus Coeruleus Anatomy
LC is located bilaterally in the brainstem, in the upper dorsolateral pontine tegmentum,
under the cerebellum, lateral to the fourth ventricle, and medial to the mesencephalic trigeminal
nucleus in the pons (Chandler, 2016). In the rats, it contains approximately 1600 neurons with
morphologies of both multipolar and fusiform (Foote et al., 1983; Swanson, 1976) all of which

produce noradrenaline (Schwarz & Luo, 2015; Swanson, 1976). Early studies have divided LC to



three subdivisions: anterior pole, containing mainly large multipolar cells, posterior pole,
containing mostly fusiform neurons, and compact core which expands dorsoventrally as it
progresses caudally, with dorsal portion comprising mainly densely packed fusiform neurons with
smaller cell bodies, whereas ventral portion containing larger multipolar neurons (Loughlin et al.,
1986).

Multiple peptides are found to be co-localized within LC neurons, including vasopressin,
somatostatin, neuropeptide Y, enkephalin, neurotensin, corticotropin-releasing factor, and galanin
(Aston-Jones & Waterhouse, 2016). LC-NE neurons, depending on their target destinations,
occupy distinct locations within the LC structure. These locations exhibit bias either along the
dorsal-ventral axis for projections to the hippocampus, cerebellum, and spinal cord or along the
anterior-posterior axis for projections to the thalamus and hypothalamus. LC-NE neurons
projecting to the cortex and amygdala, on the other hand, are distributed throughout the LC without
a specific positional preference (Schwarz & Luo, 2015). Its small size and intricate structure pose
a challenge when trying to accurately target it for studies involving ablation or inhibition, often
inadvertently affecting neighboring structures. Furthermore, given its extensive projection pattern,
any manipulations performed on the LC have widespread effects on norepinephrine signaling in
numerous brain regions. Finally, long-term disruption of norepinephrine signaling, whether
achieved through LC ablation or genetic modification of crucial norepinephrine synthesis genes,
results in alterations in signaling across various neuromodulatory pathways. These combined
obstacles have made it difficult to investigate whether specific variations in LC anatomy or activity

may underlie its various roles in the brain (Schwarz & Luo, 2015).



1.1.2. Efferent Pathways

Multiple studies report that, cells within LC are spatially organized with respect to terminal
field targets (Aston-Jones & Waterhouse, 2016). Efferent topography of LC could make
differentiated modulation of diverse behaviors and cognitive functions possible (Poe et al., 2020).
LC neurons projecting to the cortex are approximately 95% ipsilateral, while cells projecting to
subcortical structures show a more evenly balanced bilateral distribution of their projections
(Aston-Jones & Waterhouse, 2016). Generally, LC neurons projecting to forebrain regions, such
as the hippocampus and septum, are primarily situated in the dorsal part of the LC. On the other
hand, LC neurons projecting to the cerebellum are found in both dorsal and ventral, and cells
projecting to spinal cord are predominantly found in the ventral region. Additionally, there is a
distinct organizational pattern along the anterior-posterior axis. LC neurons that project to the
hypothalamus are positioned anteriorly, those projecting to the thalamus are located more
posteriorly, and LC neurons projecting to the cortex and amygdala are dispersed throughout the
LC without a specific pattern (Schwarz & Luo, 2015). Recent findings also indicate that individual
LC neurons tend to innervate functionally related, yet distinct components within an ascending
sensory pathway. For instance, LC neurons projecting to the trigeminal somatosensory cortex are
more likely to simultaneously innervate the trigeminal somatosensory thalamus, rather than non-
somatosensory thalamic areas, such as the dorsal lateral geniculate nucleus. Consequently,
individual LC neurons exhibit a preference for sending axon collaterals to multiple targets that
process the same sensory information. These observations form the basis for the idea that the
organization of the LC is influenced by the functional characteristics of its output destinations

(Berridge & Waterhouse, 2003).



1.1.3. Afferent Pathways

Afferent pathways to LC have been a historically controversial issue (Sara & Bouret,
2012). In opposition to early studies suggesting limited inputs, arising primarily from the
ventrolateral and dorsomedial rostral medulla as well as hypothalamus (Aston-jones et al., 1984),
recent work using viral-genetic tracing methods confirmed that noradrenergic neurons in the locus
coeruleus received inputs from many brain regions and displayed a significant diversity in their
output projections (Schwarz & Luo, 2015). The microcircuitry of the locus coeruleus comprises a
densely populated central 'core' region where noradrenergic cell bodies and processes are
concentrated, and a surrounding 'shell' known as pericoeruleus (peri-LC), which houses dendrites
from LC-NA neurons that extend far beyond the nucleus proper into pericoerulear regions (Aston-
Jones & Waterhouse, 2016). Therefore, since pericoerulear regions receive inputs from many
sources, including prefrontal cortex, amygdala, lateral hypothalamus, and dorsal raphe, we can
conclude that LC-NA neurons receive input from various regions of both the brainstem and
forebrain (Aston-Jones & Waterhouse, 2016). These inputs from diverse sources can lead to
varying effects on LC-NA neuronal activity, both directly and indirectly, by selectively targeting
either the core nucleus or the pericoerulear regions (Poe et al., 2020). This result suggests that the

LC-NE system integrates and broadcasts information extensively to modulate various brain states

(Schwarz & Luo, 2015).

1.1.4. Cellular Organization and Morphology
The evidence indicates that LC/NE neurons are heterogeneous in their anatomical
projections, morpho-electric characteristics, and the distinct behavioral functions they are

associated with (McKinney et al., 2023). Although all LC neurons contain norepinephrine, their



unique features contribute to their diverse functions (Schwarz & Luo, 2015). Loughlin et al., have
categorized soma shape of LC/NE neurons into either fusiform, round, or pyramid (Loughlin et
al., 1986). Cells characterized by a fusiform-shaped cell body display a more polarized dendritic
branching pattern, which can be either bitufted or bipolar. In contrast, cells with a round or
pyramid-like cell body exhibit a less polarized dendritic arborization. These distinctions have
facilitated the categorization of LC neurons into two morphological cell types: multipolar cells
(MP, approximately 35 mm in size) and fusiform cells (FF, approximately 20 mm) (McKinney et
al., 2023; Swanson, 1976). In addition to their different soma shape, fusiform and multipolar cells
have different local axonal arborization (McKinney et al., 2023). While both of these cell types are
distributed throughout the LC, there is a noticeable bias in their distribution, with a greater
concentration of fusiform cells in the dorsal edge and posterior horn of LC projecting to the
neocortex and hippocampus and, and a higher presence of multipolar cells in the ventral and the
anterior horn of LC projecting to the spinal cord, cerebellum, and hypothalamus (Loughlin et al.,
1986; McKinney et al., 2023; Schwarz & Luo, 2015). In addition, fusiform cells and multipolar
cells have different population sizes among the LC (McKinney et al., 2023), with fusiforms making
about 38% of LC neurons and unequally distributed throughout the entirety of the LC (McKinney
etal., 2023). All these differences emphasize the complexity of LC function and possible unknown

underlying reasons when interpreting its behavior.

1.1.5. Electrophysiological Attributes of LC Neurons
Early studies considered LC/NE neurons homogeneous, with NE-containing neurons
characterized electro-physiologically as slow (0-5 Hz), spontaneous discharge rates, broad (1-2

msec) action potential wave forms and burst discharges followed by a prolonged period of



quiescence or decreased firing (Berridge & Abercrombie, 1999), with synchronous pattern of
discharge which is not mediated by transmitter release, rather are electrotonically coupled via
interactions between dendrites outside the cell body region (Berridge & Abercrombie, 1999). With
categorizing LC neurons, researchers have distinguished firing patterns of fusiform and multipolar
cells as they have different membrane properties as well. (McKinney et al., 2023). Fusiform cells
have a larger amplitude, while narrower spike, in comparison to multipolar cells, having a longer
action potential with smaller amplitude (McKinney et al., 2023).

LC neurons display two distinct activity modes of tonic and phasic (Berridge &
Abercrombie, 1999), and the transition between these modes regulates the different behavioral
states (Benarroch, 2018). Tonic activity is characterized by a random pattern of discharges
occurring at various, relatively low rates, typically falling within the range of 0.1 to 5.0 Hz
(Devilbiss & Waterhouse, 2011). Sustained and regular discharge pattern (2—5 Hz) in the tonic
baseline activity is state-dependent; the discharge rate is the highest during waking, as it is reported
<2Hz during quiet waking and also >2Hz for active waking. Therefore, it is associated with
alertness and wakefulness. This tonic LC discharge diminishes as arousal decreases, lowers during
slow wave sleep to less than one hertz and it completely stops during REM sleep (Benarroch, 2018;
Berridge & Abercrombie, 1999). During focused attention, LC neurons display phasic activity
during which cells fire short (<300 msec), and spontaneous bursts of higher frequencies (10-15
Hz), superimposed upon tonic activity, and is often, but not always followed by a more prolonged
period of suppression of discharge activity (Benarroch, 2018; Berridge & Waterhouse, 2003; Vazey
etal., 2018). Phasic activity is in response to salient, task-related, or sensory stimuli. (Aston-Jones

& Cohen, 2005). The phasic discharge facilitates precise task execution by filtering out



unimportant stimuli and is associated to accurate behavioral responses (Aston-Jones & Cohen,

2005).

1.2. Noradrenaline

Noradrenaline is synthesized from the amino acid tyrosine, by conversion of dopamine to
norepinephrine by dopamine 3 -hydroxylase, and then transported to synaptic vesicles via vesicular
monoamine transporter 2(VMAT?2) (Benarroch, 2018). Norepinephrine is stored in vesicles in the
nerve terminals till released upon stimulation. The effects of noradrenaline are terminated by
reuptake back into nerve terminals via the presynaptic norepinephrine transporter (NET)
(Benarroch, 2018). Enzymes and Monoamine oxidase in the mitochondria of the synaptic knob

will metabolize and inactivate noradrenaline (Benarroch, 2018).

1.2.1. Noradrenaline Receptors

The effects of NE are conveyed by means of three families of G-protein coupled receptors,
a1, oz and B, each consisting of several subtypes (three B-receptor subtypes (Bi-3), three a subtypes
(o1a, a1b, 01d) and four ap-receptor subtypes (o2a-p) are recognized) (Berridge & Waterhouse,
2003). There is a differential distribution of adrenergic receptors within LC, as well as in the
different targets of LC projections (Benarroch, 2018). For that reason, based on the level of their
expression, similar input may lead to different responses from individual LC neurons (Schwarz &
Luo, 2015). Also, the overall impact of noradrenaline release in a specific neural circuit relies on
the presynaptic and postsynaptic complement of a-and B-adrenergic receptors and their subtypes
in that area (Poe et al., 2020). al and P receptors are predominantly found in post-synaptic

locations (Benarroch, 2018); The al receptors generally are located at post synaptic sites and



mediate excitatory effects by being coupled to the phospholipase C/inositol triphosphate/protein
kinase C pathway. The P receptors are also located post synaptically and are positively coupled to
adenylyl cyclase, increasing cyclic adenosine monophosphate (cAMP), directly and indirectly (via
protein kinase A triggered cascades) affecting synaptic plasticity and excitability (Benarroch,
2018). Noradrenaline-released adrenoceptors are activated in both post-synaptic sites and on the
noradrenergic neuron itself, known as "autoreceptors" (Szabadi, 2013). These autoreceptors
belong to the a2 subclass and have inhibitory functions. The a> receptors are found both pre-and
post- synaptically. When located on the nerve terminal membrane, often referred to as "presynaptic
receptors", they reduce neurotransmitter release by being negatively coupled to adenylyl cyclase,
activating K+ currents leading to reducing neuronal excitability, and therefore inhibiting
presynaptic calcium (Ca2+) channels, which leads to reduced neurotransmitter release (Benarroch,
2018). When located in the somato-dendritic region, they suppress neuronal firing (Szabadi, 2013).
Notably, adrenoceptors that modulate presynaptic release are found not just on the axon terminals
of noradrenergic neurons (autoreceptors) but also on the nerve terminals of other neurons (referred
to as heteroreceptors which also belong to the a» subclass) (Szabadi, 2013). All three subtypes of
ar-adrenoceptor (aia, o and aip) have been identified in the neocortex (Szabadi, 2013).
Inhibitory az-adrenoceptors, even though in smaller numbers than ai-adrenoceptors, have also
been recognized with a more selective distribution, belonging mainly to the o2a subtype (Szabadi,
2013). It has been suggested that these receptors could be located on inhibitory interneurons, and
when activated, they might disinhibit cortical neurons, resulting in cortical stimulation (Szabadi,

2013). B -Adrenoceptors are also detectable in the neocortex (Szabadi, 2013).



1.2.2. Noradrenaline Release Within Neocortex

Early studies by Berridge et. al. showed that LC activation magnitude is followed by an
increase in prefrontal cortical extracellular NE concentrations in a linear relation, while LC
activation amplitude is increased up to 300%-400% of its basal discharge level, and beyond that,
it doesn't evoke considerable increase in NE concentration (Berridge & Abercrombie, 1999). LC
suppression is also followed by a decrease in extracellular NE concentrations (Berridge &
Abercrombie, 1999). The extensive nature of the noradrenergic innervation of the neocortex
suggests that the projection from the LC exerts a diffuse influence on this structure. Although
anatomical evidence supports diffuse pattern of noradrenergic innervation (Loughlin et al., 1982),
considerable topographic specificity has also been found (Foote et al., 1983). This diffuse pattern
implies that activation of the LC results in release of NE throughout the cortex, equivalent to the
activation (Agster et al., 2013). However, it's worth considering that, since density of noradrenergic
fibers is relatively consistent and uniform across cortical regions in rat, differences in the
distribution of axonal varicosities within regions, rather than differences in fiber density, might be
involved in regulation and the release of noradrenaline (Agster et al., 2013). Axonal varicosities
are enlarged, heterogeneous structures along axonal shafts that majority of them (70-90%) make
no synaptic contacts (Seguela et al., 1989, Seguela et al., 1990). Axonal varicosities, rather than
synaptic terminals, act as the major release and reuptake sites of neurotransmitter in LC axons
(Agster et al., 2013; Swanson, 1976). Later studies have shown anatomical evidence for non-
uniform NE release in functionally distinct cortical regions, with greater density of varicosities in
the frontal cortex in comparison to the other cortical areas (Agster et al., 2013). This implies that

after LC activation and then impulse activity transmission to LC terminal regions, release of


https://www.sciencedirect.com/science/article/pii/S0197018603002493?via%3Dihub#BIB73
https://www.sciencedirect.com/science/article/pii/S0197018603002493?via%3Dihub#BIB74

noradrenaline might be varying across the cortex, with the highest amounts of NE release within

prefrontal cortex, and greater in superficial layers than in deep layers of cortex (Agster et al., 2013).

1.2.3. Noradrenaline and Synaptic Plasticity

Synaptic plasticity refers to the activity dependent modification of synaptic strength or
efficacy over time, either by strengthening or weakening. These changes are the underlying
mechanism for learning and memory (Hebb, 1949). Multiple forms of plasticity have been
identified, ranging from short-term changes in release probability, such as augmentation and post-
tetanic potentiation, to enduring forms of increased and decreased synaptic transmission, also
known as long-term potentiation(LTP) and long-term depression (LTD), respectively (Collingridge
et al., 2010; Kandel E. R., 2001). LTP is commonly defined as a synaptic enhancement or lasting
increase of synaptic efficacy that follows brief, high-frequency electrical stimulation. LTD, in the
contrary, is a synaptic weakening or lasting decrease of synaptic efficacy followed by a low rate
(~1 Hz) stimulation for long periods. Most forms of plasticity are regulated by neuromodulators,
including noradrenaline, by acting through metabotropic receptors and associated intracellular
signals to modify synaptic function as well as neuronal excitability (Maity et al., 2022). During
learning and memory events, the exertion of noradrenaline activates G protein-coupled receptors
(GPCRs), which initiates multiple signaling cascades that leads to synaptic changes (Maity et al.,
2022). In general, B-ARs are responsible for multiple forms of LTP, whereas a-1 and a-2-ARs
contribute to synaptic potentiation and depression, correspondingly (Lemon et al., 2009; Maity et
al., 2022). Studies suggest that activation of f-adrenoreceptors by noradrenaline could result in
facilitation of synaptic transmission via increasing the intracellular cAMP concentration and new

protein synthesis, contributing memory enhancement, and also stabilizing long-term potentiation

10



(LTP) in the hippocampus (Lemon et al., 2009; Nguyen & Connor, 2019; Raymond, n.d.).
Noradrenaline has also been described to induce synaptic depression in CA3 region of
hippocampus by acting on al-adrenoceptors (Katsuki, 1997; Marzo et al., 2009) . Similar to the
effects of al-AR activation (Katsuki, 1997), a2-AR’s effects on hippocampal plasticity are
primarily presynaptic, inhibiting release of noradrenaline (Boehm S., 1999). Thus, o2 adrenergic
receptors have an indirect effect on synaptic plasticity, and possibly having neuroprotective of

homeostatic roles (Nguyen & Connor, 2019).

1.2.4. Noradrenaline and Sleep Regulation

Early works investigating the role of the LC noradrenergic neurons revealed that during
waking, noradrenergic neurons are activated, during slow wave sleep they decrease their firing rate
and they become silent during rapid eye movement sleep (Aston-Jones & Bloom 1981; Hobson et.
al, 1975). In addition, LC is crucial for triggering sleep-wake transitions and vigilance. Increased
LC activity happens before the transition from sleep to awake (Aston-Jones& Bloom, 1981). This
idea is supported by more recent experiments, showing optogenetic LC stimulation induces a
sleep-wake transition (Carter et. al, 2010). While wake-promoting neural activity is inhibited
during NREM sleep, sensory vigilance remains due to recurrent fluctuations noradrenaline. One
recent study with a focus on sleep micro-structure posited that micro-arousals during NREM sleep
are generated in a periodic pattern, riding on the peak of LC-generated infra-slow (~30) oscillations
of extracellular noradrenaline, while descending phases of noradrenaline oscillations is associated
with spindles (Kiaerby et. al, 2022). Altogether, both early and recent works agree that LC is
involved in sleep/wake regulation, and it progressively reduces its firing rate from waking to REM

sleep.
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1.3. Noradrenaline and Memory Consolidation

Release of noradrenaline in the hippocampus and cortex is necessary for acquisition and
consolidation of short-term to intermediate and to long-term memory (Gibbs et al., 2010). First
proposed by Miiller and Pilzecker, consolidation hypothesis states that newly formed memories
are vulnerable to interference for a time after learning and may consolidate over time (Miiller,
1900). This idea has initiated studies over the hormonal and neural influences involved in memory
consolidation, as well as molecular and cellular mechanisms; Being involved in the first stated

phase, memory formation, noradrenaline is a good candidate in this regard.
B-ARs have well-established roles in memory formation through noradrenaline release (1.
N. Izquierdo et al., 1998; Ji et al., 2003; Kitchigina, 1997 ; Mello-Carpes et al., 2016; Straube et
al., 2003). Even though B-ARs support both short- and long- term memories by mediating
physiological and molecular events, researchers have mostly studied them for their role in long
term memories (I. N. Izquierdo et al., 1998; Ji et al., 2003), based on which it can be stated that
B-ARs have preferential influence in the late or enduring components of memory (Sara et al.,
1999). Based on that, it can be concluded that noradrenaline should be involved in memory
consolidation, to enhance the stabilization of newly formed memories; Conflicting results have
been reported in this regard (I. Izquierdo & Medina, 1997; Mello-Carpes et al., 2016; Nguyen &
Connor, 2019; Thomas & Palmiter, 1997) Being mostly focused on synaptic consolidation
corresponding to late-phase long-term potentiation, less is known about noradrenergic
involvement in systems consolidation, a process in which the hippocampus reorganizes the
encoded, hippocampus-dependent memories into more stable long-term memories independent of
hippocampus (Klinzing et al., 2019; Lechner et al., 1999; Miiller, 1900). Based on the two-stage

model of memory (Buzsédki G., 1989), during the acquisition, initial memories are formed when

12



theta and gamma waves activate a neuronal pathway for memory formation. Then, this pathway
would get replayed by propagation of Sharp Wave Ripples to neocortex, resulting reinforcement

of memories (Buzséki G., 1989).

1.3.1. Sharp Wave Ripples and Memory Consolidation

Sharp waves are fast (40-100 msec) and large amplitude depolarizing events that can be recorded
from hippocampus during NREM sleep. They are usually, but not always, superimposed by ripples,
which are faster (100-300 Hz) short-lasting oscillatory activity. Together they form sharp wave-
ripple (SPW-R) events (Bragin et al., 1999; Buzsaki G., 1986). Sharp waves originate from CA3
of the hippocampus when subcortical regions like medial septum-vertical limb of the diagonal
band lift their suppressing control on the network of interconnected CA3 pyramidal cells (Brown
et al.,, 2012). Highly recurrent excitatory collateral network of CA3 pyramidal neurons is an
optimum underlying basis for the synchronized population bursts happening during sharp wave
events (Buzsaki, 2015). Ripples originate from CAl and are induced by the strong excitation
coming from the CA3-generated sharp waves while the communication between Parvalbumin-
expressing interneurons and pyramidal cells helps generate the ripple timing and support their
spatial synchrony (Buzsaki, 2015).

There is evidence about memory performance impairment by interrupting sharp wave
ripples during different stages, such as learning and post learning sleep (Jadhav et al., 2016). Also,
coordinated activity between the hippocampus and neocortex, specifically during slow wave sleep,
in the form of coupling between delta waves, spindles and sharp wave ripples have been reported
in several studies (Abadchi et al., 2020; Abadchi et al., 2023; Battaglia et al., 2004a; Molle et al.,

2006; Pedrosa et al., 2022; Peyrache et al., 2011; Sirota et al., 2003). But studies looking at

13



noradrenergic neocortical-hippocampal dialogue have been rare. Even though there are studies
looking at the effect of noradrenaline release on hippocampal sharp wave ripple generation, but
studies with a focus on NE release in the neocortex at time of sharp wave ripples have been limited.
Segal and Bloom have shown that the firing rate of most hippocampal cells (170 of 182) were
depressed by noradrenaline application. Also, in anesthetized rats, by extracellularly monitoring
the electrical activity of single pyramidal cells in the hippocampus during electrical stimulation,
they have shown that LC stimulation has produced long-lasting inhibition of spontaneous activity
of pyramidal cells (Segal et. Al, 1974); Berridge and Foote have also shown that, in the
hippocampus, LC activation was followed by the appearance of almost pure theta activity
(Berridge et. Al, 1991). While Logothetis et al. state that human SWRs are phase locked to
hippocampal delta oscillations (Logothetis et. Al, 2012), we can conclude that NE release and
SWRs generation do not occur at the same time. Accordingly, in one particular study, Novitskaya
et al., 2016 have looked at LC stimulation during an “on-line” detection of sharp wave ripples, and
have reported that high-frequency stimulation has caused a memory deficit by blocking generation
of ripple-associated cortical spindles, interfering with hippocampal-cortical communication which
emphasizes on its importance for off-line memory consolidation (Novitskaya et al., 2016; Peyrache
et al., 2009a; Peyrache et al., 2011). All in all, little is known about role of noradrenaline
hippocampal-neocortical dialogue and in system memory consolidation. Hence, a study of the

relationships between SWR and noradrenergic neocortical activation is needed.
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1.4. Noradrenaline and Behavioral States

Variations in brain activity as well as behavioral state are supported by broadly projecting
neuromodulatory systems including the noradrenergic nucleus locus coeruleus (Collins et al.,
2023. Sara & Bouret, 2012). There are several behavioral states hypothesized to be influenced by
LC/NE activity, such as initiating or maintaining stages of the sleep-waking cycle (S-WC) (Aston-
Jones & Bloom, 1981), and promoting arousal or vigilance (Berridge, 2008). These brain states
are also accompanied by physiological changes such as pupil dilation/constriction, locomotion,
and eye movements (Larsen & Waters, 2018). Therefore, pupil fluctuations have also been posited
as being an indicator of noradrenaline activity (Joshi et al., 2016; McDougal & Gamlin, 2015).
Moreover, recent works show that optogenetic activation of the LC induces pupil dilation and
inhibition of the LC results in pupil constriction (Breton-Provencher & Sur, 2019; Reimer et. al,
2016). Considering noradrenergic involvement in behavioral states in this study I look at the
spatiotemporal patterns of neocortical noradrenergic activity around behavioral hallmark of pupil

dilation and pupil constriction.
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Theory and Hypothesis

Theory. Standard consolidation theory

Standard consolidation theory states that, initially, (episodic and semantic) memories
depend on the hippocampus, but hippocampal involvement is time limited. The structure is
required to form necessary associations to create a coherent memory and to maintain it for a short
period, and then eventually the memory reorganizes and become consolidated in their original
forms in neocortical structures. After consolidation, memories can be retrieved without
hippocampal involvement (Scoville & Milner, 1957; Squire, 1992; Squire & Alvarez, 1995; Squire
& Zola, 1998).

Hypothesis. Is noradrenaline involved in plasticity?

Learning causes persistent changes in synaptic transmission within experience-activated
neural networks (Saar and Barkai 2003; Zhang and Linden 2003). Noradrenaline release fosters
long-term synaptic plasticity (Marzo et al., 2009), which is the building block for learning (Hebb,
1949). As stated in Standard Consolidation Theory, memory consolidation is based on transferring
information from hippocampus to neocortex, which requires changes in synaptic plasticity. Sharp
wave ripples, indicative of experience-related neuronal sequence replay, provide time windows of
increased cellular excitability (Buzsaki 1985), leading to stabilization of memory representations
at the synaptic level, and therefore, synaptic changes. We assume that noradrenaline release,
involved in synaptic changes, should be involved in transferring memory from hippocampus to
neocortex and therefore should coincide with hippocampal sharp wave ripples, resulting in

memory consolidation.
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2.  Materials and Methods
2.1. Animals

Six Ai162.Dbh-cre transgenic mice of both gender (male and female) were used for this
experiment, expressing GCaMP in noradrenergic terminals of LC in the neocortex. We crossed
TIGRE 2.0 Cre-dependent GCaMP6s (Ail162) reporter lines with Dbh-Cre mice. This resulted
GCaMP6s expression in noradrenergic neurons of locus coeruleus, emitting fluorescence resulted
from calcium activity, measuring both synaptic and non-synaptic (varicosities) noradrenaline
release (Broussard et. al, 2018; Collins et. al, 2023). Mice were housed individually after head-
plate/electrode implantation surgery. The animal protocols were approved by the University of
Lethbridge Animal Care Committee and were in accordance with guidelines set forth by the

Canadian Council for Animal Care.

2.2, Surgery

I first injected 0.5 gr/Kg buprenorphine subcutaneously half an hour before the beginning
of surgery. Animals were then anesthetized with isoflurane (1-2% mixed in O2). Next, I removed
the head skin, implanted an electrode in the CA1 region of hippocampus for recording LFP signal.
The electrode was made from a Teflon-coated stainless-steel wire, bare diameter 50.8 micro meter,
tip separation 0.5 mm. For that, I drilled a hole on the right hemisphere skull, tangent to the
posterior side of the occipital suture with 33-degree angle relative to the vertical axis, and
approximately 2.6 mm lateral to the midline. Then, I gradually lowered the tip of the bipolar
electrode through the hole, visually and audibly monitoring the electrode signal with respect to the
reference point (ground screws located on top of the cerebellum). I stopped the lowering as soon

as I observed or heard a significant increase in the signal, if the electrode was near the calculated
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coordination with depth of approximately 1.75 mm at the 33-degree angle, close to pyramidal layer
of dorsal CA1. I then fixated the electrode on the skull using Krazy Glue and dental cement. Next,
I implanted a head-plate, covered the skull with a thin and transparent layer of the metabond
(Parkell, Inc), and at last covered the skull with a glass coverslip. Also, a bipolar multi-stranded
stainless-steel wire (bare diameter 127 micro meter) electrode for EMG recording was implanted
in the neck muscles using a 22-gauge needle. Animals were given enough time to recover, at least
two weeks, before recordings started. At the end of the experiment, animals were perfused with

PBS (1x) and PFA (4%) and their brains were extracted, sectioned, and mounted.

2.3. Habituation

After at least two weeks of recovery, mice were habituated to the recording setup. I put
them one by one on the recording platform, initially they were free in the platform to explore and
get used to the environment. Then I started head fixing them using two clamps, for a short period
(5 min) in the first head fixing session, and gradually increasing the time (by steps of 5-10 minutes)
to 1.5 hours over several habituation sessions. A night before recording, the animals were moved
from their home cage colony room to another room, transferred the mice to a bigger cage
containing a running wheel and several new objects, many food plates, as well as water container.
I left the mice in the new cage in the same room overnight. The next day, the mice were transferred
to the recording room early in the morning. I prevented them from falling asleep while they were
kept in the cage by touching them using a cotton-tip stick whenever they showed being sleepy. The
recording initiated at around 7:30 AM, and after the recording, mice were transferred to their own

home cage and colony room and were allowed to sleep and recover at will. Between each recording
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session of the same animal there was at least three days gap, to make sure that sleep restrictions

don’t change their sleep cycle.

2.4. Neocortical Imaging, Behavioral Imaging, and Hippocampal LFP Recording

The electrode signals were amplified (x 1,000) and filtered (0.1-10000 Hz) using a Grass
A.C. pre-amplifier Model P511 (Artisan Technology Group, IL) and were sampled at 100 kHz
using a data acquisition system (Axon Instruments). Using a behavioral V2 infrared pi camera,
the animal’s behavior and pupil movements were filmed at 25 fps. The animal’s head was
illuminated using a 940-nm infrared LED. For brain calcium imaging, image stacks were recorded
at 30 fps, exciting the GCaMP6s indicators by two blue LEDs (470-nm center, Luxeon K2).
Emitted fluorescence was filtered by passing through a 510-nm to 550-nm bandpass emission

filter. Each imaging stack of spontaneous activity contained 170,000 frames.

2.5. Image Preprocessing
Raw calcium imaging of spontaneous activity were preprocessed in accordance with the following

procedure: First, a baseline signal (FO) was calculated by averaging all the frames, and the

. F—FO
fluorescence changes were quantified as ( =

) * 100, where F — FO (or AF) was calculated

using the locdetrend function in the Choronux toolbox (Abadchi et al., 2023; Nazari et al., 2023).
To do so, a piecewise linear curve was fitted to the pixel time series using the local regression
method (100s moving window, 70s step size). To reduce spatial noise, images were filtered by a
Gaussian kernel (5 * 5 pixels, sigma = 1). Because most of the optical signal is concentrated in
lower frequencies (Mohajerani et al., 2013), imaging data was also filtered using a zero-phase

lowpass Chebysheyv filter below 6 Hz which also eliminates the strong heartbeat artifact.
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2.6. Pupil Diameter Detection
Iused a thresholding based on intensity; an algorithm implemented in Facemap framework

(https://github.com/MouseLand/facemap) to quantify pupil diameter based on pixel size.

2.7. Sharp Wave Ripple Detection

To detect hippocampal sharp wave ripples, the raw hippocampal LFP was first down
sampled to 2 kHz. Then, it was band pass filtered using a 400-order band-pass FIR filter designed
in MATLAB (MathWorks). Then, to gene rage the ripple power, the filtered signal was rectified
and smoothed using a rectangular, 8-msec-length window. Then the output was thresholded and
SWRs were identified when the ripple power signal passed the detection threshold defined by the
mean plus a multiple of standard deviation (2 or 3, manually changed based on the signal) of the
ripple power signals (Abadchi et al., 2020; Abadchi et al., 2023). Besides amplitude threshold, a
duration threshold was also defined by a lower threshold (75% of the detection threshold) to
identify the onset and offset of each SWR. Detected SWRs events were further monitored by
applying a duration threshold and events shorter than the mean duration of all detected events were
cut out. The center of the detected ripple was defined as the timestamp of the largest trough located
between the onset and offset times. Moreover, events with centers less than 50ms apart were
merged. To ensure that the peri-ripple neocortical activity was least affected by movement-related
brain activity, the ripples with noticeable EMG activity within £500 ms were excluded from the

analyses (Abadchi et al., 2020; Abadchi et al., 2023).
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2.8. Peri-SWR Averaging
For peri-SWR averaging of neocortical activity, first LFP signal was temporally aligned with
concurrently recorded neocortical activity. Then for each detected sharp wave ripple, neocortical

imaging frame corresponding to SWR center was detected and then averaged.

2.9. Neocortical Activation Peak / Deactivation Trough Detection of Optical Signal
Briefly, the calcium signal AF /FO0 captured from each neocortical region was thresholded
for both amplitude and duration, similar to SWR detection.
The events with amplitudes smaller and durations longer than the corresponding defined thresholds

were identified as peak deactivation in that neocortical region.

2.10. Z-Scoring Peri-Event Neocortical Activity

The z-scoring of peri-ripple traces was carried out against a null distribution which was
obtained from traces/frames centered around random time stamps. These timestamps were not
necessarily corresponded to those of ripple centers. To generate new, random timestamps, the inter-
SWR intervals were randomly permuted. Afterwards, for each random time point, the imaging
frames capturing ten seconds before to thirty seconds after, were temporally aligned, making a new
image stack. The mean and standard deviation of the new image stack was calculated across all
the randomly generated time points, which generated a mean and a standard deviation stack of
frames (Abadchi et al., 2020). By using these two stacks, I z-scored all the individual peri-SWR

stacks of neocortical activity.
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2.11. Statistical Tests
All statistical tests for linear data were carried out using MATLAB built-in functions.
Repeated-measure ANOVA with Greenhouse-Geisser correction for sphericity was performed for
testing the hypothesis that there was a region-effect in amplitude of the peri-ripple traces and peri-

trough hippocampal ripple power.

2.12.  Sleep Scoring

Alertness stages of each animal were categorized as awake, NREM, and REM by
thresholding EMG and hippocampal theta-to-delta ratio signals (Abadchi et al., 2020; Nazari et
al., 2023). Awake periods were picked out by visual assessment of animal behavior and EMG
signal. Periods with low EMG and theta-to-delta ratio (5—-10 Hz for theta 0.5—4 Hz for delta) and
lack of facial (around the chin) movement for at least 50s were categorized as NREM sleep. Also,
NREM periods REM sleep periods were detected when EMG signals were the lowest due to
muscular atonia, and high theta-to-delta ratios. Pupil size was also used to verify our sleep scoring
results. Also, as the last criteria, only NREM periods followed by a REM sleep were included
(Nazari et al., 2023). I succeeded to record sleep data from 5 animals out of 6 animals that [ was

recording.

2.13.  Phase-Binning Neocortical Traces Neocortical Traces

Pupil diameter was filtered below 1 Hz. For registration to a standard dilation/constriction
cycle, neocortical fluorescent signals at each time point was binned by the Hilbert phase of the
filtered pupil trace (64 bins from — & to + m). The periods of noticeable movement were excluded.

Phase plots were smoothed by averaging adjacent bins.
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3. RESULTS

Using in vivo wide-field of view mesoscale optical imaging (Bermudez-Contreras et al.,
2018; Kyweriga et al., 2017) and genetically encoded GCaMP6s sensors, I sought to study the
spatial changes in noradrenergic cortical neural activities during hippocampal sharp wave ripples
and behavioral states, i.e., pupil dilation/constriction. To do so, I simultaneously recorded
spontaneous neocortical activity dynamics from a large cranial window in the right hemisphere
and ipsilateral hippocampal LFP from 6 mice to capture hippocampal SWRs. Due to the high level
of synchrony in neocortical activity (Mohajerani et al., 2010) and hippocampal sharp wave ripple
(Chrobak and Buzsaki, 1996) across hemisphere, we recorded unilaterally from hippocampus and
neocortex. These activities were acquired in the absence of external sensory stimuli, using a
custom-built experimental setup. Wide filed calcium images were captured with 30 Hz frame rate
at which we were able to resolve multiple time signatures of ongoing activity. Spontaneous
electrophysiological and imaging data were recorded in continuous 94- minute sessions.
Performed craniotomy was large enough to have multiple cortical regions in the imaging window.
These regions included: primary and secondary motor cortex (M1, M2), hindlimb area of the
primary somatosensory cortex (HLS1), forelimb area of the primary somatosensory cortex
(FLS1), primary and secondary barrel cortex (BCS1, BCS2), parietal association cortex (ptA),
dorsal and lateral agranular of retrosplenial cortex (RSC1 , RSC2), primary and lateral visual
cortex (V1, V2), primary auditory cortex (A1), posterior auditory cortex (AUDp), dorsal auditory
cortex (AUDd), supplementary somatosensory area (SUP), and primary somatosensory area,

mouth (ULPST).
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Figure 3.1., Schematic of the experimental setup for simultanecous wide-field optical imaging. A CCD
camera detects reflected light coming from fluorescent indicators, in the superficial neocortical layers,
which are excited by blue LEDs. An additional infra-red camera recorded pupil diameter. Hippocampal
LFP recordings were used for SWR detection. An EMG electrode was also used to detect movement.

1 Retrosplenial, dorsal (RSC1)

2 Retrosplenial, lateral agranular (RSC2)

3 Secondary motor area (M2)

4 Primary motor area (M1)

5 Lower limb, HLS1

6 Upper limb, FLS1

7 Primary auditory (A1)

8 Posterior auditory (AUD p)

9 Dorsal auditory (ADUd)

10 Primary somatosensory area-mouth (ULPS1)
11 Secondary somatosensory area-barrel field (BCS1)
12 Primary somatosensory area-barrel field (BCS)
13 Supplamentary somatosensory area (SUP)

14 Parietal association cortex (PtA)

15 Primary visual area (V1)

16 Lateral visual area (V2)

Figure 3.2., Schematic of a cranial window for wide-field optical imaging of neocortical activity.
Cartoon of unilateral preparation registered on Allen institute Brain Atlas, showing the location of
imaged cortical regions. Dashed rectangular shows the typical boundary of craniotomy.
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3.1. Patterns of activity in noradrenergic neocortical activity are uniformly modulated
around hippocampal sharp wave ripple

I began by studying the neocortical noradrenergic activity around hippocampal sharp wave
ripples. To do so, I first separated SWRs occurring during NREM sleep, and during periods that
animal was awake but with no movement, calling these periods “Quiet Wakefulness”. Then I
performed SWR-triggered averaging of neocortical noradrenergic activity for 10 seconds before
and 30 seconds after of SWRs. For peri-SWR averaging of neocortical noradrenergic activity, for
each detected sharp wave ripple, corresponding neocortical imaging frame was aligned to SWR
centers and then averaged. Noradrenaline in almost all neocortical regions transiently deactivated
after occurrence of sharp wave ripples, and spatiotemporal patterns of neocortical noradrenergic
activity was similar around sharp wave ripples happening during NREM and Quiet Wakefulness.
There was no significant difference between the amplitude of deactivation among regions
(repeated measure ANOVA with Greenhouse-Geisser correction for sphericity) both in quiet
wakefulness and NREM sleep. Also, even though amplitude of deactivation was less in NREM in
comparison to quiet wakefulness, this difference was not significant comparing corresponding
regions in NREM sleep and Quiet Wakefulness. The smaller deactivation amplitude could be due

to decrease in NE level during NREM sleep (Aston-Jones& Bloom, 1981).
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Figure 3.1.1. Neocortical noradrenergic activity is uniformly modulated around hippocampal SWRs. (A)
Representative montage of mean peri-SWR neocortical noradrenergic activity during (i) quiet wakefulness
and (ii)) NREM sleep, respectively. Os-time indicates SWR centers. Images have been z-scored and scaled
to the depicted color bars. (B) (i) Cranial window registered on Allen Mouse Brain Reference Atlas based
regions in (i). Plots are the average of optical signals measured from 3%3 pixel boxes placed within
retrosplenial (blue), visual (black), and forelimb somatosensory (magenta) cortices. (iv) Demonstration of
how the deactivation amplitudes were quantified. the deactivation peaks were first rectified, then the
deactivation amplitude was defined as the mean of the signal across full-width at half maximum (t; to t»)
(C) (i) Four major structurally defined neocortical subnetworks (medial, visual, auditory and somato-
motor). (D)(i-ii) Grand average (n = 8 animals for quiet wakefulness and n=5 animals for NREM sleep) of
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noradrenergic deactivation amplitudes across neocortical subnetworks, sorted in decreasing order. Please
note that the deactivation peaks were rectified for group comparison. Each data point is the average of
deactivation amplitudes of noradrenaline of all regions in a given subnetwork and in a given animal. A
higher value of deactivation amplitude shows stronger deactivation. Bar graphs indicate mean + SEM.
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Figure 3.1.2. The peak time of mean peri-SWR noradrenergic deactivation across neocortical regions.
Based on average of all animals (N=6), the regions on the horizonal axes are sorted in an increasing order
in each region. Erro bars represent SEM.

3.2.Ripple power increases prior to troughs of neocortical activity in different
neocortical subnetworks

After observing that noradrenaline in neocortical regions around SWRs uniformly

deactivates, I investigated whether the reverse also applies, i.e., does ripple power increase when

strong noradrenergic deactivation happens in a given neocortical region?

28



To investigate this question, first the calcium fluorescent signal recorded from each
neocortical region was tresholded for both amplitude and duration to find peak noradrenaline
deactivation in that region. Then the ripple power traces centered on peak deactivation in each
region of interest were averaged and compared across neocortical subnetworks (Figure 3.1.2).
Ripple power increased 1.5 secs before neocortical noradrenergic deactivation, and slightly
decreased at time of neocortical noradrenergic troughs. These results were consistent among all

the regions.
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Figure 3.2.1. Ripple power increases prior to troughs of neocortical noradrenergic activity in
different neocortical subnetworks. (A) Representative montage illustrating spatiotemporal pattern
of mean hippocampal ripple power fluctuations around the peak of neocortical deactivations. Zero
time shows peak deactivation in each neocortical pixel. (B) (i) All ROI coordinates were registered
on Allen Mouse Brain Reference Atlas based on anatomical landmarks, the same shown in figure 3.1.1 Bi.
Colored squares represent three regions of interest: retrosplenial (blue), visual (black) and forelimb
(magenta) somatosensory cortices which their corresponding ripple power traces are displayed in
(i1). (ii) Mean z-scored ripple power around neocortical troughs. Ripple power is increased ~1.5
seconds before neocortical peak deactivation, and slightly decreased at time of peak deactivation.
This result is consistent among all the neocortical regions. 0-s time shows the trough of neocortical
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activity in each region. (iii) Illustration of how the ripple power amplitude was quantified. Ripple
power amplitude was defined as the mean ripple power signal across full with at half maximum
(t1 to t2). (iv) Grand average (n=6) of mean hippocampal ripple power amplitudes across
neocortical subnetworks shown in figure 3.1.1.1 C;, sorted in decreasing order. Each data point
represents the average of hippocampal ripple power amplitudes corresponding to all the regions in
a given subnetwork and in a given animal. Bar graphs are mean + SEM.
3.3.Neocortical noradrenergic activity is elevated prior to pupil dilation

It has been suggested that pupil dilation and constriction is linked by the activity of
noradrenaline, therefore it’s an indicator of release of noradrenaline. But till now, the dynamics of
noradrenaline activity in different neocortical regions in mesoscale during this cycle has not been
examined. Therefore, using wide-filed imaging, I addressed this question to find the dynamics of
neocortical noradrenaline in a dilation/constriction cycle of pupil. To do so, I temporally aligned
pupil diameter signal with neocortical activity and averaged frames corresponding to dilation
onset. Noradrenergic activity was elevated prior to dilation onsets (preceding the peak of dilation)
and was reduced during constriction. At the end of pupil constriction, when the pupil diameter was
the smallest, there was another elevation of NE activity. Since in this analysis I have looked at
average noradrenergic activity in a time window of three seconds before to three seconds after of
pupil dilation onset, the second increase in noradrenergic activity might be due to contamination
of next dilation/constriction cycles. In other words, since dilation/constriction cycles have different
periods depending on animal’s inner behavioral state, in a window of 6 seconds (three seconds
before to three seconds after of pupil dilation onset) there might be several dilation/constriction
cycles contaminating the average across all dilation onsets. To solve this possible problem, I

conducted phase-binning analysis, in which neocortical fluorescent were aligned to cycles of

dilation and constriction derived from the Hilbert transform (Methods) to avoid contamination.
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Figure 3.3.1. Neocortical noradrenergic activity is elevated prior to pupil dilation in peri-dilation averaging.
(A) Representative montage illustrating spatiotemporal pattern of mean neocortical noradrenergic
activity around onset of pupil dilation. Zero time shows dilation onset. (B) (i) All ROI coordinates
were registered on Allen Mouse Brain Reference Atlas based on anatomical landmarks, the same shown
in figure 3.1.1 Bi. Colored squares represent three regions of interest: retrosplenial (blue), visual
(black) and forelimb (magenta) somatosensory cortices which their corresponding neocortical
traces are displayed in (ii). (iii) Grand average of all neocortical regions in all animals (n=5) shown
in magenta and a representative cycle of pupil dilation/constriction (blue). The neocortical trace
shows mean = SEM.

31



meanz-scored AF/FO in auditory subnetwork

mean z-scoredA F/F0 in somatomotory subnetwork

I
}
I
I
I
]
I
I
:
0

NEE

T - 0 s T z
2 2 Pupil Phase

Pupil Phase

mean z-scored A F/F0 in visual subnetwork
mean z-scoredA F/F0 in Medial Subnetwork

- T
™ z 0 Z ™

Pupi Phase Pupi Phase
Figure 3.3.2. Neocortical noradrenergic activity is elevated prior to pupil dilation. Neocortical traces in each
region were aligned to pupil dilation/constriction cycle; (i-iv) Grand average of all neocortical regions
in all animals (n=5) divided to four major structurally defined subnetworks (auditory, medial,
visual and somatomotory) the same as explained in Figure 3.1.1. Ci. The neocortical traces show
mean = SEM.

These results suggest that, in line with previous result, noradrenaline increases and then decreases
in a pupil dilation/constriction cycle, and NE peaks prior to pupil dilation, when pupil phase is in
— w/2 and decreases during pupil constriction, being minimum while pupil phase is w/2.
Neocortical noradrenergic activity preceding the pupil dilation and constriction cycle by an

increase and then decrease, respectively, is consistent among all the regions.
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4. Discussion

The purpose of this research was to investigate the role of noradrenaline in memory transfer
between the hippocampus and the neocortex. Noradrenaline was measured by GCaMP6s sensors
expressed in noradrenergic terminals of locus coeruleus in neocortex. Memory transfer was
measured by occurrence of sharp wave ripples in CA1 which are presumed to send information to
the neocortex. The main funding in this study was that noradrenaline has started to decrease at just
that time when memory transfer has been proposed to occur. During this study, it was noticed that
the mice would periodically awaken as indicated by whisking and pupil dilation, and at that time
noradrenaline was increased. Taken together, these findings suggest that noradrenaline plays a role
in arousal but is not essential for memory transfer that might occur. These ideas will be discussed
further in the following paragraphs.

In the first part of this study, I’ve looked at the interactions and timing between neocortical
noradrenergic activity from LC terminals and hippocampal sharp wave ripples. Based on Standard
Consolidation Theory, memory consolidation needs transferring information from hippocampus
to neocortex, which requires changes in synaptic plasticity. Candidate time windows of synaptic
plasticity are sharp wave ripples, which provide increased synaptic excitability. Since
noradrenaline is also involved in changes in synaptic strength, therefore it should be present at
time of ripples, provide neocortical-hippocampal dialogue at time of sharp wave ripples with more
synaptic excitability, and therefore play a role in system memory consolidation. In other words,
release and existence of noradrenaline throughout the neocortex at time of sharp wave ripples
should be important for neocortical-hippocampal communication, and therefore in system memory
consolidation (Buzsaki, 1989; Jadhav et al., 2016; Peyrache et al., 2009). Since noradrenaline is

suggested to be involved in memory consolidation at cellular and synaptic level, it is important to
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investigate the behavior of noradrenaline in system memory consolidation, i.e. in its wide-spread
neocortical LC projections during neocortex-hippocampus dialogue, happening during sharp wave
ripples. In this study, I addressed this gap by providing a mesoscale spatiotemporal map of peri-
SWR dorsal neocortical noradrenergic activity using wide-filed imaging.

In the second part of the study, I’ve looked at the neocortical noradrenaline activity during
pupil dilation and constriction. Wide-spread noradrenergic terminals have long been believed to
drive changes in cortical network activity and therefore, modulating behavioral states, indicated
by pupil changes (Collins et al., 2023.). Although previous studies have improved our
understanding of relationship between release of noradrenaline in neocortex and pupil changes,
their conclusions have been limited because of relatively spars spatial sampling due to their
approaches. Therefore, this study fills this gap by using a wide-filed recording of neocortex

alongside with tracking pupil changes.

4.1.Patterns of activity in noradrenergic neocortical activity are uniformly modulated
around hippocampal sharp wave ripple

A deactivation around SWRs was observed across neocortical regions, with no significant
difference between subnetworks. The four major structurally defined subnetworks that were
accessible to us for imaging are subsets of larger brain-wide networks, especially retrosplenial and
posterior parietal cortices are part of a medial subnetwork involved in multiple cognitive processes,
most notably memory (Smith et al., 2018; Stafford et al., 2014). Therefore, these results suggest
that even though noradrenaline is involved in memory formation (I. N. Izquierdo et al., 1998; Ji et
al., 2003; Kitchigina, 1997; Mello-Carpes et al., 2016; Straube et al., 2003), and synaptic memory

consolidation, but it decreases in neocortex during sharp wave ripples, and therefor is reduced for
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neocortical-hippocampal dialogue in system memory consolidation. These results are not in line
with our initial expectation of increase in noradrenaline release at time of sharp wave ripples, but
are consistent with previous studies looking at the relationship between noradrenaline and
hippocampal sharp wave ripple generation. For example, Segal and Bloom reported that
application of noradrenaline leads to a suppression of most hippocampal cells (Segal & Bloom,
1974). Also, electrical LC stimulation has produced long-lasting inhibition of spontaneous activity
of pyramidal cells (Segal & Bloom, 1974). Considering that, we can conclude that LC firing and
SWR generation do not occur at the same time and LC stops firing at the time of sharp wave ripple
generation.

Neocortical-hippocampal dialogue around sharp wave ripples have been studied with focus on
other substances and in discrete neocortical regions due to lack of extensive spatial coverage of
neocortical mantle. For example, previous studies have reported a neocortical modulation around
hippocampal sharp wave ripples, (Abadchi et al., 2020; Pedrosa et al., 2022) with a differential
level of activation and deactivation which was correlated with neocortical structural connectivity,
i.e., regions with strong axonal interconnections were co-modulated to a similar degree around
sharp wave ripples. Other than that, significant peri-SWR modulation of prefrontal cortex has been
shown in several studies using electrophysiological methods (Battaglia et al., 2004; Molle et al.,
2006; Peyrache et al., 2009; Peyrache et al., 2011) as well as posterior primary somatosensory
(Sirota et al., 2003) but these studies have not simultaneously characterized the differential patterns
of activity across all the regions, and have not looked specifically at noradrenaline. Here, this study
has expanded upon their findings by using high spatiotemporal resolution wide-filed optical
imaging of GCaMP6s calcium sensors in neocortical LC terminals combined with

electrophysiology.
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One recent study that has focused on behavior of noradrenaline around hippocampal sharp
wave ripples, (Novitskaya et al., 2016) has looked at the effects of ripple-associated LC activation
on hippocampal and cortical activity in a spatial memory task; They have stimulated LC after an
“on-line” detection of ripple while monitoring neural activity, and have reported no effect on
spatial learning with a low-frequency (20 Hz) stimulation and a reference memory deficit while
stimulating with higher-frequency (100 Hz) stimulations. The higher frequency train of electrical
pulses (0.05 mA) have blocked generation of ripple-associated cortical spindles, interfering with
hippocampal-cortical communication and thereby reducing the off-line memory consolidation
efficiency; This study supports the idea that even though noradrenaline is involved in promoting
synaptic consolidation at a cellular and synaptic level, but it is not involved in system memory
consolidation, and also in line with our results regarding deactivation of LC around sharp wave
ripples, it shows that LC activation interferes coordinated hippocampal-cortical activity. It is worth
mentioning that, reported results by Novitskaya et al. could also be interpreted in other ways. The
memory deficit is attributed to disruption of coupling between sharp wave ripples and neocortical
spindles. But it could be effect of hippocampus stopping generation of sharp wave ripples, not the

effect of decoupling.

4.2. Ripple power increases prior to troughs of neocortical activity in different
neocortical subnetworks

Ripple power increases 1.5 second before neocortical deactivation and this increase diminishes

while the neocortical trough happens; This result is consistent among all the regions of interest,

and following the results of previous part mentioned above, it shows existence of a time lag

between sharp wave ripples and LC activation/deactivation. This result shows that neocortical
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noradrenergic activity decreases while ripple power increases, and this relationship is bidirectional.
It is worth mentioning that this analysis does not indicate a causality relationship between
neocortical noradrenergic activity and hippocampal sharp wave ripple generation, rather it is a
report of observation. Underlying reason of this observation could be timing of noradrenaline
release in hippocampus and neocortex, conducted by locus coeruleus, as it projects to both
neocortex and hippocampus and is the main source providing both structures with noradrenaline.
Also, the absolute value of reported time lag of 1.5 second does not represent a precise timing
between LC activity and sharp wave ripple generation, as the GCaMP6s sensor used in this study
is a slow sensor and its kinematics could account for the delay. To our knowledge, there is no other
study looking specifically at the relationship between timing of noradrenaline release in neocortex
and sharp wave ripple power. But using EEG, previous studies have reported an association
between occurrence of hippocampal sharp wave ripples and peak activity of medial prefrontal
cortex EEG (Molle et al., 2006). Additionally, using genetically encoded sensor of extracellular
glutamate (iGluSnFR) and voltage sensitive dye imaging, Abadchi et al., have found positive
correlation between ripple power and peak activity in different neocortical subnetworks (Abadchi
et al., 2020). Another analysis for future works that would help address this question would be
analysis of ripple power around neocortical noradrenergic peak activations. Based on current

results, we expect ripple power to decrease in relation to neocortical noradrenergic peak activation.

4.3. Neocortical noradrenergic activity is elevated prior to pupil dilation
A similar pattern to pupil dilation/constriction cycle was observed in neocortical noradrenaline
activity, i.e., increasing and decreasing, but prior to pupil dilation and constriction. Reimer et. al

have also reported that noradrenaline activity showed a large peak in cross-correlation with pupil,
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and the time of the peak preceded pupil dilation (Reimer et. al, 2016). Previous studies have
reported a rise in fluorescence of LC axons in visual cortex by eye pupil dilation (Larsen & Waters,
2018) suggesting pupil changes as an indicator of noradrenaline release (Collins et al., 2023). The
mouse neocortex receives axonal projections from noradrenergic neuromodulatory neurons that
drive changes in cortical network activity and therefore, accompany a shift in behavioral states,
observable by pupil changes. Collins et al. have also reported that rapid variations in pupil size
during both quiet wakefulness and locomotion are highly correlated with fluctuations in the
activity of corticopetal cholinergic and noradrenergic projections (Collins et al., 2023.). They have
also shown that, rapid pupil dilations are associated with phasic activity in noradrenergic axons.
Other studies also support the idea that pupil size can be a reliable indicator of the locus coeruleus
(LC) activity (Joshi et al., 2016; McDougal & Gamlin, 2015) and cortical state is controlled by the
release of noradrenaline (Aston-Jones & Cohen, 2005; Berridge & Waterhouse, 2003).

In this study, peri-dilation neocortical activity was consistent with previous reports, but after
pupil constriction we observed an elevation in noradrenergic activity. In this analysis, I have
looked at the neocortical activity at the time window of three seconds before to three seconds after
pupil dilation. In this time window, there might be several pupil dilation/constriction cycles
depending on the animal’s inner state. Therefore, this second increase in noradrenaline activity
might be due to overlap with next cycles. A follow-up analysis of phase-binning neocortical traces
solved this issue, while supporting the observation that neocortical noradrenergic peak activity
occurs prior to peak pupil dilation. Considering this time lag, in contrast to previous studies
suggesting pupil changes as an indicator of noradrenaline release (Collins et al., 2023), we can

conclude that since pupil fluctuations are not controlled solely by noradrenaline, therefore it is not
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a good indicator of noradrenaline release. Neuromodulatory systems underlying pupil fluctuations
are yet to be understood.

McGinley et. al, (2015) have compared the pupil diameter to the rate of fast hippocampal ripples
during spontaneous state changes in the absence of sensory stimulation (McGinley et. al, 2015)
and have reported a strong inverse relationship of pupil diameter to the rate of fast ripple
occurrences. This study links the gaps in present thesis in an indirect way, shining light on timing
of noradrenaline activity, ripple occurrence and indirectly pupil fluctuation. But for the future
works, replicating this analysis to investigate the relationship between pupil fluctuation and rate

of ripples would be a matter of paramount importance.
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5. Conclusion

Based on two-stage model of memory formation (Buzsaki 1989) neural representations of past
experiences formed during acquisition reactivate in the hippocampus, mainly during sharp wave
ripples. In other words, replay of recent hippocampal patterns is concentrated in sharp wave ripple
bursts. This propagation of sharp wave ripples to neocortex could broadcast stored information to
the downstream neocortical regions. Thus, a coordinated dynamic interaction between
hippocampus and neocortex is predicted around sharp wave ripples. Noradrenaline, as a
neuromodulator, is a great candidate for mediating memory (I. N. Izquierdo et al., 1998; Ji et al.,
2003; Kitchigina, 1997; Mello-Carpes et al., 2016; Straube et al., 2003) especially during
consolidation. Studies looking directly at noradrenaline involvement in memory consolidation
related to neocortical-hippocampal dialogue have been limited.

Answer to this question was the main driver for the current thesis work. In this study, the
dynamics of noradrenergic neocortical-hippocampal interactions around sharp wave ripples were
examined. We used wide-filed calcium imaging of GCaMP6s sensors expressed in LC terminals
in the neocortex to address the activity dynamics of noradrenaline in a large portion of the dorsal
neocortex, while recording the hippocampal local filed potential (LFP) obtained from the dorsal
CAl. This setup allowed us to address our question by providing a mesoscale peri-SWR
spatiotemporal map of neocortical noradrenergic activity. SWR-triggered averaging revealed a
uniform deactivation of noradrenaline among all regions of neocortex; Next, it was confirmed that
this relationship between neocortical noradrenergic troughs and ripple power goes both ways, and
neocortical noradrenergic peak deactivation averaging of hippocampal sharp wave ripples revealed
an increase in ripple power prior to neocortical noradrenergic trough and a slight decrease at time

of trough. These results suggest that sharp wave ripples and LC activation do not occur at the same
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time, and LC is silent during ripple occurrence. How ever, since we looked indirectly at LC activity
by recording its terminals in the neocortex, confirming this idea requires further investigation by
directly recording LC activity to maintain a better temporal resolution. However, this idea is
consistent with previous works reporting a depression in hippocampal cells firing rate with
application of noradrenaline (Segal & Bloom, 1974) and also high frequency LC stimulation
during “on-line” detection of sharp wave ripple has resulted in memory deficit by blocking
generation of ripple-associated cortical spindles, interfering with hippocampal-cortical dialogue
(Novitskaya et al., 2016). It remains unclear as to why the peri-SWR neocortical noradrenaline
activity is suppressed during hippocampal sharp wave ripples, and how noradrenaline effects
generation of sharp wave ripples. Our findings may be used to understand how noradrenaline is
involved in synaptic and systems memory consolidation.

In the next part of the study, neocortical noradrenaline activity was examined during pupil
fluctuation. We observed that noradrenaline activity precedes pupil dilation. This time lag between
noradrenaline peak activity and peak pupil dilation suggests that pupil fluctuation might not be a
good indicator of noradrenaline release, while previous studies suggest otherwise (Collins et al

2023.)
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